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KPUCTANIYHA CTPYKTYPA, AE®EKTW, MNIHHIHI TA AUHAMIKA
MAIHITHOI'O NMOTOKY Y BTHIM-CMNMOJIYKAX CUCTEMU 1-2-3
(kopoTku ornsap)

P. B. Boek ", O. 0. Bparos "/, M. M. IHo3emueB ", B. O. KoBpuruH,
A. O. Kowmicapos, M. B. Kopo6kos, B. ®. Kopwak ““, J1. O. lNawieHko =,
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KopoTkuii ormsy sBuI, IOB'SI3aHAX i3 JTUHAMIKOIO MarHiTHOTO IOTOKY Ta Horo miHHiHroM y BTHII-cnonmykax cucremu 1-2-3,
BUKOHAHHMI HAa OCHOBI JITEpaTypHUX JaHUX Ta BIACHUX AOCHTI[KeHb. J[0 0030py yBIlLUIM €KCIepUMEHTANbHI JOCHTIIKEHHS 3MiH
TEeMIEPaTypPHHUX 3aICKHOCTEH eNEeKTPHYHOIO OMOPY Ta BOJIBT-aMIEPHHUX XapaKTePHCTUK MOHOKpHcTaniB YBa:CuzO7-s mij BIUIMBOM
cTpykTypHux aedekriB. Ha 6a3i ocobmuBocteil kpucraniuoi cTpykrypu YBa:CuzO7-s Ta THUNOBHX CTPYKTYpHHX AedexTiB wiei
CIIOJYKH PO3IVISIHYTO JHHAMIKY MarHiTHOrO IMOTOKY Ta BIUIMB TCIUIOBHX KOJIMBaHb HA IO JAWHAMIKy, (a30BHI CTaH Ta AUHAMIKY
BuxpoBoi cucremu y BTHII-cnonykax cucremu 1-2-3, 30kpeMa MiHHIHT BUXPOBOI IpaTku Ha Ae(eKTaX, BIACHHN MIHHIHT Y CIIOYII
YBa:CusO7-5. ¥ BucokoTeMneparypHuX HaanpoBiguukax YBaxCusO7-s Peak-effect mo's3anuii sk i3 aganranielo BUXpOBOi peLIiTKH
10 TIOTEHIialy MiHHIHTY, TaK i 3 (a3oBUMH mepexogamu 3 oguoro crany BP no inmoro. Fishtail epexr y YBa:CuzO7-5 Moxe Oytu
00yMOBIICHUM (ha30BHMH MIEPETBOPECHHS BUXPOBOI IPATKH, BIUIMBOM 00'€MHOrO MiHHIHTY a00 BIUIMBOM MOBepXHeBuX Oap'epiB biHa-
JliBiarcrona. Orysix MICTHTH IIEpelliK 3aBAaHb, IO OaKaHO BHUPIMIMTH, 30KpeMa, TOCTI/PKCHHS IHHIHTY Ta JHHAMIKH BUXOPIB Y
MoHOkpHcTanax YBa:CusO7-5, M0 MICTATh TiUNBKM KOHTPOJBOBaHI Je(eKTH, BCTAHOBJIEHHS POJI MDKIPaHYJIAPHHMX 3B’S3KIB Y
30UTBIIEHH]I KPUTHYHOTO CTpyMy Ta e€(eKTHBHOTO IOTEHLialy MiHHIHTY, BUBUCHHS BIUIMBY Ha Peak-effect xmactepiB KncHeBHX
BaKaHCIil.

Kniouosi cnosa: monoxpucmanu YBa:CusO7.5, Oecpexmu, ninnine, euxposa pewosuna, macnimuuti nomix, Peak effect, Fishtail effect,
ouHamika.

Ax wuryBatu: P. B. Bosx, O. IO. Bpazos, M. M. Inosemyes, B. O. Kospueun, A. O. Komicapos, M. B. Kopobkos, B. @. Kopwak,
JI. O. Hawenxo, I'. A. Xaoocaii, O I'. Yenypin, /]. @. Apuyk. Kpucmaniyvna cmpykmypa, oepexmu, ninnine ma OUHaAMIiKa MasHimio2o
nomoxy y BTHII-cnonykax cucmemu 1-2-3 (kopomxuii o2nsno). Bicuuk XHY imeni B. H. Kapasina. Cepis «®i3uka». Bum. 42, 2025,
7-21. https://doi.org/10.26565/2222-5617-2023-42-01
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P. B. Bosx, O. FO. Bpazos, M. M. Inozemyes, B. O. Kospueun, A. O. Komicapos, M. B. Kopobxkos,
B. @. Kopwax, JI. O. llawenxo, I'. A. Xaoxcau, O. I". Yenypin, J{. @. Apuyk

BCTYII
Sk BIiIOMO 3 YHCICHHMX TCOPCTHYHHX  Ta
CKCIICPUMCHTATBHAX  JIOCHIIKEHb,  (pa30BHH  CTaH
BHXPOBOI Marepii ICTOTHO 3aJIeXUTh BiJl 1HTEpPBAIY

TEMIepaTyp, MO PO3TIIAETHCS, Ta MATHITHHUX TOJIB, BiJ

pO3MipHOCTI, pO3MIpiB Ta KOHLEHTpamii JedeKTiB
KpUCTANIYHOI  CTPYKTYpH, a B aHI30TPONHHX
HaJNpOBITHUKAX 1 BiM  OpieHTalii  30BHINIHBOTO

MAaTHITHOTO TIOJNS BIJHOCHO KpHCTamorpadiyHuX oOcei
kpuctaiiB. [Ipy 1pOMYy MIHHIHT BHXpPOBOI IPaTKM Ha
nedekrax  BU3HAYAETBCS  PO3MIPHICTIO,  pO3Mipamu,
IIIJIBHICTIO Ta IPOCTOPOBUM  PO3IMOJIIOM  JIe(eKTiB.
YMOBHO MiHHIHT MOMAINSIOTh HA MAarHITHUM Ta KOPOBHIA.
MaruiTHH MIHHIHT BU3HAYACTHCSI MArHITHOIO B3a€EMOIIEI0
3 HEOJHOPIAHOCTSAMH, SKi MAlOTh PO3MIPH TOPSIAKY
rMMOMHNM TIPOHMKHEHHS MarHiTHoro monst A. Koposwuii
MiHHIHT e(eKTUBHUHA HAa HEOJHOPIAHOCTSIX, IO MAaloTh
PO3MipH TIOPSAAKY MOBXKHHH KOTEPEHTHOCTI ¢, 3BaXKarouu
Ha Mayi 3HaueHHs ¢, y BTHII-cnomykax niei Tum miHHiHTY
e(peKTUBHMH HAa TOYKOBMX, IUIOCKMX Ta JIIHIHHUX
nedexTax. Y 1mpoMy Ol 3pobeHo crpody KOPOTKOTO
aHaJi3y HasBHUX TEOPETHYHHX Ta EKCIEPUMEHTaJIbHUX
pe3yJiIbTartiB, OTPUMAHHUX NP JOCHKEHHSIX MIHHIHTY Ta
IUHAMIKH ~MarHiTHoro motoky y BTHII-cnomykax
cucremu 1-2-3. HaBemeHo pmaHi Tpo KpPUCTATIYHY
CTPYKTYPY Ta OCOOJHBOCTI JEPEKTHOTO aHCAMOIIO TaKUX
CITIOJTYK, @ TAKOXK BUIJICHO OCHOBHI IIUTAHHSA, SIKi TOTETEp
He 3HAHIIIA CBOTO TEOPETUYHOTO Ta eKCIIEPUMEHTAIbHOTO
pileHHs.

1.1. KPUCTAJITYHA CTPYKTYPA CIIOJIYKH
YBa:Cu3O7-s

CrpyKkTypa Ta BIacTHBOCTI YBa,Cuz07.5

0e3rmocepeIHBO MOB'sI3aHi 3 IHICKCOM O, 1[0 XapaKTepU3ye

BMICT BakaHCili kucHio. CIIONYKH € HaJIpOBITHUMH Ta

CIIOJIYK

MaroTh OpTOpoMOiuHy cumeTpito npu O < 0.4 3 rpaHUYHOI0
¢aszoro YBa,Cu3O;. Ilpu O > 0.4 BOHM CTaKTh
HAMiBIPOBIIHMKAMH 3 TpaHuuHO0 (Ba3or0 YBa,CusOs. Ix
CTPYKTYPY MO>KHA PO3IJISLAATH SIK CTPYKTYPY IIEPOBCKITY 3
HecTadero KUCHIO [1]. YV 3aranpHOMY BUIQJIKY TIEPOBCKIT €
ynakoBkoto oktaenpiB BOs, e B — Manmii kaTioH Metaimy
(HampuKiIaa Mifi), OTOYCHUH 6 i0OHAMU KUCHIO. ATOMHI
MOJIOXKEHHS, 110 € MDK 8 OKTaenpamH, LEHTPOBAaHUMH Y
BepIIMHAX Ky0a, 3aliHATI BEJIMKMMH KaTiOHAMH MeTairy A
(iTpito). BuiyumBIIM aTroMu KUCHIO 3 iJ€ajbHOI I'PaTKu
MIEPOBCKITY, MH OTPUMAEMO HaHOaraTIry KHCHEM CIIOJIYKY
YBa;CuzO7 (puc. 1).

Moro enemMeHTapHy KOMIpKYy MOXHA HpPEICTABHTH Y
BUTJISII TTOCTIIIOBHOCTI LIapiB, NEPIEHANKYIISPHUX JI0 OCi
c: (a) Cu-O, B saKOMy, B TIOpiBHSHHI 3 BHUXIIHUM
MEePOBCKITOM, € 1Bi BakaHcii kucHio; ioH Mmimi Cu(l),
pO3TaloBaHUH y IbOMY LIapi, Mae KOOPAMHALIHHE YHCI0

YBaZCIJgO-; L Cu

Puc. 1. Mopenb KpUCTaTIYHOI IPATKU CIIOIYKH
YBa;Cu3O7.5 3rigHo 3 [1].

Fig. 1. Crystal lattice model of the compound
YBa,Cu307.5 according to [1].

4 Ta oTOYEHMIA YoTHpPMa i0HaMH kucHio; (6) Ba—O; B) Cu—
O, B sixomy ioH Miai Cu(2), po3TamoBaHuii B HhOMY, Ma€e
KOOpJIWHAIlIIfHE YUCIIO 5 Ta OTOYECHWH M'SAThMa 10HAMHU
KHCHIO, III0 YTBOPIOIOTH 0araTorpaHHUK; T) Mapy iTpito, B
SIKOMY TIOPIBHSHO 3 BHXIJIHUM TEPOBCKITOM € YOTHPH
BakaHCii kucHIO. [IpomoBKEHHS OcepelnKy CHMETpHUIHE
BIJHOCHO LBOTO IIApy IOHIB ITpit0 1 TaMm 3HOBY
MIOBTOPIOIOTECS onucaHi panime mapu Ba—O ta Cu-O.
OpHak 10HM MiJli 3HAXOAATHCA B ATOMHHX MOJOXKCHHSIX
nBox tumiB Cu(1) y ruronmni kBagpata CuOy, a Cu(2) —y
mipamini 3 kBagparHoto ocHoBolo CuOs. Came TuM, 110
mapu OaraTorpaHHUKa, PO3JUICHI IIapaMmu iOHIB iTpilo,
BHU3HAYAETHCS  JABOBUMIDHHH  XapakTep  CTPYKTYpH.
HasBHICTD KynpaTHHX IUIOIINH, a TAaKOX JIBOBUMIPHOI Ta
KBa31IBOBUMIPHOi CTPYKTYypH € 3arajbHOI0 PHCOI0 BCiX
BHCOKOTEMIIEPATYPHUX HAAMPOBIAHUX CIIOIYK.

Metomn nudpakmii HEWTPOHIB Ta  E€IEKTPOHHOI
MiKkpockomii [2] 3 BHCOKOI pPO3IUIBHOK 3JaTHICTIO
MOKa3yloTh, ILI0 BAaKaHCII KHCHIO PpO3TAILOBYIOTHCS Y
rwronuHi kBajgpara CuOy4, a He B mipamizax CuOs. [Ipu
30UIbIIeHH] KOHIEHTpauii BakaHciid naHmioxkkn Cu—O
y310BXk oci b craroTe 3akiHueHumu i atomu Cu(l)
3MIHIOIOTh CBOE KOOpIWHAIIWHE 4uciao 3 4 Ha 2 Juist
Haii0igHimoi kucHeM cronyku Y BaCusOe.

I[Ipu mopiBHsSHHI KyOidHOI Ta pomOoenpuIHOi
ctpykTypu neposckity (LaCuOs3) 3i cTpyKTypaMu CIIOIyK
YBa;Cu30; ta YBa;CuzO¢ BUSBISETHCS, 10 JAHIIOKKA
PO3BHBAIOTECS Yy TPHOX TIPOCTOPOBHX HANpPSIMKAX Yy
NEpOBCKITI Ta JIMIIE y HanpsMKy b He ICHYIOTh Yy
YBa,Cu30e.
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1.2. CTPYKTYPHI JE®EKTHU CIIOJIYKHN
YBa:Cu3O7-5

VY 6esnpumicHux kpucranax Y Ba,Cu3Or_s, 3amexHO
Bil JOe(iuUTy KHCHIO Ta  TEXHOJIOTii  CHHTE3y,
CIOCTEpIraloThCsl Taki JePEeKTH CTPYKTYPHU: TOYKOBI
nedekT THIy BakaHCIi KUCHIO, sIKi (QOpMYIOTbCS Y
wronHax CuO, manapui gedextu tumy (001), mexi
JBITHUKIB, TUCITOKAL{l Ta Tak 3BaHi 2V2x2V2 cTpyKTYypH
[3], mo cmocrepiraroThes mpu AeinUTI KHCHIO O =
6.8+6.9.

[Trockumu nedekTaMn € IIOUIMHU JABIHHUKYBAaHHSA,
SIKI  yTBOPIOIOTBCA TPH  "TeTpa-opTo" Tmepexodi Ta
MiHIMI3YIOTh NIPY)KHY €HEPTito KpucTana. Mexi NBIHHHUKIB
€ IUIOIIMHH, [0 MAalOTh TETPArOHAIBHY CTPYKTYPY SK
pe3yibTaT NPHCYTHOCTI MIAapiB, IO MICTATH BakaHCii
KHCHIO, PO3TAalllOBaHi B3IOBXK MeExXi IBiliHUKa [3, 4].
ENekTpoHHOMIKPOCKOMIYHI JOCHIDKEHHS ToKa3amu [4],
II0 Ha TI0YaTKOBiM crajii TeTpa-opTo Hepexoiy
YTBOPIOIOTHCS 3aPOAKH JOMEHIB, B SIKMX (OPMYIOThCS /1B
ciMelicTBa KOTepeHTHHX IOBEpXOHb po3airy (110) Tta
(110). Ile MO>ke CIPUYIMHUTH YTBOPEHHS CTPYKTYPH THITY
"TBiMy" TIpH TEPEeKPUTTI ONM3BKUX MIKPOJBIHHHUKIB.
ITepion Takoi CTPYKTYpH 3aJIKHUTHh BiJ BMICTY KHCHIO i
MOXke  OyTH  CTHUMYJbOBAaHMHA TP  JOIMyBaHHI
TPUBAJICHTHUM METAJIIOM Ta, 30KpeMa, airoMiHiem [4, 5].
Ha nmouwarkoBii cramii 3pocTaHHS  MIKpOJIOMEHIB
¢dopmyBanHs aBiiHUKOBUX rpanunk (') BinOyBaeThes 3a
JIONIOMOroI0 nporiecy audy3ii CTpyKTYpHHX BakaHCid B
CuO mapax. Posmoecromxenns JII' 3miiCHIOETBCS TpH
pyci IBIHHIUKOBUX JAUCIOKAIH, KEPOBAHUX HAMPYKCHHSM.

Jlinidini  nmedextd  (muciokarii) XapakTepHi JUIs
eliTakCiaJIbHMX IUTIBOK Ta TEKCTYPOBaHUX 3pa3KiB.
JIepenoM mboro TUITy Ae(eKTiB MOXKYTh OyTH TUCITOKAITiT
HEBIJIMOBIAHOCTI, MO0 TOPOKYIOTHCS MEXKEI0 PO3JIITY
IDTiBKA-TKIaAKa Y IDTIBKOBHX 3paskax, 1 JUCIIOKaIlii
HEBIiJIMTOBIAHOCTI, 10 TTOPOKYIOTHCS HAa MEXI1 po3 iy da3
YBa;CuzO7-5 Ta YBayCu3Os y TEKCTYpOBaHHX TUIABIICHUX
3paskax. ['ycThHa qUCIOKAMiN Y TUTIBKaX MOXE JOCSTaTH
3HadeHb 61u3bKo 1.4x108 cm? [6].

Bucoka TycTHMHa IUCIIOKAIli y MOHOKpPHUCTaIax
YBa;Cu3O7-s Moxxe OyTH OTpHMaHa NpH BUPOLIYBaHHI
KPHUCTAJIB y IIPOLEC] MPOTIKaHH NEPUTEKTHYHOI peakiii
[7], mo, WMOBIpHO, TOB'I3aHO 3 HASABHICTIO JPIOHHUX
BKITIOUeHb (asu Y BaxCu3Os. Y kpucranax, BUPOUTyBaHHX
PO3YMH-PO3IUIABHAM  METOAOM, TYCTHHA IHCIIOKAIiH
CTaHOBUTh OmM3bko 5x103 cm? [8]. 3asHaummo, IO
TyCTHHA JUCIIOKaIii Moke OyTu 30iiblleHa TIpu
TepMoMeXaHiuHii 00poO1ri MaTepiamis [9].

ToukoBi aedexTn (BakaHCii KMCHIO) MPUCYTHI Y BCIiX
3paskax YBa;Cuz07-5, 10 TIOB'SI3aHO 3
HECTEXIOMETPUYHUM BMICTOM KHCHIO. [lpu 1pOMy
Koe(ilieHT 3aNMOBHEHHS OJW3BKUN O ONWHUIN IS BCIiX
kucHeBuXx mo3unid, kpiMm CuO(1). 3anexHo Bix BMICTY

KHCHIO, MOXJIMBE YTBOPCHHS  HAQJACTPYKTYp IpH
MEepPIOUIHOMY PO3MOAiII  BakaHCii kucHIO. [ycTnHa
KHCHEBMX BakaHCiii BimHOocHO Benmmka i 3a & = 0.03

CTaHOBUTH OJH3bK0 1020 M 3.

Y  miteparypi € TaKoX  TOBIJOMIICHHS  TPO
cucreMaTnyHuid pedinur migi y mwiomuHax CuO, skui
Moxe nocsirati 3HadeHb 0.09 y cronykax [10]. Toukosi
nehekTn MOXYTh OyTH OTpUMaHi Tpu JeryBaHHI. Sk
NpaBWJio,  JIeTylo4l  eJeMeHTH (32  BHHSATKOM
PiAKICHO3EMEIbHUX EJIEMEHTIB Ta Sr) BIPOBAKYIOTHCS B
no3uttii Cu(1) [1]. lonn x pigkicHO3EeMEIbHUX €IEMEHTIB
Ta K 3aMiHSAIOTE aTOMH iTpif0, a Sr BIPOBAKYETHCS B
no3uuii atomis Ba.

JonarkoBi nedexkTd MOXYyTh OyTH CTBOpEHI IpH
onpominenHi [11, 12]. 3amexHo Bif THITy YACTHHOK Ta ix
eHeprii MOXXyTh OyTH CTBOpEHI SIK TOYKOBI, TaK i JIHIHHI
nedekT (TpeKH BaKKUX YaCTHHOK 3 BHCOKOIO EHEPTIEI0)
[13].

1.3. IIHHIHT BUXPOBUX IPATOK HA
JIE®EKTAX I BTACHUI NNIHHIHT
Y CIIOJYII YBa:Cu3O7-5

[TinHIHr Ha AMCIIOKALisAX, WMOBIPHO, €(EKTUBHHUN Yy
IUTIBKaX Ta TEKCTYPOBAaHMX 3pa3Kax 3aBIAKH iX BHUCOKIH
rycruni: 1.4 x 108 cMm? y momiBkax, Ta 6maseko 100 cm? y
TEKCTYPOBaHUX 3pa3kax MoONIM3y BKIIOYEHb (a3u
YBa;CuszO7,. I'yctuHa npmcnokariii y TeKCTypOBaHUX
3pa3kax MoXke OyTH 30ilpIIeHa MUIIXOM —Tapsdoi
nedopmariii, o0 MPU3BOIUTH A0 301TBIICHHS KPUTUIHOTO
cTpyMy B miBropa pasu npu H || ¢ Ta Bagiui npu H || ab-
IIOMIHHI [7].

[TiHHIHT Ha qUCIIOKALISAX Y MOHOKpHUCTaNaX, HMOBIPHO,
Hee(peKTUBHUI Yepe3 ix May ryctuny — 5 X 106 cm 2, s
nopiBHsAHHSA, TyctuHa JIIT Ha OAMHMIIO JIOBKUHHU
cranoButh 5% 103cm!.  Bpaxomywouum  nBoMipHHii
xapaktep JII', BiTHOCHa KiJBKICTh BHUXOPIB, 3aXOIICHUX
A, cyTTeBo mepeBuIlye I 3HadeHHSI. Tomy ciif
OUiKyBaTH Hee(EeKTHBHICTh IHHIHTY Ha IHUCIOKAIlisSX
MOpiBHSAHO 3 miHHIATOM Ha T

Jliniitai nepexrn y BTHII matepianax MoxyTh OyTH

OITYy9HO  CTBOPEHI TPH  ONPOMIHEHHI  BaXKUMH
YaCTHHKAMH BHCOKHX eHepriil. EhekTHBHICTh MiHHIHTY Ha
Takux  Ae(eKTax  MIATBEPPKYETbCS  YUCICHHUMHU

eKCIIepUMEHTaIbHUMU Janumu [9, 10, 14].

Hanpuknan, y po6oti [14] cnioctepiranu 301UIbIICHHS
KPUTHYHOI T'yCTUHH HAAMPOBIHOTO cTpyMYy, J¢, B 30 pasi
micis onpomiHeHHs ioHamm cBHHIIO Tpu 7=87 K y
MarHiTHOMY Tomi 0.05 To. 3a3HaunMmo, 10 MiHHIHT Ha
MiHIAHUX ~ gedekTax  HaWOUTBI — eQeKTHBHUN  TipH
Opi€HTaIil TONA, TapalenbHii TpeKaMm, YTBOPEHHM Y
MIPOIIeCi OTIPOMiHEHHS.

Brnacamit  (intrinsic) TIHHIHT  TPOSBISAETBCS B
Marepianax, Uil SKHX JIOB)XKHHa  KOT'€PEHTHOCTI
NOPIBHIOBaHA 3 BIJCTAHHIO MDK CTPYMOHECYYUMH
mapamu. JlopxkuHa korepeHTHOCTI B YBayCuszO7;
NMOpIBHSHHA 3 MEpioJIOM IPaTKM B3JOBX OCi ¢, IIO
00yMOBJIIO€ IIPUCYTHICT IIbOTO TUIy HIHHIHTY B I[OMY
HaANpoBiAHMKY.  HasBHicTh  intrinsic-miHHIHTY B
YBa,Cu3O75 i TBEP IHKEHO YUCIEHHUMH
eKCIePUMEHTAIEHUMH JOCITi KEHHIMI.

BBakarouun, 10 BJIACHWHA IMIHHIHT TPU PO30pi€HTAIT
mosst H 1 ¢ icToTHO OinbInuii 3a MiHHIHT Ha Aedekrax,
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MozeNb (PparMeHTOBaHOI CTPYKTYPH BUXPOBUX HHUTOK [5]
nepe0avyae KyToBy 3aJIKHICTh KDUTUYHOTO CTPYMY BHIY
J.|cos @|~/2. BpaxyBanns niHHiHry Ha iHmIMX nedexrax
(HanpuKIJIa, Ha TOYKOBHX [6]) MO3BOJMIO OTpUMATH
3anexHicTs BUAY J. = Joq|cos |7V + ]y, THE Ja —

KPUTUYHUNA  CTPYM, SIKMH  BU3HAYA€THCS  BIACHUM
MIHHIHTOM, a Jo» — KPUTHYHUAH CTPYM, L0 BU3HAYAETHCS
nedexramu CTPYKTYpH. ExcnepumenransHe

IITBEP/KEHHS] HABEJCHUX 3aJEKHOCTEH OTPHMaHO B
poboTi [6].

Henpsmuii miHHIHT y  HaANpOBITHUKAX  MOXeE
CIIOCTEPIraTUCs MPH CIa0KOMY MiHHIHTY BHXPOBOI PiIUHH
(BP) wmarpumero Ta HasgBHOCTI TOTYXHHX [EHTPIB
MiHHIATY, BigNaleHWX Ha Bigctanb d > ao. llpm
YHOPSIKOBAaHOMY PO3MOJLUTI TTOTYXHUX LEHTPIB MiHHIHTY
KPUTHUYHHUN CTPYM BH3HAYAETHCS 3CYBHOIO Je(OpMalii€io
BP y urmsgi J, = 244,(1 — b)?/d(8mA)?, ne b=B/Bu, a
B MoHOkpucTaigax YBayCuzO75 mpu posopieHTarrii
BektopiB H || ¢ ta | L AT [7] cunbHEMH UEHTpamu
MiHHIATY B IIOMY €KCIIEPUMEHTi CIIy)KHJIM TpaHHIi
JBIHUKIB.

[Minninr va JAI' excriepuMeHTaJbHO BUSIBICHUH TpHU
pe3ucTuBHUX [§] Ta MarHITHUX [9] JOCTIDKEHHSX, @ TAKOK
IIPU Bi3yaJIbHOMY CIIOCTEPEXEHHI NMpOQiIl0 MarHiTHOro
MOTOKY, IO PYXA€ThCS. 3HIMKH MPOQIUII0 MPOHUKHEHHS
Mar”iTHOIO TIOTOKY B MOHOKPHCTAJIIYHOMY 3pa3Ky
MOKa3yloTh, 110 NOTIK NpoHuKae B3goBX JI' mpu
temnepatypax Bumie 40 K, a mpu 7' < 40 K BiH npoHHKae B
KpHcTal piBHOMIpHO. Taka MoBeAiHKa BKa3ye HAa CyTTEBUN
BmmB JII' Ha mWiHIHT MOTOKy B 00JacTi BHCOKHX
TeMIepaTyp i Ha 0cTablIeHHS IX BIUIMBY B 00JIaCTi HU3bKHUX
Temnepatyp. TuM He MeHmI, miHHIHT Ha JI[" mposBiseTsCs
1 mpu TeMIepaTypi piIKOTo Temiio, Mpo OI0 CBiTYHTH
MmiIBUIEHa TycTWHAa BuxopiB mnodimzy JI, mo
CHOCTEpIraeTbCcsi B EKCIIEPUMEHTax 3 JIEKOPYBaHHs
BHUXPOBOTO TOTOKY [10].

1.4. IMHAMIKA MATHITHOTI'O ITIOTOKY
Sxmo cwuna Jlopenma, mo npie Ha BP, F;=JB,
MepeBUIye CWIy MiHIHTY F,=J.B, 10 BHU3HAYaETHCA
BEIMYMHOIO J,, TO CIIOCTEpIraeThCs BSI3Ka TeUis
MarHiTHOTO NOTOKy. Omip B'I3KOMY IIOTOKY P B paMKax
mozeni bapaina — Crepena BusHadaeThes BUpazom [15] :

Prs = PnB/Bca, (1)

JIe py — CIACKTPUYHUH OMip Yy HOPMAJIBLHOMY CTaHi. BoibT-
amnepHi xapakrepuctuku (BAX) y mnpomy Bumaaky
JIHIAHI Ta, K MOKa3aIl eKCIePUMEHTANIBHI JOCIKEHHS
[16] pa = pps. [Ipu rycTHHI TpaHCIIOPTHOTO CTPYyMY
MEHII J, pyX MarHiTHOTO TIOTOKY 3JIHCHIOETBHCS 3a
JIOTIOMOTOI0 TEPMOAKTHBOBAaHUX IEPECKOKIB BHXOPIB 200
ix 3Bs30k. [Ipy bOMY AWHAMiKa MOTOKY, TOOTO BHIJISL
BAX Ta THMYacoBa penakcaimis HaMarHi4eHOCTI,
BU3HAYAKOTHCSA CTPYMOBOIO  3AJICKHICTIO  MMOTEHIlATY
miniary  U(J). Hmkye HamgaeTbcsi KOPOTKHI OIS
ICHYIOUHX MOJICJICH, SIKi BU3HAYAIOTh BUTIIS 3aJICKHOCTEH
U(J), Ta eKCIEpUMCHTAIBHUX JOCHTIPKCHb JUHAMIKU
MAarHiTHOTO TIOTOKY.

1.4.1. Knacuunuii Kpun

Teoperuuno TepmoaxtuBoBaHuil kpun BP B pamkax
(heHOMEHOJIOTIYHOTO ONHUCY PO3TJISIHYTUIT AHJIEPCOHOM Ta
Kimom y po6ori [17]. B pamkax teopii Auaepcona — Kima
(AK) oTpuMaHO HacTymHy 3aJeXHICTh EJIeKTPHYHOT
HAIpPYTH BiJl TYCTHHHU TPAHCIIOPTHOTO CTPYMY:

E = 2NBaw exp( — Uy /kT) sinh(UyJ /] kT), 2)

ne N — 9ncio BUXOPIB Y 3B'S3MI, @ — TOBKUHA CTpHUOKA,
— eQeKTUBHAa YacTOTa IEPECKOKiB, Ta k — TOCTiiHA
Bomprmana. YV rteopii AK mepenbadaeTncst ITiHilHA
CTPYMOBA 3aJIEKHICTh €()EKTUBHOTO MOTEHIIATY ITIHHIHTY
BUJTY:

U=U(1=]/]o) G)

ne Up = U()(H, T)

Y wMexax  wmozemi KPUTUYHOTO CTaHy A
TEPMOAKTHUBOBAHOI'O pPYyXy IOTOKY OTpUMaHO piBH}IHH}I
[18]:

d(M — M,,)/dt = (Bwa/2nr)exp(Uy/kT), (4)

Jie ¥ — paniyc 3pa3ka, M — HaMarHi4eHicTbh 3paska, M., —
piBHOBa)KHE 3HAYCHHS HaMarHiueHOCTi. BBakarouw, 110
cTpyMoBa 3anexHicTe Uy BH3HawaeThcsi BupazoMm (3),
JIETKO OTpPUMATH BHUpA3 JUIA peJakcallii MarHiTHOTO
MOTOKY:

M(t) = Mq[1 = (T/U) In(t/to)], )

ne ty = 2nrM,,/Bwa.

PiBasHHS (2) Ta (5) 03BONSAIOTH BUSHAYUTH BEIIMINHY
e(heKTUBHOTO MOTEHITialy MHHIHTY 3 BUMipioBaHb BAX Ta
penakcaiii HaMmarHigeHocTi. HeoOXigHO 3a3Ha4MTH, IO I
PIBHSIHHSI HE BPaXOBYIOTh €(DEKTIB KOJIEKTUBHOTO ITIHHIHTY
Ta TeTUIoBUX (Quykryaniit BP, a Takoxx BIMBY XaoTHYHOTO
MOTeHIaITy, 1o HOPOJKY€EThCS nedekTHicTIo
KPHUCTAIIYHOT CTPYKTYPH, SKi MOXXYTh ICTOTHO 3MIHUTH
CTPYMOBY 3aJICXKHICTh MOTCHIIAy MiHHIHTY, a OTXe 1
IUHAMIKY MarHiTHOTO TTOTOKY.

1.4.2. Teopis KOJeKTHBHOr0 MiHHIHTY Ta MOJeJb
BHXPOBOI0 CKJa

HeBnopsinkoBauwmii  po3momin  IeeKTIiB TOPOIKYE
XaOTHYHHUH TMOTEHIial MiHHIATY, IO TPH3BOIUTH [0
MOpYIIEHHsT janekoro nopsaky BP Tta po3ourts i Ha
momenu [19]. Tlomepeunwii, R., Ta MO3MOBXKHIN, R;
(crocoBHO HampsiMKy Bekropa H), po3Mipu JOMEHIB
BU3HAYAIOThCS BUpasamu: L, = CL{Z (Cgézfz/W) Ta R; =
R.(csa/Ce6)'?, nme cas — Momynp Burmmy Ta W —
CepeJHbOKBAIPATHIHE 3HAUCHHS CHJIH, 1[0 TIOPOIKY€ETHCS
nepextamn, § = (n/y)Y? — o6’em nomeny, a J, =
Cs6é /R%B [20] — KpUTHYHHUI CTPYM.

VY cnabkux MarHiTHUX MOJAX [21] €11 = Cqq = Co6 = C
i norenuian minminry Uy = ¢3&*/W. Tyt ¢11 — Mozmynb
ctrucHeHHs BP.
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VY cunbHuX MarHiTHUX nonsix H >> Ha [22], ¢4 =
C4q S>> Cgg 1 PO3MIp OMEHY B HANPSMKY 3aXOTUICHHS
BU3HAYa€ThCs BHPasoM R| = R.(c11/Ce6)/?. V 1bOMYy
BUNAJKy €(QEKTHBHMH NOTEHIia] WiHHIHTY Ta 00’eM
BHUXPOBOT (c11/ Ce)™?  pasis
BIMOBIAHMX 3Ha4YeHb MOTeHIiany Uy Ta aKTHBAIIMHOTO
00’emy V., oTpuMaHuX T cabkux nodiB. [le BUKIMKaHO
THM, IO 3aBIJKH KOHKYPCHIi MiX 3CYBHOK (Ta
3TUHANBHOIO)  MPY)KHOK)  CHEPri€l0 1 XaOTHYHUM
MTOTEHINAJIOM BUXPOBiI 3B'I3KHM 00'eMOM V. HE MOXYThb
nepeMillaTics He3aJeXHO OJWH  Big OXHOTO, a

3B'SI3KH B OB

dopmytotbes HamsB'szku ob'emom V, = V.(cq1/Ce6)Y?,
SIKI IEPEMIIIYIOTECS K OJTHE IIiJe.

VYpaxyBaHHA KOJEKTUBHUX €(EKTiB NPU3BOAUTH 10
CTPYMOBOI 3aJIXKHOCTI ITOTEHIIATY MIHHIHTY BUTILIY:

U= Uo/W)Uc/]™* = D), (©)

Jie BeNMYMHA MOKa3HUKa CTYHEHS 4 Y Mipy 3MEHIICHHS
T'YCTHHH TPAHCHOPTHOT'O CTpyMy IpuiiMae 3HadeHHs 1/7,
5/2,1,9/7 ta 2 [23], a Uy = Uy(T, H).

Teopis i3oTponHOTO BUXpoBOro ckia (BC), sk 1 Teopis
KOJICKTMBHOTO MIiHHIHTY, I'PYHTY€TbCS Ha YSBJIEHHI IIpO
MOpYLIEHHd  Janekoro mnopsaky BP  xaoTtuunum
MoTeHIiaioM TiHHIATY. B pamkax 1iei Teopii pyx
BUXPOBUX HHUTOK PO3MIAAETHCS SK MPOLEC AKTHBALIl
BuxpoBux merenb [20, 22]. Teopis BC mnepenbadae
CTPYMOBY 3aJIe)KHICTh, 1[0 BU3HAYAETHLCS PIBHSIHHAM (6) 5K
Yy MEHCHEpIBCbKOMY, TaK i B 3MilIaHOMY cTaHi. Bennunna
MOKa3HUKa CTyNeHs [ OOMeXeHa 3HadeHHsMu u < 1.
SIKiCHO OJHaKOBHH OIUC CTPYMOBUX 3aJIe)KHOCTEH
NOTEeHLaly IMHHIHTY, OTPHUMAaHMH B paMKax Teopii
KOJICKTMBHOTO TiHHIHTY Ta Moxeni BC, iiMoBipHO
00yMOBJICHUH THM, III0 OOU/BI TEOPii ONMUCYIOTH OTHAKOBI
¢bizuuHi sBUMIA [24].

Heniniiina ctpymoBa 3anexHicTh U, 10 BU3HAYAETHCS
piBHsHHsM (6), mpuBOAMTH 10 3MiHM Buay BAX Ta
THMYaCOBOI pellakcallii HamaraiuyeHocTi [25]:

E = Eqexp[ — (Uo/w)( = Jc/D¥], ()
Ta
M(f) = _IWeq[1 + (ﬂkT/UO) l‘)’l( t/to)]_l/ﬂ' (8)

ne Eo — (heHOMEHOJIOTIYHHAN TTapaMeTp.

1.5. BIUIMB TEIIVIOBUX KOJIUBAHb HA
®A30BUI CTAH TA TUHAMIKY BUXPOBOI
CUCTEMHU

1.5.1. TepmoanHaMivHi BI1aCTHBOCTI
Cuna TepMiuHMX (QUIyKTyaliii XapakTepH3yeThCs
guciiom ['in30ypra [26]:

G; = [T/HE(0)£8°(0)]% /2. (€))

Tyr &= (m/M)/?~ napamerp y Mexkax Mopei
e(peKTHBHHX IbOTO  IIapameTpa
LTIOCTPY€ETHCS MipkyBaHHSMH.  OOnacTp
KPUTUYHOTO PEXHMMY BHM3HAYa€Thesl HepiBHicTIO |T, —
T|<T.G; i IUIaBJICHHA BHUXPOBOI  IPaTKU
BU3HAYAETHCS BUPA3OM:!

Mac. BaxmusicTh
TaKUMU

JIHIA

By (T) = (5.6¢,/G;)H,(0)(1 —T/Ty), (10)
a JIiHisI TEPMIYHOTO ICMIHHIHTY JA€THCS CIiBBIIHOIICHHIM
[29, 27]:

Byp(T) ~ 8G;H,(0)(T/T.)?. (1)
Tyt ¢ —uncno Jlinnemana. Buano, mo npu 30inbienHi G;
00JacTe TeMIepatyp, B SKid ITO3HAYAETHCSA BIUIHB
TeMIoBUX (QIIyKTYyaIlii, 3pocTae.

V HM3BKOTEMIIEPAaTypHUX HaANpoBigHukax G; = 1078 i
e(eKTn, 3yMOBJICHI TEIUIOBUMH (MIIyKTyalisiMH, He3HAYHI.
Y BTHII wMarepianax G; Benuke i, 30Kpema, Juis
YBa,Cu;07-, G; = 1072, Tomy Tepmiuni QuykTyanii y mux
Marepianax BiAirparoTh Ba)KJIMBE 3HAYCHHS Y BU3HAUYCHHI
TEPMOJAMHAMIYHUX Ta JTUHAMIYHUAX BIacTUBOCTEH BP.

[InaBneHHs BHXpOBOI IpaTkum y pasi (azoBoro
MEPEXOy MEePIIOTo POAY CYIPOBOKYETHCS PYHHYBaHHIM
nanekoro mnopsanxy. Ilpm ¢dasoBomy mepexoxmi apyroro
poay BimOyBaeThbcs 3MiHa (DYHKIIIOHATBHOI 3aJIEKHOCTI
MIPOCTOPOBOTO KOpeJsITopa. [opymenns
KOOPAMHAIIIHHOTO TOPSAAKY HE BHUKIIOYAE MOXKIJIHBOCTI
30epeKeHHS OPIEHTALITHOTO MOPSI/IKY, IO IPUBOJHUTE JI0
YTBOpPEHHs (a3u TUIY piakoro kpucrana [30].

MOXIIMBICTh  IUTABICHHS  BUXPOBOI  PCUYOBHHU
EKCIICPUMCHTAIBHO TI0Ka3aHa B YHCICHHUX pobortax [31].
[Ipu pe3ucTUBHUX NOCHIKCHHAX el (a3oBuil mepexina
MPOSIBIISIETHCSL Y BUIJISIIII TEMIIEPATYPHOTO Ta IOJBOBOTO
ricrepesucy eleKTpooIopy, M0 CBIMYHUTH Npo (a3oBH
mepexin mepmoro poxy. ExcrepuMeHTaIbHO OTpHUMaHi
JiHI1 1aBIeHAS BUXPOoBO1 pedoBnHU ¥ Y Ba,CuzO7- mpu
opienTauisx nonst H || ¢ Ta H L ¢ BU3Ha4aroThCsl BUpa3aMu
[32]:

By (T) = 103(1 — T/T,) 4L, (12)
Ta
B, =842(1-T/T)*%, (13)
BignoBigHo. OTprMaHi TOKa3HUKH CTymeHs, n = 1.41 Ta
n=1.37, menun 3a BenuuuHy 7 =2 y piBHsHHI (13). Le
3YMOBJICHO THUM, IO 3i 30UIbIICHHSIM MAarHiTHOTO TOJS
n — 1, 1 Taka TeHJCHIIIS crIOCTepiraiacs B poodori [15].

1.5.2. lImnamika BUXPOBOI piAnHu.

TeopeTnyHO AMHAMIKA BUXPOBOI PiIIMHMN TOCTIHKCHA Y
pobortax [33-35]. V pobori [33] 3a3Ha4yaeThCs, M0 TPU
BiJICYTHOCTI KOJEKTHBHHX €(EKTiB B'S3KICTh BHXPOBOL
piminn, 1 ~ T, = wyyp = (1071% = 107%)¢, € manoro (Tyt
T, Ta Mp; — Yac penakcauii BUXpoBoi piavHMU 1 (OHOHHA

Journal of V. N. Karazin Kharkiv National University. Series Physics. Iss. 42, 2025
BicHuk XapkiBcbkoro HauioHanbsHoro yHisepcuteTy imeHi B. H. KapasiHa. Cepis «®isukax». Bun. 42, 2025 11



P. B. Bosx, O. FO. Bpazos, M. M. Inozemyes, B. O. Kospueun, A. O. Komicapos, M. B. Kopobxkos,
B. @. Kopwax, JI. O. llawenxo, I'. A. Xaoxcau, O. I". Yenypin, J{. @. Apuyk

4acTOTa, BiAMOBITHO) 1 32 BEIMKHUX YAaCiB MHHIHTY Tyin BP
He 3akpimieHa, Too6to J.= (. EKCIOHEHLIHHO BeNUKi
TEPMIiHM PO3MHTTS HEOAHOPIMHOI CTpyKTypH y BP 7, =
w;,% exp(Up;/T) BUHMKAIOTH 3a HAABHOCTI BHCOKHMX
6ap'epiB U, An TEPMOAKTUBOBAHOTO IDIACTUIHOTO PYXY
BuxopiB. ITosiBa Bucokux Gap'epiB U, Moxke OyTH Takox
CIOPUYHMHCHA TEPEIUTyTyBAaHHIM BHXPOBUX HHUTOK. Y
BOMY BHIAJKY Tpin & Tp|, | YCEPEIHEHHS MO iHTEPBAITY
Tpin JA€ HEHYNBOBHHA pe3ynbraT, Ta J. # 0. s BP 3i
C1aOKuM MiHHIHTOM niependadaetsess BAX Buay [36]:
E=pn[1—(U/])* (14)

Y upomy Bumaaky [37] MoxiuBe pi3ke 30UIBIICHHS
B'I3KOCTI BHUXPOBOI PIAMHM Yy TPHCYTHOCTI PiIKO
PO3TAIIOBaHWX CHIIBHUX IIGHTPIB MiHHIHTY, TaKHX SK
TpaHWIi JABIMHWKIB. YMOBa TMIHHIHTY BH3HAYA€THCA
cniBBifHOmWeH M dy << J, tne & = (n/y)Y?, a y —

KoedillieHT  TepTsA, 3yMOBICHWHA  TiHHIHTOM. B
OJTHOBHXPOBOMY pexuMi do/8 = 103, poTe
MepeIUTyTyBaHHs BUXPOBHX HHTOK IPHUBOIUTH  JIO

36impmenHs 1 B 10° pasis, MmO NPUBOAMTH [0
criBBigHomeHHs dy/6 = 1. Ile mo3oamio aBropam [38]
IHTepIpeTyBaTH INeperuH Ha 3anexxHocti R(7), mo
cnocrepiraBes B po6ori [38], sik nmposiB miHHIATY Ha [ 31
30LIBIICHHSM B'SI3KOCTI.

BigMminHicTh y migxomax 1o omucy auHamiku BP B
poborax [33] i [34] monsrae B TOMY, III0 aBTOPH poOOTH
[33] mpumyckamm HasBHICTH Ca0KOTO IHHHIHTY Ha
npibHOMacmTabHUX — OedexTax  [pH  BiACYTHOCTI
BEJIMKOMACIITa0HUX [EHTPIiB MiHHIATY, a B poOoTi [34]
nepenbavagacs MPUCYTHICTD TITBKH BETMKOMACIITAOHUX,
JTAJIEKO BiJaleHNX OJUH BiJ OJHOTO, IICHTPIB IiHHIHTY.
ToMy B peasibHUX 3[BIHHMKOBAHUX KPHCTAIAX MOKIHBHIA
nposiB 000X MeXaHi3MiB IIHHIHTY.

1.5.3. [Iunamika BHXPOBOI
KOJIEKTUBHOI'O NIHHIHTY

TepMiyanit gemiHHIAT 00YMOBJICHUH 3TIIAIKyBaHHSIM
BUIIAJJKOBOTO TMOTEHLIaNy TEIJIOBUMH KOJUBAHHIMU

IPaTKH 'y Teopii

BUXPOBHX HUTOK, 0 MIPUBOAMUTE 10 30UIBIICHHS PajiyCcy
nminHiHry 1, = & > (§2 4+ u2,)?, ne up; — xBagpatMuHa
aMIUNTyla TEIUIOBUX KoJIMBaHb. Ilpu Temmepatypi
NI HHIHTY

Tap = 21e08%(B/00)'/?, (15)
IIpYU § = U MIHHIHT Ha TOYKOBHX Ae(eKTax pi3Ko Majaae, mo
pUBOUTE 0 3MiHu 3anexHoctewt 1 U(T, H), 1 JAT, H)
[25, 39].

Ha puc.2 mnokazano QeHoMeHONOTIYHY (a3oBy
nmiarpaMmy, IO BU3HA4Ya€ pPi3HI peXWMH TMIHHIHTY Ta
obmacte ix peamizamii Ha B-T mrommni y BTHII
YBa,Cu3O7- npu opienranii nonst H || ¢ [40]. Pexum
OJHOBUXPOBOTO THHIHTY B 001acTi ciIaOKux TOJIB Ta
HU3BKHX TeMIeparyp oOMmexeHnit moneMm By, mpu

HEPEBHUIICHHI SIKOTO PEai3y€eThCsl KPUIT MaJIMX BUXPOBUX
3B'A30K, Ta TEMIIEpPAaTypol0 JIEHIHHIHTY  CHCTEMH
HEB3a€MOJIIOYMX BHXOpiB. Y Mexkax Iii€i obmacti Bci
MOKa3HUKY HE 3aJIeXaTh BiJ BEIMYMHHM MarHiTHOTO ITOJIA.
B o0:acTi miHHIHTY MaJINX BUXPOBHUX 3B'I30K, 0OMEXEHOIO
noixeM By, Ta Ttemmeparyporo T, TIONBOBI  Ta
TEMIIEpaTypHi  3aJIKHOCTI  KCIIOHEHIiHHI, 1o €
HaCTiKOM JWCIIepCii TpyXHUX MOAyJdiB. B obnacti
BHUCOKMX TEMIIEpaTyp Ta MarHiTHHX IIOJIiB peali3yeTbcs
IIHHIHT  BEJIMKAX BHXPOBUX 3B'30K. ILlporo pazy
JUCTIEPCisl TPYKHUX MOMYJIB HE3HAauHa, a IIOJIbOBI Ta
TEMIIEpaTypHi 3aJeXHOCTI CTalOTh CTYNEGHEBUMH. 3i
3pOCTaHHAM

Ts mib o
0 R

Puc. 2. denomeHnooriyHa (azosa Jiarpama, o BU3HAYaE
Pi3HI peXUMH TiHHIHTY Ta o06nacTi iX peanizarmii Ha B-T
wiomuHi BTCIT YBa;CuzO7_« nipu opienranii mons H || ¢
[27]. 1 — [iHHIHT HEB3a€EMOJIIOYHUX BUXOPIB; 2 — MIHHIHT
MaJIMX 3B'SI30K; 3 — MIHHIHT BEJIUKUX 3B'I30K.

Fig. 2. The phenomenological phase diagram defining
different pinning regimes and their implementation regions
on the V-T plane of HTSC YBa2Cu307—x at the field
orientation H || ¢ [27]. 1 — Pinning of non-interacting
vortices; 2 — pinning of small bunches; 3 — pinning of
large bunches.

TEMIepaTypH JiHIT MEPEeXOay IO PEKUMIB KPHUITY MaTHX
Bu(T) ta Benmukux Bip(T) 3B'I30K pi3KO MafalOTh HpU
MepeTHHi JiHil TepmiuHOro nemHHIHTY Bgy(7T) BUXpOBOI
IpaTKH.

VY pasi cnabkoro miHHIHTY JiHis miaBiaeHHst BP B, (T)
po3TamioBaHa B OOJIACTI KPHUITYy BEIHKHUX 3B'S30K BHXOPIB
Ta, OTKe, clabko 30y/KeHa XaOTHYHUM ITOTEHINAJIOM.
[Jiarpama (muB. puc.2) OTpHUMaHa NPU HACTYIHHUX
3HauenHsx napametpis: Bu(T) =6 T, Bip(T) =10 Tn, Ty,
=60 Kra T;" =70 K.

AHaITHYHI 3a7IeKHOCTI KpuTHIHOTO CTpyMy Jo(T,B) B
pamMKax Teopii KOJCKTHBHOI'O MIHHIHTY 3 YypaXyBaHHSIM
TEIIOBUX (DIyKTyamid y 3ale)KHOCTI Bil BEITWYHHH
MarHiTHOTO TIOJISl JAI0ThCs BUpazamu [40]:
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Kpucmaniuna cmpyxmypa, oegpexmu, ninnine ma ounamixa maeHimno2o nomoxky y BTHII-cnonykax
cucmemu 1-2-3 (xopomxuii 0ensio)

]c = ]O(Bsb/ﬂstCO)(l + T/T;p)zx (16)
xexp[ (=3/2)(a + T/Tip)°]
npu BSb <B< Blbﬂ
]c z]O(Bsb/:gstcz)(l + T/po)l/2>< (17)
xexp[ (—=2B/Bsp)(a + T /Tgp)°]
pu By, < B, Ta
Je = Jo(Bsp/B)* [Tap/ (1 + Tap)]/2. (18)
Tyt Jo = c®,/(200A2§) — KkputuuHHii CTpyM
pO3MaploBaHHs, TeMIlepaTypa JICMiHHIHTY B PEXHMI

HEB3aEMOJIIIOYNX BUXOPIB 3aIa€EThCSI PiBHSIHHSIM:

Tipy = T[(1 = T/T)Uc/)0)/Gi1?, (19)
BeIWYNHA By, BU3HAYACTHCS CITIBBIIHOIIEHHIM:
Bsb (T) = ﬁsb (jsv/]O)HcZ(l + T/chp)z x (20)
xexp[ (=2¢)(a + T/Typ)?].
3a3HauyMMoO, IO 4Yepe3  CHWIbHY  aHI30TPOIII0
KPUCTATIYHOT CTPYKTYpH BTHIT HaJIPOBiTHI

XapaKTePUCTUKU TaKO0X CYTTEBO aHi30TPOIHI. Y IIHOMY
BUNAJKy npu opienTauii nonst H || ¢ BiIIoBiAHI piBHSHHS
11 e€(DeKTUBHOTO MOTEHIany MiHHIHTY 1 KPUTHIHOTO
CTpyMy MHOXaThCsl Ha MHOXKHUK K = K(¢), a B TOXHIJIHNX
moao oci ¢ momsax — Ha MHOXHUK K = K(g?cos?0 +
sin? 0), ne 0 — kyT Mix BeKTOpoM H Ta ab TUIOIIMHOIO.
Konkpernuii Bun ¢pyskiii K = K(e, 6) 3anexxuTh Big poxy
BEITMYHHY, 1110 BU3Ha4YaeTbes [40].

1.5.4. ExciepuMeHTAJBbHI JOCTiIXKeHHs] TUHAMIKM
MArHITHOTO  TOTOKY B  MOHOKPHCTAJaX  Ta
opieHToBaHMX TekcTypax YBa>Cuz Q7

PesucTuBHI  HOCHIIKEHHS OMHAMIKA  MAar"iTHOIO
MOTOKY B MOHOKpHCTanax [23] Ta TeKCTypOBaHUX 3pa3Kax
[41] mpm BHCOKMX 3HAYEHHSX TYCTHHU TPaHCIOPTHUX
CTpyMiB TmOKa3anu, o mpu opieHtanii mons H | ¢
moyaTkoBi  nuisHKE — BAX,  BIONOBIOHI  peKUAMY
TEPMOAKTHBOBAHOTO KpPHITYy, 3aJOBUIBHO OIUCYIOTHCS
piBHAHHAM (6). OTpuMaHi 3 EKCIIEPUMEHTY 3HAYCHHS
e(eKTUBHOTO NOTEHIialy MHHIHTY B MarHiTHOMY modii 1.5
Tn npu remneparypi 7= 80 K cranoBuiu Uy = 2000 K st
TeKCTypoBaHWX 3paskiB Ta Up=1700K - s
MOHOKpHCTaTy. B 000X BHMagkax croctepiraim ciadky
TemrepaTypHy 3anexHicts Uy = Uy(T).

Y TekcTypoBaHHMX 3pa3kax B 00JIacTi
TeMITepaTyp MOTEHIIial MHHIHTY Maibke He 3aJIeKUTh BiJl
BEJIMYUHH MarHiTHOTO 1o [41].

BHCOKHX

VY pob6oTi [23] Oyi0 MPOIEMOHCTPOBAHO MOXKIIMBICTh
peamizamii  HENpsAMOTO  MEXaHI3My  HIHHIHTY B
MoHOKpucTanax YBa>Cu3;O7x 3a BHCOKHX TeMIepaTyp
st opienranii BekropiB H | ¢ ta J L JAI'. Haiikpamry
3Ty MiX €KCIIEPUMEHTAaTbHUMH JaHUMHU Ta BHpa3oM (4)
Oyno orpumano npu d = 30.

EdexkruBarMu 1eHTpamu MiHHIHTY ciayxwma [T,
3azHaunMo, MmO e()EeKTHBHA NIMPUHA KaHAIy, B3JI0BXK
AKOTO 3xiicHIOBanacs aedopmanis scyBoM d = do(Ry;/
Rf) (tyt do — Bincrans miskx I, Ry — onip miacTvuHii
nedopmanii BP, Ry — onip B'si3koMy noToky npu J > J¢) 3
MOHIDKEHHSIM ~ TeMIepaTypu  3MeHImyBamacs. Sk
3a3HAYaJIOCS B TIONMEPEAHBOMY  PO3MAUT, MOIYJIAIis
TYCTUHU JBIWHUKIB MPUBOIUTH 1O MOIYJIAII CHIN
ninHiHTy BP Ha TOukOBHX nedekrax, sika 3MEHIIYEThCS 31
36impenHsaM Biactani Big A [23]. ¥V wmipy 3HMWKEHHS
TEMIIepaTypy TMiHHIHT Ha TOYKOBHX Je(eKTax 3pocTae
3rizHo 3i ciiiBBiHOMIEHHM (14) (15), a HenpsiMuii MiHHIHT
— sk A2, TOOTO ICTOTHO TOBUILHINIE TOPIBHAHO 3
MiHHIHTOM Ha JedekraX. KoHKypeHIis MiX IHUMHU
MexXaHi3MaM{ TMHHIHTY TPUBOAWTH JIO 3MCHIIEHHS
IIMPUHH KaHAIIB JISTKOTO KOB3aHHS [23].

HasiBHicTh KaHaIiB JIerkoro kop3anHsg Mix JII' Takox
MiATBEPIKYETHCS  pe3yibTaTaMd MarHITHUX BHUMIpPIB
KpuTHuHOTO cTpyMmy. [Ipm opienrauii nons H || ¢ aBTopn
pobotu [37] cmocrepiranmu 3MCHIICHHS KPUTUYHOTO
CTpyMy B MOHOKpHCTaNax 3 ojaHocmpsiMoBanumu JI'
MOPIBHSIHO 3 KPUCTATAMHU, SIKi MICTAThH JOMCHH i3 B3a€EMHO
nepnenaukysipuumu - AT, YV moxumux wmomo AT
MarHiTHHX TOJISAX IS BiIMiHHICTB OyIa JyKe CIa0KoIo.

ExkcriepumenTanbHi JTOCITi IKSHHS pemakcarii
HAMAarHi9eHOCTI TOKa3alk, MO0 B 00JacTi HHU3BKUX
TeMIIepaTyp HaMarHi4eHiCTh 3racac 3a JIoTapu(QMIYHUM
3aKOHOM 32 4acy BUMiproBaHb 10 10° ¢ [20, 42].

Sk 3a3Havayocs BuILE, JorapupMiuyHe 3racaHHs
HaMarHi4eHOCTi nepenoavaeTbhCs MOJIEJIITIO
Angepcona — Kima (AK), mo mnepenbadae miHIHHY
CTPYMOBY 3aJI€XKHICTH IIOTEHIiaNy MiHHIHTY Buay (2).
Jlinifina cTpymoBa 3anexHicTb Uy Bif3Hayanacst Takox B
eKCIIEpPUMEHTAX 110 BUMIPIOBAHHIO pellakcallii HaBeICHUX
CTPYMIB y HaANPOBITHOMY KiJbIli, BHTOTOBJICHOMY 3
TeKCTypoBaHOi kepamiku Y Ba,CuzO7_, [43].

Y pobGotax [24,44] cmocrepirany BIAXWICHHS BiJ
JIOTapU(PMITHOT  3aJleXKHOCTI 31 30UIBIIEHHSAM  4Yacy
BUMIpIOBaHHs 3racaHHs Hamardiuenoctri, ¢ > 10°c.
KBazinorapudmiuyne  3racaHHs, IO  BU3HAYAETHCS
piBHAHHAM (8), aBTOPH TOSCHIOBAM  HENiHIHHOIO
CTPYMOBOIO 3QJICKHICTIO TMOTeHIiany miaHiATy U(J), 10
nepe0ayacTbCsl MOJECIUTI0O BUXPOBOTO CKJIa 1 TEOpiero
KOJICKTUBHOTO MiHHIHTY. 3amoBiIbHUI OTIHC
eKCIICPUMEHTATbHAX [aHUX Yy MeXax IMX MOoJelel
oTpuMano B obnacti remneparyp 7'<40 Kmpu u = 1.

Heo6ximHo TaKOX 3a3HAYNTH, 110 aHai3
EKCIIEPUMEHTAILHUX ~ Pe3yJbTaTiB 3  BUMIPIOBaHHS
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HaMar"iueHOCTi JJO3BOJIUB aBTOopaMm poboTu [45] 3podbutn
BUCHOBOK, IO TPH BHCOKHX TYCTHHax CTpyMy
peaiizyerbes Kpui, nependadeHuii monemuno AK, a B Mipy
3MEHIIEHHS TYCTHHH CTPYMy peajli3yeTbCsi  KpHII,
nepenOaYeHNi TEOpi€l0 KOJEKTHBHOTO IIHHIHTY Ta
MO/JIEIUTIO BUXPOBOTO CKIIA.

Y  YHCIIeHHHX  eKCIIEpHMEHTaX  CIIoCTepiranu
HEMOHOTOHHY TIOJIEOBY 3aJI€KHICTh KPUTHIHOTO CTPYMY.
JIJIsl IOSICHEHHST BOTO SIBHIA 3alPOIIOHOBAHO JICKiJIbKa
MoJIeIeH, 3 SIKUX HaHOLIbII ITHPOKO OOTOBOPIOKOTHCS TaKi:

1. YV pavMkax wMomem KOJEKTUBHOTO IiHHIHTY
nepeoayaeThes BiJICYTHICTb 3pOCTaHHA
HE3PEJIAKCOBAHOTO KPUTHYHOTO CTPYMY 3i 30LIBIICHHIM
MarHiTHOTO TIOJISI; CIIOCTEepEeKyBaHe 301IbIICHHS 3HAYEHb
HaBEIEHUX  CTPYMIB  IIOSICHIOETHCS  3POCTAHHIM
e(eKTUBHOTO TIOTEHIia]ly WIHHIHTY 1, SK HAacwiJOK,
3MEHIIEHHSAM IIBUAKOCTI pelakcallii HaBeJIeHuX CTPyMiB
[46].

2. Jlpyra Monenb IDYHTYETHCS Ha TPHITYIIEHHI IIPO
icCHyBaHHS JNe(iUTHOI MO KUCHIO abo iHIIOI (a3u, sKa B
Mipy 30UIBIIEHHS MArHiTHOTO TONS IEPEeXOIuTh Yy
HOpMaJIbHUM CcTaH, 1MB. Hanpukiay [47].

3. 3pocTaHHS KpPUTHYHOTO CTPYMY TIOSICHIOETHCS
NPUIYIICHHSIM [TapaMeTpa MOPsAKY CTOPOHHBOT (asu, mio
Ha II0OYaTKOBOMY €Talli TNPUBOAUTH A0 30iTbIICHHA
ninHiHry. Ilojanbiie 3MEHIIEHHS KPUTHYHOTO CTPyMY
NPUIHCYETHCS NPUAYIICHHIO HAJNPOBIIHUX MapameTpiB

HA/ANPOBITHAKA.
4. HeMOHOTOHHA TOJIbOBA 3aJIEKHICTh KPHUTUYHOTO
CTPYMY TaKOX OYIKy€TbCS TIPH  BHOPSIKOBAHOMY

MIPOCTOPOBOMY PO3MOALTI HEHTPIB MiHHIHTY. Y IBOMY
BUIIAJIKy MakCHUMyM KPUTHYHOI'O CTPYMY OYIKYETHCS B
Mar”iTHUX TOJISIX, MPH SKHX MepioJ] BUXPOBUX IPATOK
CITIBMAJa€ 3 BIJICTAHHIO MIXK IIEHTpaMu MiHHIHTY [48].

TakuM YMHOM, aHANI3 JITEPATYPHUX JAHUX TOKA3ye,
mo: 1) gaHi nmpo BIUIMB JieryBaHHs KpucTaiiB Y Ba,CuzO7-
x METJIEBMMHU EIIEMEHTaMH Ha OHip CyNepewInBi, IO
WMOBIPHO TIOB'I3aHE 3 HEOIHOPIMIHICTIO JTOCIHIIKSHHX
00'eKTiB, a eKCHepUMEHTAIbHI JOoCHiKeHHsT BiumBy I
Ha eNIeKTPoomip BiACYTHi; 2) mpoOnema IWiHHIHTY Ta
nuHaMike BuxopiB y MoHokpucTtaax BTHIT YBa;CuzO7-
aKTyaJllbHa 1 BHMAarae JOJATKOBHX JOCTIIKCHb Ha
o0'ekTax, IO MICTATh KOHTPOJIbOBaHI JAedexTd; Ta 3)
30IIBIICHHS KPUTUYHOTO CTpyMy Ta e(EeKTHBHOTO
MOTEHINAly MHHIHTY TPH YacTKOBOMY 3aMimmieHHi Y
CHOCTEpirajli B TIpaHyJIbOBaHMX 00'€KTax, IO MOXKe
BiZoOpaXkaTH MOKpAIIeHHsI MKIPaHYJIbHUX 3B'A3KIB, a HE
BIIACTHBICTH MaTepiay.

1.6. IIK-E®EKT Y BUCOKOTEMIIEPATYPHUX
HAAMTPOBIJHUKAX YBa:CuzO7-5
HemoHOTOHHA 3aNeXHICTh CHIM TIHHIHTY a0o0 IIiKk-
edext (IIE) cmocTepiraerbes K y HU3BKOTEMITEPATypPHUX
HaanpoBigHuKax (Hampukmam: NbsSn i NbSe; [49] Ta iH.),

TaK i y BUCOKoTeMIieparypHux (Hanpukiam: YBa,CuzO7-s,
La;CuOy4 1a in.). Y mitepaTypi BHIUIIOTH Taki OCHOBHI
Moeni jyis mosiciennst [1E:

1) apanramis BP mo noreHmiany miHHIHTY, TOOTO
PO3M'SIKIIEHHS IPYKHUX MoayJiB BP;

2) dasoswuii nepexin i3 ogHoro crany BP 1o inmoro.
Ilepma wmozxens Oyna 3amporoHoBaHa JlapkiHUM Ta
OBunaHUKOBNM y [50]. BiamoBigHo mo Hei Bumie aestkoi
BEJIMYMHH MArHITHOTO IOJIS 3HAYCHHS NPYKHUX MOMIYIIB
C44 Ta Css 3MCHINYIOTHCS, & BUXPOBI HUTKH HAOyBarOTh
3MATHOCTI 1O BUKPHBICHHA. TakuM YHHOM, BHXpPOBa
TpaTKa MmiajJamToBy€EThCS A0 JaHamadTy MiHHIHTY.
OCHOBHUM MapaMeTpoOM MOJIETI € JOBXHHA KOpesii L,
(edexTuBHA mOBKMHA Ti€l 0OMAcTi, B AKii 3iHCHIOETHCS
miHHIHT). JI7S IBOMIpHOTO MiHHIHTY BHpa3 mis L. Mae
BUTIIS;

Le = (cas/c6)"*Rc = 3[b/(1 — B)]*?R.,. (21)
ne b = H/H.; — npuBeficHe MarHiTHE 1oJie, a
Re = agcee[2md /W (0) In(F,/w)], (22)

E, = [W(0)/V.]"?, W(0) = Cu(T)b(1 — b)?.

Tyt Ve — 00’em xopenpoBaHUX 001acTeH, d — TOBIIMHA
3paska, Cy — mapamMeTp CHIIH MiHHIHTY, SKHHA 3HAXOIUTHCS

3 ekcnepuMeHTy. [l TpUBUMIpHOTO TiHHIHTY L, =

1/3
[mciakiagr? /w(0)] 7,

kn = (1 —b)*?/2, (23)
JIE C44 — MOZYJIb BUTHHY, a Iy — €JIEMEHTapHHUH pajiyc
MiHHIHTY (MTPUOINU3HO TOPIBHIOE a¢/2). STk BUIHO 3 PopMyT
(21) Ta (22), L. niAnOpsAKOBYETHCS PI3HUM CTYIIEHEBUM
3aKOHAaM, 110 CBITYUTH MPO CTaNaHHs L. IPH MEPEXO0Ii BiJ
JIBOBUMIpHOTO 10 TpuBHMipHOTO TiHHIHTY. Ile, 3 (21),
NpUBOANTL 10 3poctaHHs W(0) 1, BigmomimHO, 10
3pOCTaHHS CHJIM IHHIHTY. 3TiTHO 3 TEOPETUYHUMH
po3paxyHkamu  [50]  Takmii = mepexiy  TOBWHEH
3[ifiCHIOBATUCS TpU BHKOHaHHI ymoBH L.= d/2. Ia
MO/IETIb, 30KpeMa, JO3BOJIIIIA TIOSICHUTH 3MIIIEHHS ITiKY Y
01K HIKYHUX TIOJTIB 31 3pOCTaHHSAM KOHIICHTPAIlii TOUKOBUX
nedexriB O [S51].

3rigHo 3 npyroto Mmognemmo, [IE peamizyerses npu
(ha3zoBOMy nepexojii BUXpOBOI MaTepii 3 oHOrO (a3zoBoro
CTaHy B 1HIITHH.

Tak y wmamux nomsix BAX BuxpoBoro kpucrana
OIIUCYETHCS CIIBBITHOIICHHSIM:

E(J) = Eoexp{— (Uo/kD)[1~=Uc/D*I} (24
me p=1 [52]. 3i 3pocTaHHAM MAaTHITHOTO MOJS
peaizyethces I1E 1 MOKa3HHUK CTYTIEHS 4 3MIHIOE 3HAUCHHS
3 1 1o —1.5, mo XapakTepHO I MOJETI PyXy IUCIOKain
Yy BUXPOBOMY KPHCTali, iHIIMMHU CJIOBaMH, Y BUXPOBOMY
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ckmi. Taka momenb 3amoBinbHO omwmcye IIE mpu  mii
OIHOYAacHO  ABOBMMipHHX  gedekriB  (AI) Ta
OJTHOBHMIpHHX (KHCHEBUX BakaHCii) [51].

3Bakaroun Ha IIApyBaTICTh CTPYKTYpPH KyHpaTHUX
BTHII, npu anani3i ABOIIApOBOTO 3pa3ka SIK IPOTOTHII
GararomrapoBoro B [52, 53] Oyiu 3aripornoHOBaHi HaCTYITHI
(azoBi cTaHu:

1) ynopsiakoBaHWH BUXPOBHIA KPUCTAT,

2) ynopsiikoBaHa BUXPOBa PiIHHA;

3) po3ynopsAKOBaHUIT BUXPOBHIA KPUCTAT,

4) po3ymopsIKOBaHa BUXPOBa PilvHA.

Iepexix 3 omHoro ¢aszoBoro craHy IO IHIIOTO
CYIIPOBOIXKYETHCSI 3MIHOIO XapakTepy MiHHIHTY, a OTXe
peanizyerbes I1E.

Henonik po6Git [52,53] momsrae y CKJIaIHOCTI
nepeadavYeHHs MoJisl peanizanii rwiaBnenHs BP. Moxens,
IO JO3BOJISIE 33J0BUIBHO ONUCYBAaTH Ta IPOPOKYBaTH
nioJist TuiaBnieHHst BP, onmcana B [52]. st anamnizy ¢azoBoi
JiarpaMy BHXPOBHX TIPaTOK 3acTOCOBYBAllM KpUTEpid
Jlinnemanna [54] B paMKax Tak 3BaHO1 "KJIIITHHHOT Mojei"
(cage model), mpumyckarodw, o MOTEHITiaT, 0 0OMEXYE,
HaOIMKeHo NpUIMaEThCS piBHUM POCTOMY
rapMoHiiHoMy mnoteHuiany. Ilpm mpomy Ha da3oBii
Jiarpami BHIUTAIOTECS HACTYIHI JiHI{ (a30BuX mepexomiB
BUXPOBOI IPATKHU:

1. Jlinia nnaenenns, MmO BIAINIOBiA€ 3HUKHEHHIO
BIIOPSITKOBAHOCTI BHXPOBOI IPaTKH, Ta BU3HAYAETHCS
CTpUOKOM y HaMarHidyBaHHI K (QYHKIIi TeMIepaTypH Ta
MarHiTHOT'O TOJISL.

2. Jlinisa He3g6opomnocmi, SIKa BU3HA4Ya€ KPOCOBEP, L0
BiJINIOBiJJa€ 3HWKHEHHIO CTIMKOCTI BHXPOBO{ I'PATKH IpH
naboparopHux Macmrabax 4Yacy. BusHauaeTbecs 3a
ricrepe3srcoM KpHBUX HaMarHidyBaHHS.

3. Jlinia nepennemenHs, £AKa XapaKTEPU3yETHCA
MepexXo/IOM JI0 MEepEryIeTeHOr0 CTaHy BUXPOBUX HUTOK 1
MPOSIBIISIETHCS Y 301MbIIeHHI cTpyMy AeminHiaTy (I1E).

Kpurepiit JlinneManHa BU3HAYAETHCS SK:

(25)

JIe # — BIIXWJICHHS BUXPOBOi HUTKH BiJ] CTaHy PiBHOBArd,
cr=0.15+0.2 - (heHOMEHOIOTIYHA KOHCTaHTa
Jlingemanna, ap — Mi>KBUXpOBa BiJICTaHb.

HesBaxkaroun Ha Te, mo [1E Oyno mpumiiieHo BENTHKY
yBary, HH3Ka IHTaHb 3aJIMIIAE€THCS BiAKpUTOr0. JloTemep
HE 3p03yMiJI0, HalpuKIIaz, sikuii BruuB Ha [1E MaroTh Taki
nedexrw, SIK KJIacTepu KHCHEBHX BaKaHCIH,
EKCIICPUMCHTAIBHO BHUSBIICHI B [55].

1.7. FISHTAIL E®EKT ¥ BTHII CIIOJIYKAX

HasiBHICTB pyTroro, BHCOKOIIOJILOBOTO, MTIKY Ha KPUBiH
HaMmarHiueHocTi M(B) HaIUpoOBIJHHUX CHOIYK OTPUMAJIO
nasBy “fishtail”’-e¢pexr (FE).

"Fishtail"-epexkr cnocrtepiraerbCst B  IIMPOKOMY

cnexktpi BTHII wmatepianmiB, Takux sx: MgB, [56],
DyB32CU3O7.5 [57], Bi2Sr2CaCu,0s+5 [58], RBa;Cuz07.5
(R=Y,Nd,Yb) [59] Ta in. Takox FE OyB BusiBieHuii y
HusbKkoTeMneparypHux HIT 2H-NbSe, [60].

Cnonykam YBCO mno mpaBy npuaiiseTscsi ocoOnuBa
yBara uepe3 Benuke 3HaueHHS Tc¢ (mo 93 K) Ta mmpoki
MOXJIMBOCTI OTPUMaHHs 3a/1aHOi Mopdoorii nedextHol
CTPYKTYpH.

Ha croromni po3rismatoTecs 3 OCHOBHI CIIeHapil HOsSBU
FE:

1) pa3oBi mepeTBOpeHHS BUXPOBOI IpaTKH (Hamp. [60]);

2) BILIMB 00'eMHOTO TiHHIHTY (Hamp. [61]);

3) BrutuB noBepxHeBux Oap'epi bina-JliBiHrcTOHA.

[Tik-edex Ta "fishtail"-edexT MarOTh psj CHIBHUX Ta
BIIMIHHUX BJIACTHBOCTEH. 3Ba)karouu Ha Te, 1[0 O0HIBA
eekTd  BiIOOpakaloTb ~ HEMOHOTOHHY  IOJIbOBY
3aJIeXKHICTh CHJIM MIHHIHTY IIPH TMOJILOBUX BuUMipax BAX
(s TIE) Ta mpu BuMmiproBaHHi MaraitHoro Mmomenty (FE),
mepimii Bl MOJENi aHAJOTiYHI 3alpoOIIOHOBAHUM Y
migpo3mimi 1.6, OpHak  BHUMIpPIOBAaHHS  IOJBOBUX
3aJIC)KHOCTEH MAarHITHOTO MOMEHTY BiIOYBa€TbCS B
PEKHMI IIMOOKOTO KPHITY BUXPOBOI IpaTku. Tomy icTOTHY
poms mpu peamizanii FE, kpiMm o00'eMHOTO TiHHIHTY,
BiZirparoTh Takoxk Oap'epu bina-JliBinrcToHa [62].

[Micns mosBu kimacmyHoi pobotu bina [63] crano
MOXIIUBMM OLIHUTH TYCTHHY KPHUTHYHOTO CTpyMy JUIs
MAarHITHUX BUMIpiB [64] BIAOBIAHO 10 CIIBBITHOIICHHS:

_ p 26
Je=20M a?(b —a/3)c )
ne AM = M(H) — Mx(H), (Mi(H) >0, MxH) < 0 —
BEJIMYMHH MarHiTHOro MoMeHty M y neBHomy moni H, p —
TyCTHHA 3pa3ka, d, b, ¢ — BIAMOBITHI TeOMETPUYIHI PO3MIpH.
®opmynry  (25)  3aCTOCOBYIOTH  UIA  17€albHOTO
MPSIMOKYTHOTO Tapaieserninesa, TOMy BOHa Ma€ IOCHUTH
SIKICHUH XapakTep. Po3paxyHOK TYCTHHH KpPUTHIHOTO

CTPYMy JUIA MArHiTHUX BHUMIpIOBaHb  JO3BOJHUJIO
BUKOPUCTATH PE3yJbTaTH, OJCPKaHI NPU PE3UCTHBHUX
BUMIpIOBaHHSX.

Ilepmia wMoxmenb, ska TMOsCHIOE HasBHICTH FE,

IPYHTYETBCSI Ha IIEpexoax 3 oAHoro (azoBoro crany BP
no iHmoro. OCKUIBKH MAarHiTHI BHMIPH BiJIOBIJarOTh
rmbokomy kpuity BP, To BP HaftimoBipHime Moxe OyTh
y cranax oOperriBcbkoro (BC) i1 Buxposoro ckna (BC). Ile
CKBIBAJICHTHO DI3HUM CTaHaM BHXPOBOTO KpucTaya. 3i
3pOCTaHHAM MAarHiTHOTO IIOJISi YacTKOBO BIIOPS/IKOBAaHA
(daza  OperriBCbKOr0  CKJIa  TIEPETBOPIOETHCA  Ha
po3ynopsiakoBaHy a3y BUXpOBOTo ckia [65].

Jlpyra Mozens I'pyHTYETBCSI Ha HEOJJTHAKOBOMY BILIHBI
Pi3HUX TUMIB AedEeKTiB 31 3pOCTaHHSIM MarHiTHOTO ITOJIS Ha
3anexxHocti M(B). 3a ananoriero 3 miagpo3aiiom 1.6, e
NIPOSIBIISIETHCS Y Kpalllii afanranii BUXOpiB 10 NOTEHIiay

MiHHIATY 31 3pOCTaHHAM MarHiTHoro monsg. Tak, 3i
3pOCTaHHAM  KOHIIGHTpamii TOYKOBUX JEQeKTiB Y
cnonykax RBCO (R=Y,Tm) mnome moseu FE
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3MEHINYEThCs [66], Mo aHaNoTiuHO pe3ynbraram [S51, 67]
s T1E.

Tpers Monenb IPYHTYeTbCS Ha CYTTEBOMY BIUIMBI
oBepxHEBUX Oap'epiB Ha cran BP Ta iX KOHKypeHIil 3
o0'eMHnM miHHIHTOM [68, 69]. I'ycTMHa KpUTHYHOTO
CTpyMYy B 1t Mozeni [69] nopiBHIOE:

e T - T

By + |B| T
(BotlBl(_T)
BO TC

27

ne Jeo — kputuaHa ryctuHa ctpymy mist 7=0K i B =0,
B,, — nose nepexoay BUXPOBOTO KpHUcTalia B piaky dazy,
By — mapamerp, mo mepemkopKae OOHYITHHIO Jc B
HYJIbOBOMY ITOJII.

IpyHTyrounch Ha pesyabTaTax MojenoBanus [70],
Oyna pospaxoBaHa obnacTh icHyBaHHs FE y mmpoxomy
inTepBanmi  temmeparyp 04 <T7/T.<0.8, a Takox
BCTaHOBJICHO, 110 BILTUB 00'€MHOTO MMIHHIHTY CYTTEBIIINN
IpU HWKYHX TeMIeparypax, y TOH dYac SK BIUIMB
MTOBEPXHEBUX Oap'epiB JOMiHY€E MPHU OiTBIT BUCOKHX.

HesBakaroun Ha Bce CKa3aHE BHIILE, AOCI HE BUBYEHO
BIUIMB HporeciB crapiHasg Ha FE sk y MOHOKpHCTamiuHIX
3paskax YBCO, Tak i B TeKCTypOBaHUX.

Ha 3akiHueHHS BapTO 3a3HAYMTH, 1[0 HE3BAXKAIOYM Ha
BEJINKY KUIBKICTh TEOPETUYHHX Ta E€KCIEPHUMEHTaJIbHUX
po0ir, siki crocytotbes mpupoau IIE Tta FE y cmomymi

YBaCuO, fmesxi  nWTaHHg  3aJMIIAIOTBCI  JOCI
He3'scoBaHnMU. A came: 1. Slka npuuMHA TIOSBU
MapakOTepeHTHOrO  MEepeXoay  Ha  TeMIepaTypHHUX

sanexHocTAX FE y MoHokpuctanax YBa,CuzO7.5 3 Mmaum
nedinuTom kucHIO? 2. SIK BIUIMBaE JOMyBaHHS aTOMaMy
cpibna Ha FE y TekctypoBanmx 3paskax? 3. Sk BruinBae
mporec crapiHas (aging) Ha FE y TekcTypoBaHHX
Kkpuctanax? 4. Y yoMy rossira€ IpuYMHa MOSBYU ABOX ITIKIB
Ha TIOJIHOBIH 3aJIEKHOCTI CHII TIIHHIHTY B MOHOKPHCTAIaX
YBa;Cuz075? Lli mwmranHs Oynmn  poO3TIAHYTI OIS
BCTaHOBJICHHS (DI3UYHHUX 3aKOHOMIPHOCTEH IMiK-ePeKTy Ta
fishtail-ejekTy B MOHOKpPHCTaNIYHUX Ta TEKCTYPOBAaHUX
cTpykTypax cnonyku Y BaCuO Ha ocHOBI cuctemu 1-2-3 3
PI3HHMH JOMIIIKOBUMH €JIEMEHTaMHU.

BUCHOBKHU

ToukoBi aedexTH (BakaHCIi KMCHIO) MPUCYTHI Y BCIiX
3paskax YBayCu3O07-s, 110 MOB'I3aHO 3
HECTEXIOMETPUYHUM BMICTOM KHCHIO; JICTYBaHHSAM Ta/a00
ONPOMIHEHHSM. Y BHIIAJIKy ONPOMIHEHHS MOXYTb OyTH
CTBOPEHMMHU TaKOX 1 JiHIHHI JepeKTH (TpEeKH BaKKHX
4acTMHOK). BmacHuii (intrinsic) TMIHHIHT TakKoX €
BaXXJIUBUM, OCKiIbKU aisi YBa,CuzO75 € xapakTepHO
OJIM3BKICTh JOBXWHU KOTEPEHTHOCTI JO BiICTaHI Mix
CTpyMOHECYYHUMH TapaMu. IliHHIHT Ha JIBIHHHKOBHX

TpaHUIAX € Habarato e(EeKTUBHIIIUM 3a MiHHIHI Ha
AMCNOKaLiAX Ta TPOSBISAETHCS Y IMUPOKOMY IHTEpBaJi
TEMITepaTyp aXx J0 PiIKOTO Telio.

B pamxkax Teopii 130TpOIHOrO BHXPOBOTO CKIa, SIK 1
Teopii KOJIEKTMBHOTO MIiHHIHTY, PyX BHUXPOBHX HHTOK
PO3MIISIAETHCS SIK MPOLIEC aKTUBALlil BUXpoBUX neress. Lli
Teopii mepemdadaroTh IOKAa30BY CTPYMOBY 3alle)KHICTh

e(heKTHBHOTO MTOTEHITiaITy MHHIATY SIK y
MEHCHEpiBCHBKOMY, TaK 1 B 3MIIIAHOMY CTaHaX, 3
BEIMYMHOIO  IOKa3HWKA CTYIeHd, M0 OOMEeXeHa

3HadeHHAMH < 1. HemniniiiHa cTpyMOBa 3aJ1€XKHICTh IHOTO
MOTEHI[ialy MPUBOIUTH 10 3MiHu Buay BAX ta penakcarii
HAMarHi4eHOCTI 3 4acoM.

IIpu BiZICYyTHOCTI KOJIEKTUBHUX edekTiB
€KCIIOHEHI[IHHO BEJINKI TEPMIiHU PO3MHUTTS HEOJHOPIIHOT
CTPYKTYPH BHXPOBOi PIiJIMHH BHUHHKAIOTh 3a HAsSBHOCTI
BUCOKHMX 0ap'epiB Ul TEPMOAKTHBOBAHOTO ILIACTUYHOTO
PYXY BHXOpIB, UM MEPEIUTyTYBaHHIM BHXPOBUX HUTOK. B
pearbHUX 3ABITHNKOBAHMX KPHCTAJIaX MOXKIMBHH TPOSB
PI3HUX MeXaHI3MIB IiHHIHTY.

HemMoHOTOHHA 3aNeXHICTP CHJIM IHHHIHTY  BiX
MarHiTHOro moist (Ilik-epexr, IIE) moB's3yroTe sk i3
amanramiero BP 10 morteHmiamy miHHIHTY, TOOTO
pO3M'SIKIIEHHS TIPYXKHUX MonyiiB BP, Tak i1 3 ¢azoBumu
nepexogaMu i3 ongHoro crany BP no inmoro. Jlns
BHCOKOIIOJIOBOTO  MiKy  HamardideHocti, M(B),
HaATPOBITHUX CIIOTYK (“Fishtail-effect”, FE)
PO3MIISIAIOTHCS 3 OCHOBHI clieHapil: (pa30Bi epeTBOPEHHS
BHUXPOBOI TpaTKH; BIUIMB OO0'€MHOTO IiHHIHTY; BIUINB
moBepxHeBux Oap'epiB bina-JliBiHrcTOHA.

Jlo He3'sscoBaHMX MOMEHTIB MOKHA BiJTHECTH:

1) mocmiyykeHHA MIHHIHTY Ta JUHAMIKH BHXOpPIB Yy
moHokpucranax BTHIT YBa;Cu3O7 Ha o00'ektax, mo

MICTATh KOHTPOJIbOBaHI JAePeKTH; Ta 2) YU HE €
30UIBIICHHS KPUTUYHOTO CTPyMy Ta €(EeKTHBHOTO
NOTEeHIialy ~IIHHIHTY B  TpaHyJbOBaHMX 00'eKTax

00yMOBJICHUM TIOKPAIIEHHAM MiKTPaHYJIbHHUX 3B'SI3KiB; 3)
sxuii BB Ha [1E MaloTh KiiacTepy KHCHEBHX BaKaHCIH,
10 €KCIEPUMEHTAIBHO BUSBICHO HEIOAABHO.
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A brief review of phenomena related to the dynamics of magnetic flux and its pinning in HTSC compounds of the 1-2-3 system is
made on the basis of literature data and our own research. The review includes experimental studies of changes in the temperature
dependences of electrical resistance and current-voltage characteristics of single crystals of YBa2Cu3O7-5 under the influence of
structural defects. Based on the features of the crystal structure of YBa2Cu3O7-s and typical structural defects of this compound, the
dynamics of magnetic flux and the influence of thermal fluctuations on this dynamics, the phase state and dynamics of the vortex
system in HTSC compounds of the 1-2-3 system, in particular, pinning of the vortex lattice on defects, intrinsic pinning in the compound
YBa2Cu3O7-5, are considered. In high-temperature superconductors YBa2Cu3O7-s5, the Peak-effect is associated with both the adaptation
of the vortex lattice to the pinning potential and the phase transitions from one state of the vortex lattice to another. The Fishtail effect
in YBa2Cu3O7-5 can be due to phase transformations of the vortex lattice, the effect of bulk pinning, or the effect of Bean-Livingston
surface barriers. The review contains a list of tasks that it is desirable to solve, in particular, the study of pinning and vortex dynamics
in YBa2Cu307-s single crystals containing only controlled defects; establishing the role of intergranular bonds in increasing the critical
current and effective pinning potential; studying the effect of oxygen vacancy clusters on the Peak-effect.

Keywords: YBa2Cu307-0 single crystals, defects, pinning, vortex flux, magnetic flow, Peak effect, Fishtail effect, dynamics.
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VYV wiit poboTi MU aHamizyeMo, SK MPOTOKOJ CIUIBHUX IEPiOJUYHO MOBTOPIOBAHUX BHUMIpPIOBaHb BIUIMBAE Ha 30EpeKEHHS
KOTepeHTHOCTI CTaHy i THM caMHM 30epirae 3aILIyTaHiCTh y IBOKYOITHHX cHcTeMax y craHi BepHepa. Mopjemoroun JiHIHHY
B3a€EMOJIIF0 KOXKHOTO KyOiTa 3 HE3aJe)KHUM UCHIIATUBHHM CEPEIOBUINEM (KOSQIi€EHTH Y4, Y,) Ta AUCIEPCIHHY B3aEMOJIII0
(koedimieHTH Y1 =Y1,V12 = Vi), MA BBOOUMO «E()EKTHBHICTH» QITOPUTMY 1), SIKa KIIBKICHO XapaKTepU3ye€, HACKIIbKH I
BUMIPIOBaHHS 3MEHIIYIOTh IIBH/IKICTh BTPaTH KOT€PEHTHOCTI ¥ MATPUMYIOTh KBAHTOBI KOPEJIALIil.

JIys MakCHMaIIbHO 3aILTyTaHOTO BXIJHOTO CTaHy (IapameTp crany Beprepa p = 1) eeKTUBHICTD 7) 3aJISKUTh TiMepOOTiIHO Bif
napaMerpy Y, y peKuMi CHIBHOTO JiHIHHOTO 3B'13KY, 32 Y| K V1,V K VY2, a epEeKTUBHICTh ACUMITOTHYHO CIIAJIA€ 10 OJUHHILI IPU
Y1 KL VY1, Y2 K Y, 0 CBIAYMUTB IIPO BTPATy 31i0HOCTI IPUTHIYEHHS AEKOTepeHNii y BUMAAKy NepeBaKHO AUCTIEPCIHHOTO 3B'I3KY 3
TepMocTaToM. YHCeNbHO MOCIIKEHO 3aJeKHICTh e()eKTUBHOCTI 30€peKeHHs 3aIUTyTaHOCTI Bif YCiX TPhOX MapaMeTpiB, a came:
niHiNHOT Ta ucnepciitHol B3aeMoaii KO>KHOTO Ky0iTa 3 cepeloBUIIEM 1 mapaMeTpy cTaHy BepHepa, 1o ommicye CTyMiHb 3aIUTyTaHOCTI
crany. OOroBOpIOETBCS €PEKTUBHICTh AITOPUTMY Yy PI3HMX I'DAaHMYHMX BHIAAKaX, 30KpeMa [Is MIiHIMaIbHUX 1 MakCHMMaJbHUX
3HaueHb MapaMmeTpa CTaHy BepHepa [uisi HBOro BHUIAJAKY, a TAKOX 32 YMOB, KOJNHM piBEeHb JiHIHHOI B3aeMomii HaOIMKAETBCS M0
JTUCTIEPCIHOT.

OTpuMaHi pe3yabTaTd MOKa3ykoTb, IO PETEIbHO MiAiOpaHi METOAMKH BHMIPIOBAHHS Pa3oM i3 BUCOKHM pIiBHEM 3allTyTaHOCTI
KBAaHTOBOI CHCTEMH 31aTHiI e(eKTHBHO HeWTpasi3yBaTH IMIKiIIMBUII BIUIMB cepenoBumia. lle BimkprBae NUiax o (GopMyITIOBaHHS
JIeTaJbHUX, KUTBKICHO OOIPYHTOBaHMX PEKOMEHIANiN MO0 HANAIITYBAaHHS NPOLEAYp AMHAMIYHOIO 3aXUCTy KOTE€PEHTHOCTI CTaHy,
SIK1 T ABUIYIOTh HAAIHHICTD 30epe)KeHHS 3aIUTy TAaHOCT] Y PI3HOMaHITHHX KBAaHTOBHX aITOPUTMAaxX, 30KpeMa B IIPOTOKOJIaX KBAHTOBOTO
umppysauns (BB84, E91/BBM92, DI-QKD, a takoxk 6araTOKOpesLiifHUX CXeMaX KBAHTOBOTO CEKPETHOrO CIIJIBHOTO JOCTYILY
HBB99) i y Bapiamiiinux anroput™ax cumyiinii marepianis (VQE, ADAPT-VQE, QITE, VQSD ta nos’s3anux i3 Humu UCC-
0a30BaHMX MiAX0/AX).

Knruosi cnosa: xeanmoea zaniymanicmo, cmanu Bephepa, Oexozepenyis, 30epedceHHs. 3aniymaHoCmi, 6I0OKpUmi KeaHmosi
cucmemu, mipa 3aniymanocmi, pieuanua JIinoonaoa.

Sx wuryBatu: O. M. Konosanenxo, 3. O. Matizenic. Bnauge napamempis oexozepenyii na eghexmusHicme 36epedicenst 3aniymanocmi
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BCTYII

KBaHTOBa 3aITyTaHICTh € (YHAAMEHTAIHHOI PUCOIO
KBaHTOBOI MEXaHIKHU Ta KIIFOYOBUM PECYPCOM Y HAYII PO
kBaHTOBY iH(Mopmamiro [1,2]. ¥ mnpakTHYHHX yMOBax
KBaHTOBI CHCTEMH PIiIKO € 130JbOBaHHUMH: BOHH
B3a€MOJIIOTH 13 OBKUIISIM Ta MiJNAIOTHCS BIUIUBY IIyMY,
IO TPHU3BOAMTH JO YTBOPEHHS 3MIIIAHUX KBaHTOBUX
craHiB. ToMy po3yMiHHS 3aIUTYyTaHOCTI B TAKUX 3MIITAHUX
CTaHaX € KPUTUYHO BAXIUBUM M 3a0C3MCUCHHS
CTifiKOCTI KBaHTOBUX 00YHCITIOBAIEHUX Ta
KOMYHIKallilHUX TPOTOKOJiB. BepHepiBChbKi CcTaHU €
MIPUKIIaZ0M 3MIIIaHUX JBOKYOITOBHX CTaHIB, SIKi MOXYTb
30epiratu 3aIlTyTaHICTh [3]. JIBOKyOiTOBHIA
BEpPHEPIBCHKUI CTaH 3a3BUYAl BU3HAYAETHCS SIK:

pw@ =pl¥ ¥ +A -2 (1)

e 0<p<1,|¥7) — MakcUMagbHO 3aIUTyTaHHH
cuHTIIeTHU# cTtaH bemma, a [, — MaTpums TOTOXHOCTI
po3MipHOCTI 4 X 4 (MakcuMaNbHO 3MimaHui craH). Lli
CTaHH € 3aIDTyTAHUMU 32 TOCTATHHO BEITHKUX 3HAYCHB P,
aje CTaroTh cernapadeNpHUMH (HE 3aIUTyTaHUMH) MPH P
HIDKYHX 3a KPUTHYHE 3HAYCHHSA (P = 1/3 y BUmagky
nIBOX KyOiTiB) [3,4]. YV CBOili OCHOBOIIOJOXKHIHM Tpari
Bepuep moxazaB, 1m0 Taki 3MilIaHi 3aluTyTaHi CTaHU
MOXYTh JOMYCKaTH MOJENh JIOKAJbHUX TPHXOBAHUX
3MIHHUX y HU3BKOMAPAMETPUYHOMY PEKHMi, TOOTO BOHH
HE MOPYIIYIOTh )KO0IHOI HepiBHOCTI berura, He3Bakaroun Ha
3arutyTaHicTh [3]. Ll mapagokcanbHa BIaCTHBICTh pOOUTH
BEPHEPIBCBKI ~ CTaHM  3PyYHHUM  TPUKIATOM  JUIS
JOCTIDKCHHS MEXI MK KBaHTOBHMH Ta KIACHYHUMU
KOPEJIALISIMH.

JlexkorepeHIiiss — BTpaTa KBaHTOBOI KOTEPEHTHOCTI
BHACIIZOK B3acMOMIl 3 JOBKUIIAM — ICTOTHO BIUIMBAE Ha
3aITyTaHi cTaHu KyOiTiB [5, 6]. BHacnimok mexorepeHtii
JOBKULTST (PAKTUYHO «BHUMIPIOE» CHUCTEMY, MPOCKTYIOUH
KBaHTOBI CyNepHo3ullii B KJIACH4HI CyMillli Ta pyHHY04N
samryTaHicth  (epekr  einselection)  [5,7].  us
JIBOKYOITHHX  BEpPHEPIBCBKHX  CTaHIB  peaJliCTHYHi
MEXaHi3MHU JIeKorepeHIii (Hanpuknaza, nedasyBaHHs abo
JIETIONSIPU3YIOYHMH IIYM, IO JIOTh HAa KOXHUH 3 KyOITIB)
3MIHIOIOTH  CTaH, 30i7pHIyIoud 3MimaHicTh (TOOTO
3MEHIIYIOYH MapameTp pP), MpH HbOMY 3MEHIIYI04H abo
MOBHICTIO 3HUIIYIOYM 3aIUTyTaHIiCTh. Teopis BiIKPUTHX
KBaHTOBHX CHUCTEM HaJa€ IHCTPYMEHTH IS KiIbKiCHOTO
MPOTHO3YBaHHSA  miei  eBomromii [8], BKiIIOYarOUH
MOJJIMBICTh PANTOBOTO 3HUKHEHHS 3aIUTyTaHOCTI 3a
CKIHYCHHUI Yac TpU MEBHUX KaHajax IIyMy — SIBHIIE,
BiJIOMe SIK panToBa BTpara 3aluryTaHocTi (entanglement
sudden death, ESD) [9]. 151 kpuxKicTh cTaHy OyJia MIMPOKO
nmocmimkena Teopetmuno [9, 10] Ta minTBepkeHa
eKCIIePUMEHTATBHO: 30KpeMa, OyJIo MpOJeMOHCTPOBAHO
ESD st hpoTOHHUX ABOKYOITOBHX BEpHEPIBCHKHUX CTaHIB

TTiJ] 1i€10 KOHTPOJIHOBAHOTO TIyMy [11].

KBaHTOBI BHMIpIOBaHHSI TAaKOX BiJIrpalOTh KIIOUOBY
poibp y 3MiHI 3amryraHocTi cTaHiB. [IpoekuiiiHe
BUMIPIOBaHHS OZHI€] YaCTHHKH 3aITyTaHOI ApH MUTTEBO
KOJIAIICY€e CIUIbHUH CTaH 1 3a3BMYail pyHHye B3aeMHY
3aluyTaHicTh  KyOiTiB. bimbm  Toro, OesnepepBHY
B3aEMOJIII0 3 JOBKUIISIM MOXHA PO3TIAAATH K (Hopmy
HENEPEepPBHOTO BUMIPIOBAHHS, TPU SKOMY OOHPAETHCS
NeBHUH «BKas3iBHMI» (pointer) ©Oasuc cucremMun Ta
MOCTYIOBO NPHUTHIYYETHCS (ha3oBa KOTrepeHTHicTh [5]. Y
KOHTEKCTi BEpHEPIBCHKUX CTaHIB 4acTi BUMipIOBaHHS abo
B32€EMOJIiSl 3 TOBKUUIAM HOAIOHMM YMHOM IIPUBOJISTEH 110
3aTyXaHHS  I103a/lialOHAIBHUX  €JIEMEHTIB  MaTpHIli
TYCTUHH, CHPSMOBYIOYM CTaH [0 KJIACHYHOI CYMIIIi.
ExcriepuMeHTanbHi CIIOCTEPEIKEHHS MiATBEPKYIOTh IO
KapTUHY: HAIpHUKIA, CIOCTEpIrajJd MNpOTPECHBHY
JIEKOTEePEHITII0  CYINEpIo3uilii CTaHiB B  pe30HATOpI
(KBaHTOBUH  «JIIYWIBHUK»  BHUMIPIOBaHb),  HAOYHO
JIEMOHCTPYIOUH, SIK Ilepepava iH(pOpMalii JTOBKIULIIO
3HUIIYE KBaHTOBY KorepeHTHicTh [12]. Taki pesynbrarn
MiATBEPIKYIOTh, IO AEKOTEPEHIis Ta BHMIPIOBAaHHA €
JIBOMa CTOpPOHaMH TII€peXojy Bifl KBaHTOBOTO JIO
KJIaCUYHOTO CTaHy.

BepHepiBchKi CTaHM CITy)KaTh MapaJurMaTHIHOIO Ta
KEPOBAHOIO  MOJEJUII0 Ul  BUBYEHHS TOTO, SIK
3aIUTyTaHICTh y JIBOKYOITOBUX CHCTEMaX 3MIHIOEThCS IMiJl
BIJTUBOM JICKOTEPEHIli Ta BUMIiprOBaHb. JlocmimKeHHs
IWHAMIKA TaKUX CTaHIB 3a HAasSBHOCTI B3aeMonii 13
JIOBKIJUISIM  I03BOJIIE€  KIJIBKICHO OLHHUTH JAerpajamito
3arutyTaHocTi (30kpema, uyepe3 ESD) Ta nponuBae cBitio
Ha (QyHJaMEHTaJIbHI aCHEeKTH KBAHTOBHX BHUMIpPIOBaHb. Y
mif CTaTTi MH MPENCTABISEMO TEOPETHYHHH aHai3
JIBOKYOITOBMX BEPHEPIBCHKUX CTaHIB 3a HasIBHOCTI Pi3HUX
KaHaTiB JEKOTepeHIii Ta BTPy4YaHHS BHMIipIOBaHb,
JOCIIJIKYEMO, K IIi IPOIIECH MOTIPIIYIOTh 3aILTyTaHICTh,
1 00rOBOPIOEMO HACIHIAKHM IHUX SPEKTIB IS 30epeIKCHHS
KBaHTOBOI iH(popMaIii.

XapaKTepuCTHKOIO 3aIlUIyTaHOCTiI CTaHy € KOHKapeHC
(concurrence) [13]
SIKMH BU3HAYAETHCS SIK:

JIOBUTBHOTO JIBOKYOITOBOTO CTaHy p,

C(p) = max{0,A; — A; — A3 — A4}, (2)

ne A; — KBaapaTHI KOPEHI BIIACHUX 3HAYCHb MATPHIIL:
—_ *
R=p (0, ®ay)p* (o) ®0y), (3)
B MTOPSZIKY CTIaTiHHSA.

JIns BepHEPIBCHKHMX CTaHIB KOHKAPCHC BU3HAYAETHCS
MIPOCTHM aHAJITHIHUM BUPA30M:

C(pw®)) = max {0, 2=}, )

2
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SIKMH € CTPOTO MO3UTUBHUM Jiviie U1t p > 1/3, mo TouHo

30iraeThcsi 3  MOPOTOM  cemapabelbHOCTI  UIs
BEPHEPIBCHKUX CTaHIB.
CUMYJIAIIA EBOJIFOLIIT

J1ist 30epeskeHHs 3aIUTy TaHOCTI BEPHEPIBCHKOTO CTaHYy,
MH peati3yeMo CIeliajJbHO po3po0JIeHUH TMPOTOKOI, IO
MoJIATaE  y  TEpiOAWYHUX  CHUTBHUX  JKOPCTKHX
BuMiptoBaHHsiX [14, 15] y OeniBcbkoMmy Oa3uci craHy
JMBOXKYOITHOI ~CHUCTEMH, sSKa 3a3HA€ JIEKOTCPEHIl
BHACTIIOK SK JIIHIHHOTO 3B'A3Ky 3 TEPMOCTAaTOM, TaK i
mucniepciinoro.  EBomromito  craHy = cucTeMH  Mu
PO3paxoByeMO 3a JOIIOMOTOK0 piBHAHB JliHaOMana [16, 17]
3 oIepaTopamu, IO BiJNOBiNAIOTh SK JiHIHHOMY, TaK i
JIUCTIEPCIMHOMY 3B'SI3Ky. 3HAlOYM MATPUYHI E€JIEMEHTH
MATpUIl TYCTUHH CTaHY B JOBUIBHHHA MOMEHT 4acy, MU
3HAXOJUMO XapaKTePUCTHKH 3alUTyTaHOCTi, a TaKOX
e(eKTUBHICT 7) AITOPUTMY, SKY MH BHU3HAYAEMO SK
BiTHOIICHHS IOBUAKOCTEH BTpPaTH KOHKAPCHCY 3a
BiZICyTHOCTI 1 IPX HasIBHOCTI ITOBTOPIOBAHUX BUMIpPIOBaHb.

PE3YJIbTATH TA iX OB OBOPEHHSA
[lepeiineMo 10 aHayizy OTPUMaHHUX pPE3yJbTATIB
pobotu amroputMmy. Ha puc. 1 mokazaHa 3aneXHiCTh
e(heKTUBHOCTI aJTOPUTMY BiJ JBOX IMapaMeTpiB JiHIHHOTO
3B'SI3KY Y7 Ta ¥, NIPHU HE3MIHHOMY 3HA4€HHi V| .

Edexrusnicts N ms p =1

140

0.09 100
0.07
= 0.05
0.03
0.01

0.01 0.03 0.05 0.07 0.09
Y1

—
b2
(=]

N 0
(== =]

.
[==]
EdexruHicTs N

Puc. 1. EbexTuBHICTD ANTOPUTMY 30epeKeHHS
3aIUTyTaHOCTI cTaHy BepHepa sk QyHKIS MIBHIKOCTEH
JICKOTEPEHINi y; Ta Y,, IO BiANOBINAIOTh JIHIHHOMY
3B'I3KY 3 TEPMOCTATOM, B OJMHHISX BIACHOI YaCTOTH
KyOiTiB w, IpH TapaMeTpi BEpHEPiBCHKOTO CTaHy p = 1
iy, =0.001.

Fig. 1. Efficiency of the algorithm for preserving
entanglement of the Werner state as a function of
decoherence rates y; and y,, corresponding to linear
coupling with the reservoir, expressed in units of the
qubits' intrinsic frequency w, for Werner state parameter
p=1andy, = 0.001.

Baunmo, mo mpu p = 1 eheKkTUBHICTH 1| MOHOTOHHO
3pocTae 3i 30UIBIICHHSAM Y 1 Y,, IPUUIOMY Y TPAaHHYHOMY

BUNAAKY VY, KV, VyL K Y2 MOXEMO aCHUMITOTUYHO
OTpUMAaTH:

Ny Y2) Xy1+ 7Yz, (5)
o0  MIATBEPIXKYETbCS  pPE3yNbTaTaMH  YHUCEIBLHOTO

pO3paxyHKy, OKa3aHuMH Ha puc. 1. OOuaBa mapameTpu
BXOJISATh aJUTHBHO y €(DEKTHBHICTD JIMILE Y TPAHUIHOMY
BUIIAJIKY, IPY MPOMIXKHUX K€ 3HAYCHHAX Y1 ~ V|, V2 ~ V1
HAsSBHUIA TaKOX B3a€MHUI BIUIMB JCKOTCPCHINT IBOX
KyOITIB OZMH Ha OJHOTO, IIO € NPOSBOM HEJiHIHHOI
€BOJTIOIIi1, BU3HAYEHOT piBHIHHIM JlinaOmana.

VY pexnMi y; K yy,Y2 K Y. €DEKTHBHICTh BUXOIUTH
ACUMIITOTUYHO O OJWHUI, ICMOHCTPYIOYHM 3HUKCHY
e(eKTUBHICTD aJNTOPUTMY, SIKHH HO03BOJIAE €(PEKTHBHO
OopoTtHcs came 3 BIUIMBOM JIiHIHHOI B3aeMmomii 3
TEPMOCTATOM.

3a3HauMMO, 10 3aCTOCYBaHHS  alTOPUTMY [0
3MIIIAHOTO CTaHy, KUl XapaKTepU3yeThCs MapameTpoM
p =09, CyrTeBO TpUTHIYYE 3aralibHy Bapialiro
MIBUAKOCTI JEKOTEPEHINi: TmapaMeTp 7] 3alUIIa€ThCs
3HaYHO OJIKYUM J0 OJMHUIN B yCil 00jacTi miomuHi
napameTpiB, IO PO3TISIAETHCS.

L1 ocoGuuBiCTh CBIAYHTH PO Te, 110 HABITH IIOMIPHUH

napamerp 3MilTyBaHHS eexTuBHO 3MEHIITY €
e(heKTHBHICTh  aNTOpPUTMy,  YCyBalOYM  BHPAXKCHY
3aJeXHICTh Bix Yy, Xapakrepny mii p =1. lle

MOSICHIOETBCS TUM, III0 TPOCKTYBaHHS Ha OCIIBCHKI CTAHU
JIO3BOJISIE BIIHOBUTH MaKCHUMAJbHY 3aIUTyTaHICTh IpU

p =1, omgHak He € OaXaHOI JUIS 3MINIAHUX CTaHIB.
PrcyHOK 2 1eMOHCTpYE 3aJIeXKHICTD BiJ] MapameTpy ¥, Npu
[UX JBOX 3HAYCHHSX MapaMeTpy p.

EdexrusrictTe qt p = 1tap =0.9

=4

%]

g

g=

/m

S

= 21

(%]

=

53]

0 : : ‘
0.05 0.10 0.15 0.20
Yperp
Puc. 2. EQexTuBHICTD aNropuTMy 30epesKeHHS

3aIulyTaHoCTi craHy BepHepa sk (yHKILiS IDIBHAKOCTI
nexorepeHuii y,/w npu mapamerpax p = 1 (BepxHs
kpusa) i p = 0.9 (HWKHS KpHBa).

Fig. 2. Efficiency of the algorithm for preserving
entanglement of the Werner state as a function of the
decoherence rate y,/w, for Werner state parameters
p = 1 (upper curve) and p = 0.9 (lower curve).
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Baunmo, mo it 000X 3HAYEHb HapameTpy p
ebexTuBHICTF 7} cmamae 31 30UIBIICHHAM Y,
HAOIDKAIOYKMCh ACHMITOTHYHO JO 3HAYCHb MOPSIKY
OJIMHMUIII, TIPUYOMY 3MCHIICHHS IapameTpy P 3MEHIIYeE
e(heKTHBHICTH aNTOPUTMY .

ACHMITOTHYHO MO MaJOMy mapamerpy y,/y; MOXHa
OTPUMATH:

nyuy) ~1+ Chyﬂa (6)

L

3 xoHcrauTor C = 0.23.

BUCHOBKHU
Y wiit pobOTI MU JOCHIAWIN BIUTUB KIFOUOBHX

mapaMmeTpiB  JIeKOrepeHIii, Yy,, V2 1 VY5, 1O
XapaKTepU3yIOTh JIHIKHAHA 1 JUCHepCIHHUN  3B'SI3KH
KyOiTIB 3 CTymeHsMH CBOOOAM TepMOCTaTry, Ha

e(EeKTUBHICT, ITOPUTMY IPUTHIYEHHS JEKOTEepEeHI]
CHCTEeMH 3 JIBOX KyOITiB y BepHepiBcbKOMY cTaHi. Ham
aHaJIi3 IT0KAa3aB, 110 BiJHOMIECHHS IIBUIKOCTEH 3MEHIIICHHS
KOHKapeHCY Mapu KyOiTiB JIHIHHO 3aJIe)KUTh BiX cymHu
napaMeTpiB JIHIHHOTO 3B'I3Ky 1 00epHEHO MpomnopuiiiHe
IO TIapaMeTpy TUCTIEPCIHHOTO 3B'I3KY, Y PEKHUMi CUIILHOTO
JHIHHOTO 3B’S3KY ¥V, K V1, VL K V2. Y IPOTHICKHOMY
K TPaHMYHOMY BHUIAIKYy CJIa0KOTO JIHIMHOTO 3B'S3KY
anroput™M mnepectae Oytu edexktuBHHM, 1 1 = 1. Ile
3HIDKEHHS  €(EeKTHUBHOCTI  CBIAYUTH TPO Te, IO
BUMIPIOBaHHS CIUIyTaHOTO CTaHy KyOiTiB e(QeKTHBHO
JIOJIa€  JICKOTEPEHINI0, M0 CYTTEBO 3MIHIOE HE TIITBKU
mmo3ajiaroHaJIbHI MaTpU4HI €JEeMEHTH, aje 1 BUKIUKae
3aTyXaHHA, TOOTO  TPHU3BOAUTH 1O  Jerpajarii
JiaroHaJIbHUX EJIEMEHTIB.

OKpeMo JOCHTIDKEHO BIUIMB MapaMmeTpa 3MilllaHOCTI
BEpHEpIBCbKOrO  cTaHy p. [lopiBHsuIbHHME — aHami3
MaKCHMaJIbHO 3aIUTyTaHOTO CTaHy 3 p = 1 i 3MilIaHoro
crany 3 p < 1 moka3za, 0 e(pEKTUBHICTh METOLy CYTTEBO
3HIDKYETBCS TS 3MIlIaHUX CTaHIiB MPH BCiX JTOCIHIKEHUX
3HAYEHHSX TapaMeTpiB nekorepentlii. L{e mos's3aHo 3 TumM,
IO JIeKOTEpEeHIlisl, TOB'SI3aHa 3 TEPMIYHUMH IIyMaMH,
BUSIBISETBCS 3aMaCKOBaHOIO i 3MITaHUHA
BEPHEPIBCHKUI CTaH mapu KyOiTiB. Takum ymHOM, came
posrisin cTaHy BepHepa 103BosIMB TpoaHaniyBaTH el
Ba)XKJIMBUH IapaMeTp CTaHy 3aILTyTaHHX CHCTEM.

3aranoM, Hamli pe3yJabTaTH JAEMOHCTPYIOTh, IO XOYa
cnabKui 3B'I30K 13 TEIUIOBUMH pe3epByapaMH MOXKe
CYTTEBO TIOTIpUIyBaTH poOOTYy KBAaHTOBHX alTOPHTMIB i
MPU3BOJANTHA JIO JIEKOTEPEHIlil, MOBTOPIOBaHI >KOPCTKi
BHUMIPIOBaHHS CTaHy 3aIUTyTaHOI CUCTEMH y OeliBCBKOMY
0a3uci 03BOJISIOTE CYTTEBO 3MEHIIUTH IIBU/IKICTh BTPATH
3arurytaHocTi. Lli BUCHOBKM MalOTh NPAaKTUYHHUH iHTEpec
JUIA  HaJamTyBaHHSA e(eKTHBHOI poOOTH KBAaHTOBHX
KOMIT'IOTEpIB 3 ypaxyBaHHSM JITHIHHOTO Ta JUCHEPCIHHOTO
3B'A3KIB 3 TEPMOCTATOM, B IH)KEHEpii YUCTHX CTaHIB, JUIs

onTuMi3zalii poOOTH KBAaHTOBUX CHCTEM 13 3MilllaHUMHU

3aIUTyTAHUMHU  BXIJIHUMH CTaHaMHW, 1 BIIKPHBAIOThH
MEPCIICKTHBH IS 10 TAJIBIIINX JIOCIIIKEHD
TepPMOANHAMIYHOL MOBEIIHKU HU3BKOPO3MipHUX

BiZ[KpI/ITI/IX KBaHTOBHUX CHCTEM.
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In this work we analyse how a protocol of joint, periodically repeated measurements influences the preservation of state coherence
and thereby maintains entanglement in two-qubit systems prepared in a Werner state. By modeling the linear interactions of each qubit
with independent dissipative environments (with coefficients y;, y,) together with the dispersive interactions (with coefficients y,; =
Y1,Y12 = Y1), we introduce the algorithmic “efficiency” parameter 1, which quantitatively characterises how strongly these
measurements slow down the loss of coherence and support the underlying quantum correlations..

For the maximally entangled input state (Werner state parameter p = 1), the efficiency n shows a hyperbolic dependence on the
dispersive-coupling parameter y, in the strong linear-coupling regime, when ¥, <K ¥q,¥1 < V5, In the opposite regime, when
Y1 LY., V2 KV, efficiency asymptotically approaches unity, indicating a loss of capability to suppress decoherence in
environments dominated by dispersive interactions. A comprehensive numerical study has been performed on the entanglement-
preservation efficiency across all three relevant parameters—namely, the linear and dispersive couplings of each qubit to the
environment and the Werner-state parameter that quantifies the initial entanglement. The algorithm’s performance is analyzed in
various limiting cases, including the minimal and maximal values of the Werner parameter examined in this work, as well as scenarios
in which the linear-interaction strength approaches the dispersive one.

The results obtained indicate that carefully tailored measurement schemes, combined with a high level of quantum-system
entanglement, can effectively neutralize the deleterious influence of the environment. This paves the way for formulating detailed,
quantitatively substantiated recommendations for tuning dynamic coherence-protection procedures that enhance the reliability of
entanglement preservation across a variety of quantum algorithms, including entanglement-based quantum-cryptography protocols
(BB84, E91/BBM92, DI-QKD, as well as multi-correlation quantum secret-sharing schemes such as HBB99) and variational
algorithms for materials simulation (VQE, ADAPT-VQE, QITE, VQSD and related UCC-based approaches).

Keywords: quantum entanglement, Werner states, decoherence, entanglement preservation, open quantum systems, entanglement
measure, Lindblad equation.
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MATHITOOINIP MOHOKPUCTAIIB YBa:Cus.-Al:07.s 3 CUCTEMOIO
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VYV poGoTi MpOBEACHO ENEKTPOPE3UCTHBHI JOCTIIKEHHS B YMOBax BIUIMBY MOCTiHHOTO MarHiTHoro moist go 12.7 kOe mpu
opienTarnii Bekropa MaraiTHoro nosist H 1 ¢ 1 H || ¢ Ha pi3Hi pexumu npoBigHocTi MoHOKpHCTanB YBaxCus-AlO75 (z<0.5) 3
OJTHOCIIPSIMOBAHOIO CHCTEMOIO IBiHHMKOBUX Mex ([IM) mpu reometpii mportikanHs TpaHcroptHoro crpymy [ || M, Koy BIUTHB
IBIMHUKIB Ha TPOIECH PO3CIIOBAHHSA HOCIIB CTpyMy MiHIMi3oBaHHi. BcranoBieHo, mo ABIfHMKOBI MexXi B MOHOKpHCTalIax
YBaxCus-,Al:07s (z<0.5) € edexruBHUMH po3citoBayaMu GuiyKTyauifiHux HociiB. Biaxunmenns Bing JiHifHOCTI
TEMIIEPAaTyPHUX 3AIEKHOCTEI MUTOMOTO EJICKTPUIHOTO O1opy y 6a3oBiit ab-tutomuHi, pas(T), B iHTepBam Te < T'< 1.35 T, moxe
OyTH 3a/J0BIJbHO MOSICHEHO B Mexax Teopiil ¢uykryauiiinoi mposignocti (®II). Ilpu ubomy OGe3mocepeaHbO MOOIHU3Y
KpUTHYHOI Temmeparypu 7. QuyKkTyaniiiHa IpoBigHICTh JOOpe OMHCYEThCS TPUBUMIPHOIO Mojeilio Aciama3oBa — Jlapkina.
ITpukiIaJeHHs MarHiTHOrO HOJIS MPHU3BOAUTH A0 CYTTEBOTO 3BYKCHHS TEMIIEPATypHOIO iHTEpBaly iCHYBaHHS TPUBHMIipHHX
HaANpoBiAHUX QuykTyauiii. HeMOHOTOHHA 3a/eXHICTh JOBKUHU KOTepeHTHOCTI B310BX oci ¢ pu T — 0, &(0), Big MarHitTHOTo
mmoJisi, IMOBIpHO, MOXXe OyTH IOB'S3aHOI0 3 NMPHUIYMEHHSIM HAUIMIIKOBOI (IyKTyariifHOI mpoBimHOCTI B o0yacTi ciaGkux
Mar"iTHUX MOJiB. BiACYTHICTh «BisIONOAiOHOTO» PO3IMIMPEHHS PE3UCTUBHUX MEPEXO/iB y MAarHiTHOMY IOJi, XapaKTepHOTO
st ©e3momimkoBuX 3pas3kiB YBaxCuszO7-5, 00yMoOBiIeHa NMPUTHIYEHHIM (a3oBOro MEpexoay JO CTaHy He3aliHHIHrOBaHOI
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BCTYII

Jlo6pe BiOMO, IO €IEKTPOTPAHCIIOPTHI BIACTUBOCTI
aHI30TPOITHOTO BHCOKOTEMIIEPATypHOTO HaJIPOBiIHHAKA
(BTHIT) YBaCuO icToTHO 3aneXaTh BiJl BMICTY JOMIIIIOK
[1,2,3]. Ilpu upoMy Majla JOBKMHAa KOTE€PEHTHOCTI i
BeJIMKA TIIMOWHA MPOHUKHEHHS MPU3BOJATH 10 TOTO, IO
MiHHIHT ~ AOPHKOCIBCHBKHX  BHXOPIB  BHSABIISETHCS
ehekTHBHUM y TOMY YHCHi 1 Ha JpiOHOMacmTaOHHX
TOuKoBUX aedexrax [4]. JleryBaHHS eneMeHTaMu, IO
3aMilIyroTh aToMu Miai B mionaax Cu—O, sSK mpaBuIio,
MPU3BOANTE 1O 3MEHIICHHS KPUTHYHUX IapaMeTpiB i
MmoTipImieHHs  enekrponpoBimHocti  [1,2,3].  Tax,
HalpuKiang, JIEeryBaHHS aJIOMIHIEM TIPU3BOAWUTH [0
3MEHIIEHHS KPUTHYHOI TemmepaTtypu 1. 1 Jpyroro
kputuaHoro mons (H.) [1]. Oxpmiero 3 ocobmmBocTei
JIETOBAaHMX AJIFOMiHIEM MOHOKPHUCTAJIIB € BiJICYTHICTB, TaK
3BaHOTO, «BISJIOMOMIOHOTO» PO3MIMPEHHS PE3UCTHBHHUX
MepexodiB 'y  MarHiTHOMYy TOJi, SIK€  3aBXId
CIOCTEpIraeThcsl B YUCTHUX 3paskax YBaCuO [4, 5, 6, 7].
Sk HacHiMOK [BOTO, BIAOYBAETHCA 3MiHA PEKUMY
(baykTyariiHoi MPOBIMHOCTI, SIKUU peani3yeTbes B IHX
CHOJyKax TPH TeMIIepaTypax ONM3bKUX 10 KPUTHYHOI
T 2 T.. Cnijg TakoX 3a3HAYUTH, IO JOJATKOBUM JKEPEIIOM
aHizoTporii B MoHOKpHcTasnax YBaCuO € HasBHICTH MeX
nBifiHNKYBaHHS [8, 9], BIUIMB SIKMX Ha TpPaHCIOPTHI
BJIACTHBOCTI B HOPMAJIFHOMY CTaHI HEJJOCTATHRO BUBYCHO,
IO TOB'SI3aHO 3 EKCIIEPUMEHTAILHUMH TPYIHOIIAMH, SIKi
BUHMKAIOTh TIPH BH3HAYEHHI BHECKY LUX aedektiB. L{s
aHI30TPOINiST TMPOSIBISIETECA Y  BUIJBIAL  MaKCUMYyMY
KPUTHUYHOTO CTpyMy mobnu3y opientamii H || IM [5, 7],
MIPUYHHA TTOSBU SKOTO JI0 TETEPIIHBOr0 Yacy OCTaTOYHO
HE BCTaHOBJCHA. 3'ICyBaHHS MEXaHI3My BHHHKHEHHS
IIbOTO SIBHI[A CTAHOBHUTH IHTEPEC SK 3 HAyKOBOI, Tak 1 3
MIPUKJIATHOT TOUOK 30Dy .

3 ypaxyBaHHSM BHIIECKa3aHOTO, y Liii poboTi Oyin
IIPOBEJICHI EJIEKTPOPE3UCTHBHI JOCHIIKEHHSI B yMOBax
BILUTUBY MOCTiliHOro Mar"iTHoro mois ao 12.7 kOe mpu
opienTarii BekTopa MaraitHOTO Toist H L ¢ i H || ¢ Ha
pizHi pexxumu mpoigHOCTI YBaxCus,Al,O7.5 (z<0.5)
MOHOKPHCTAJIIB 3 OJJHOCIIPSIMOBaHOIO cuctemoro [IM mpu
reoMeTpii HpoTiKaHHsA TpaHcnoptHoro crpymy /|| AM,
KOJIM BIUIMB JIBIHHUKIB Ha MPOLIECH PO3CIIOBAaHHS HOCIIB
CTpYMY MiHIMi30BaHO.

EKCOHEPUMEHTAJIBHI METOAUKHA

Momnokpuctamun ~ YBa,Cus.,Al,07.5  BupouryBanm
PO3YMH-PO3IUIABHUM METOJOM Y 30JIOTOMY THIJL IIpH
c1abkoMy Tpaji€eHTi TeMmIepaTypu B3IOBX THTS [2, 3].
Lleit MeTox N0O3BOJISIE BUPOIYBAaTH KPUCTAIM pO3MipaMu
1o 5% 5 mm? B ab-mmommHi i ToBmmHO0 0.02-0.05 MM.
JIst oTpMaHHS MOHOKPHUCTAIIIB 3 J00aBKOIO AIFOMIHIIO Y
BuXinHy mmxty nonasanu 0.2 mac.% A1,0;. Sk BuxigHuMin
KOMIIOHEHT BUKOPUCTOBYBanu crnoiyku Y;03;, BaCOs;,
CuO, A1,0; (Bci mapku OCY). HacudeHHs KpucTamiB

KHCHEM 3IIMCHIOBAIM 32 JOMOMOTOI0 BiJmamy B TMOTOI
kucHio ipu Temneparypi 430 °C npotsrom Tpsox ai6. s
PE3UCTHBHUX MOCIHIKCHb BIAOWpATH TOHKI KPHCTANIH 3
npoHukarounmMu  JIM, y sgkux Oynum  obmacti 3
onnocnpsmoBanumu  JIM  posmipom 0.5 x 0.5 mm?. Tle
JTIO3BOJISUIO BHPI3aTH 3 TAaKUX MOHOKPHCTAIIB MICTKH 3
oanocnpssMoBaHuMu JIM mupuHOIo 0.2 MM 1 BiICTaHHIO
MiK NOTeHIIHHUMHU KoHTakTaMmu 0.3 MM. JBIifHMKOBI MeXi
BCepeIMHI MICTKa OyJI OpiEHTOBaHI B OJTHOMY HAIIPSIMKY.
[Tpn upoMy MICTOK BHpi3ajlM TaKUM YHHOM, 100 BEKTOP
TPAHCTIOPTHOTO CTPyMY I, OyB MapanelbHUN TUIOIIHHAM
NBIAHUKIB, K I[€¢ CXEMAaTHYHO ITOKA3aHO Ha BiAMOBIIHHX
BCTaBKaxX 10 puc. |. ENeKTpuuHI KOHTaKTH CTBOPIOBAIH
HaHECEHHSAM CpiOHOI MAcTH Ha TMOBEPXHIO KPHUCTANIB 3
MOMANBIIAM  TIAKIIOUYEHHSAM CpiOHMX MPOBIIHUKIB i
TPUTOJUHHUAM Bimmamom npu Temmeparypi 200 °C B
atMocdepi  KucHIO. [IpOBiTHMKH 1S CTPYMOBHX
KOHTAKTiB BUTOTOBIISIIM 3 (QoJbIH TOBIIMHOWO 0.1 MM i
OIMPUHOKD 2 MM, a JUIs MOTCHIIWHUX KOHTAKTiB
BUKOpHCTOBYBanu apit nmiamerpom 0.05 wmm. Taka
TEXHOJIOTiSl JTO3BOJISIa OTPUMYBATH MAalldil TMepeximHuit
OIlip ENEKTPUYHHUX KOHTAKTIB 1 NMPOBOJAMTH PE3UCTHBHI
BUMIPIOBaHHS TPH TPAHCHOPTHUX CTpyMax a0 1 A 6e3
OMIYHOTO TIEperpiBy CTPYMOBHX KOHTAKTIB.

BumiproBaHHs ~ €EKTPOOTIOPY 1 BOJBT-aMIIEPHHX
xapakrepuctuk (BAX) mpoBogunm Ha TocTiHOMY
ctpyMi. MarnitHe mone no 12.7 kOe cTBOproBamm
enekTpomarairomM. OOepTaHHSM MarHiTy MOXKHa OyIo
3MIHIOBATH OpIEHTAIF0 TONS BiTHOCHO KpHUCTaja.
TouHicTh oOpi€HTAIl MONA OO0 3pa3ka He ripme 0.2°.
MicTOK MOHTYBAJIH y BUMIPIOBAIBHOMY OCEPEIKY TaKUM
yuHOM, 100 Bekrop mnoixs H  3aBxam  OyB
MEPIICHANKYIISIPHANA BEKTOPY TPAHCIOPTHOTO CTPYMY.
TouHicTh BuMiptoBanHs ~ Temmeparypu  0.005 K,
CTaOUIbHICTh TeMITepaTypH NpHu BuUMipioBaHHAIX BAX He
ripme 0.01 K.

PE3YJbTATHU TA OBI'OBOPEHHS

[MopiBHANBHUI aHali3 PE3UCTUBHUX XapaKTEPHCTHK
YBa,Cu3;07.5 1a BaCus,Al,07.5 MOHOKpHUCTANIB Yy
HYJIbOBOMY MarHiTHOMY TOJi OyB NpOBEeIEeHWH HaMH B
[2, 3]. TemneparypHi 3JIEKHOCTI MTUTOMOTO
EJIEKTPOOTIOPY B ab-1unontuHi, Pap(7T), B MarHITHAX MOJISAX
1o 12.7 kE npu opienTanii Bextopa nonst H || c ta H L ¢
npencrasieHo Ha puc. 1(1 Ta 2) Ta Ha puc. 2(1 Ta 2),
BiJIIOBITHO.

Ha puc. 1 mnyHKTHpHUMH
eKCTPaIoAIii TIHIHHNX JIISHOK €KCTIEPUMEHTAIbHUX

JMiHIIMH  TIOKa3aHO
3aNeKHOCTeH pqp(7) Ha o00MacTh OUTBII  HU3BKHX
Temneparyp. Ha BcTaBkax (a) Ha [bOMY PHCYHKY
MIOKa3aHO  CXEMaTH4HI  300pakeHHs  TeoMeTpii
ekcriepuMeHTy. BcetaBkm (6) Ta (c) — mepexoau B
HaJAMPOBITHUIN CTaH B KOOPAWHATAX pgp — 1 Ta dpas/dT
— T, BiATIOBiAHO.

Journal of V. N. Karazin Kharkiv National University. Series Physics. Iss. 42, 2025
28 BicHuk XapkiBcbkoro HauioHaneHoro yHisepcuteTy imeHi B. H. KapasiHa. Cepis «®isukax». Bun. 42, 2025



Maenimoonip monoxpucmanie YBa:Cus.-Al-O7.s 3 cucmemoio 00HOCHPAMOBAHUX NIOWUHHUX Oedhekmis

250
£ 200}
O

g 150

100

f%w

50

100 125 150 175

Puc. 1. TemneparypHi 3anexHocTi enekrpoonopy pa(7) monoxpucrana YBarCus.,Al,O75 npu opienrtamii
BekTopa mosst H || ¢ (1) 1 H L ¢ (2) nna H, kOe: 0; 1.9; 4.5; 7.3; 10; 12.7 — xpuBi 1-6 BinnosigHo. [TyHkTHpHI
miHii — excTpamoisnii JiHIHHUX AUISHOK EKCIIepUMEHTAJBbHOI 3alieskHOCTi pap(7). BeraBku: (a) — cxemaruuHe
300pakeHHS TeOMETpii ekcriepuMeHTy; (0) Ta (C) — mepexoIy y HaaIpOBiTHUHN CTaH B KOOPAHHATAX pgp — 1 Ta dpap/dT
— T, BiamoBigHo. Hymepaliist KpuBHUX Ha BCTaBKax BiIIOBiTae Hymepallii Ha pUuCyHkKy 1.

Fig. 1. Temperature storage of the electrical support p.s(7) of the YBa,Cus.,Al,O75 single crystal with the
orientation of the field vector H || ¢ (1) and H L ¢ (2) for H, kOe: 0; 1.9; 4.5; 7.3; 10; 12.7 — curves 1-6 in line.
Dashed lines are extrapolations of linear sections of the experimental dependence pq»(T). Insets: (a) — schematic
representation of the experimental geometry; (b) and (c) — transitions to the superconducting state in the
coordinates pu, — T and dp.»/dT — T, respectively. The numbering of the curves in the inserts corresponds to the
numbering in the figure.

Sk BUHO 3 puc. 1, IpU 3HWKEHHI TEMIIEPaTypu BiJl
300 K mo 200 K pu(T) 3MeHIIyeThecst aKTUIHO JTiHIMHO,
10 BKa3y€e Ha KBa3iMeTalleBy MOBEIIHKY IPOBITHOCTI B
FOMY TEMIICPATYypPHOMY iHTepBalli. BogHOYac MarHiTHE

-1
—d(lndo)
T] — T moxka3aHo

Ha puc. 2 y xoopauHarax [
MepexoAn y HAANPOBIAHUM CTaH MOHOKpHCTala
YBa,Cu;.,Al,07.s npu Hl|lc¢ (1) ta H1lc (2). Ha
BCTaBIli Ha puc. 2(1) y nuUX ke KOOpIUHATAX HABEICHO
HU3BKOTEMIIEPaTypHY TUTISTHKY HaATPOBiTHOT'O
nepexony, Imo BimOyBaeTbcs 3a ymoBu H = 7.3 kE.
[TyHKTHpHUMU JIiHISIMHU Ha pUC. 2 1 Ha BCTaBIli MOKa3aHO
eKCTpanoJIsLi0 JAUISHOK, BiAmoBinHMX pizHuM OII-
pexXuMaM.

moJie, MPH 000X OPIEHTAIIAX, MPAKTHYHO HE BIUIMBAE HA
MOBEMIHKY 3anexHoctedt pqup(7) mpu T>1.1T,, mo
Y3rOJDKY€EThCS 3 JIITCPAaTYPHHUMH JaHUMHU JUIS 3pa3KiB
YBaCuO, orpuMaHux 3 BUMipIOBaHb MarHiroonopy [12].
BrnmB Mar"iTHOro MO 3BOJAWTHECS B OCHOBHOMY O
3MIIIEHHA BHU3 33 TEMIIEPATypoOl0  PE3UCTHBHOTO
nepexoqy B HAANpPOBIAHUI CTaH Ta BIINOBIAHOTO
samwkeHHs T, (BctaBku (b) Ta (¢), puc. 1(1 Ta 2)), npo 1o
OinpI ToKIamHO OyIe cka3aHo HWKYE. Y TOW XkKe Jac, Mpu
TeMIeparypax T.<T<200K CIIOCTEPIraeThCs
BiIXWICHHS pap(T) Bil IHIAHOT 3a7I€KHOCTI, IO CBIAYUTH
Mpo  TOSBY  JEAKOi  HAJIWIIKOBOI  MPOBITHOCTI,
TeMIepaTypHa 3aJICKHICTb SIKOT 3a3BUYail BU3HAYAETHCS SIK

PesucTuBHI Tepexonu B HAONPOBITHUN CTaH THX
caMHX 3paskiB B koopmuHatax Inpw — T 1 dpa/dT — T
nokasani Ha puc. 1(1 ta 2), BcraBku b Ta .

Kputnyna Ttemmepatypa KpucTajia B HYJIbOBOMY
Mar”HiTHOMy TIIOJi, BH3HAaUYe€Ha TI0 MaKCUMyMy Ha
3anesxxkHoCT dpas(T)/dT B 007aCTI PE3UCTUBHOTO MIEPEXOTY
B HaAmpoBigHW{A ctaH [2], nopiBaroBama 92.1 K mpu
mupuHi iepexoxy AT, < 0.5 K. Tluromuit enekrpoorip B
ab-nyomyHI  TIpM  KIMHATHIA TeMIeparypi CTaHOBHB
6mm3bK0 420 MKOM:- cM. 3TiiHO 3 JIITepaTypHUMH JaHUMH,
BHCOKI 3HAYCHHsS KpHUTHYIHOI Temreparypu 7.~ 92K
BIMOBIAAIOTh KOHIICHTpAIlii aJIOMiHIIO B KpHUCTaJi
z <0.05 [10] i Bmicty kucHio &< 0.1 [11]. BomHouac,
By3bKa IIMpPHHA II€PEXOAy B HAANPOBIAHUHA CTaH
AT. < 0.5 K cBigunTh npo piBHOMIpHUIT PO3MOAIT KUCHIO 1
Al B 00'eMi kpucTana.

pi3HHL:
Ao =0 — gy, (D

ne gy = py* = (A + BT)™! — npoBinicTh, OTpuMaHa 3
eKCTPAIOJISILii BACOKOTEMIEpaTypHOT JIIHIHHOT AIISHKA
par(T) B HyIHOBE 3HAYEHHs TeMIepatypu, a ¢ = p~ ! —
EKCIIEPUMEHTAIFHO BUMIpIOBaHE 3HAYCHHS TPOBITHOCTI y

HOPMAaJIbHOMY CTaHi.
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Puc. 2. Ilepexonu B HAANPOBiIHUI cTaH MOoHOKpHcTana Y Ba,Cus.,Al,O7supu H || ¢ (1) Ta H L ¢ (2) nua H, kOe:

0; 1.9; 4.5; 7.3; 10; 12.7 — xpuBi 1-6, BiANOBiOTHO, B KOOPAMHATAX

_ -1
[%] — T. Beraska y puc. 2(1) —

HU3BKOTEMITEpaTypHa JUTSHKA HAAMPOBIAHOTO MepeXxoy y Takux koopanHatax npu H = 7.3 xE. [TyHkTupHi miHii Ha
PUCYHKY Ta BCTABIIi — €KCTPAITOJISIIS TIJSTHOK, BiNMOBiqHUX pizHUM DII-pesknmam.

Fig. 2. Transitions to the superconducting state of the YBa,Cus.,Al,O7.5 single crystal with H || ¢ (1) and H L ¢ (2)

for H, kOe: 0; 1.9; 4.5; 7.3; 10; 12.7 — curves 1-6, respectively, in the coordinates [

_ -1
M] — T. The inset in Fig.
dar

2(1) is the low-temperature region of the superconducting transition in these coordinates at H = 7.3 kOe. The
dashed lines in the figure and inset are extrapolations of the regions corresponding to different FC regimes.

3 teopii [13] Bigomo, mo mobmusy 7, Ao 06ymMoBiIeHa
npouecaMu (IIyKTyalifHOTO CIapoBYBaHHS HOCIIB 1 B
3araJlbHOMY BHUTJISL, 3aJICXKHO BiJ PO3MIPHOCTI CHCTEMH,
BU3HAYAETHCS CTYIECHEBOIO 3aJIKHICTIO BUAY:

Aoy = Ape™%, (2)
ne Ap — nesika koncranra, a € = (T — T,) /T, — npuBeneHa

TeMrieparypa. [Ipu mboMy CTyIeHeBUN MTOKA3HUK 0., 3T1THO
3 [13, 14, 15], BusHavaerbes sk @ =2 — D /2, ne D —

po3MipHicTh cuctemu. 3okpema mpu 1> T. s
nBoBuMipHOTOo (2D) i TpuBMMipHOTO (3D) BHIAAKIB
TeMIiepaTypHa 3IIEXKHICTh Ao BH3HAYAETHCS
CTYIICHEBUMH CITiBBITHOIICHHSIMH
— -1
Aoyp = Appe™, 3)
— -1/2
Aosp = Azpe™12, 4)
62 62
e A3p=—— Ta A3p=——7—; & — HOBXKHHA
A 3D ™ 16hd 3D ™ 32hé0(0) o A

KOTepEeHTHOCTI B3JI0BX oci ¢ npu T — 0, d — XxapakrepHui
PpO3Mip TBOBUMIpPHOTO IIapy.
TakuM 4MHOM, PO3PaxXyBaBIIU 3 €KCIICPUMEHTAIBHUX
-1
—d(lnAo) _ .
JAHUX BEJIHYHHY [T] =a YT —T,), 3rizso 3

METOJIUKOIO, 3alpONIOHOBaHOI B [14] i po3BHHEHOIO B

[15], Mu MOXeMO O KyTy HaXWIy KPUBUX Y BiAIMOBITHUX
KOOpJMHATAaX BHU3HAYUTH PO3MIPHICTh (IIyKTyaniiHOl
MICHCTEMH Ta XapakTep pPO3CitoBaHHS (QIIyKTyariiHux
HociiB [13] Ha pi3HMX TemmepaTypHUX iHTepBaiax. Ha
pHC. 2 TIOKa3aHO HAAMPOBIJHI MEPEXOAU MOHOKpPHCTAIA

~ -1
YBayCus.,Al,O7.5 B KoopamHaTax [d(;r;M)] -T

OTpYMaHi TIpH Pi3Hil BETMYWHI MAarHITHOTO TOJIS.

Sk BUIHO 3 puC. 2, IpH 000X OpIEHTALISIX MarHiTHOTO
nois, OesmocepenHbo TOONMM3Y 7. eKClepUMEHTaJbHI
KpUBI  XapaKTEepHU3yIOThCS  HASBHICTIO JBOX  YiTKO
BHPOXCHHUX JUISHOK 3 PI3HAMH KyTaMH HaXwiy, SKi,
OUYEBH/IHO, BIANIOBIAIOTH, TaK 3BaHOMY, Beyong-3D ta 3D
pexxkumam [15] 3 a=0.17 i a=0.5, BiamosigHo. Ilpu
MOTaIBIIOMY BifaneHHi Bij 7. y Oik BHCOKUX TeMIIEpaTyp
BiIOYBA€ThCA MONANBIIC 30UIBIICHHA a0CONIOTHOTO
3HAYCHHS 0!, [II0 MOKE CBITYUTH PO PEaTi3aIlii0 B CUCTEMI
3D-2D kpocoBepa, po 110 OLTBII TOKIAIHO OyIe cCKa3zaHo
HIDKYE.

Jpyra ocCOONMBICTP OTPHUMAaHUX 3aJICKHOCTEH —
MIPaKTUYHO C€KBIJWCTAHTHE 3MIIICHHS MUISHOK KPHBHX,
BimmoBigHMX Oe3mocepenabo HII-mepexoay, BHU3 3a
TEMIEPATypol0 3 POCTOM BEIWYMHU TMPUKIATCHOTO
MarHiTHOro moisi. Ilpm 1mpoMy Tmpu  Teomerpil
H || ¢ cnocrepiranocs
PO3IIMpPEHHS eKCIIePUMEHTaIbHIX KPUBUX, a B pasi H | ¢
PO3MHTTS HE cCIocTepirasocs B3arami. SIK 3a3Hadanocs
BHIIE, MOAIOHUN €(EeKT CHOCTEPIracThCs TITBKH B pasi

eKCIIEPIMEHTY He3HaYHe
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JIETOBaHWX aIOMiHiEM 3pa3kiB [1] Ha BiIMIiHY BiJ ycCiX
IHIIMX CIIONYK CHCTeMH 1-2-3, SKUM BIACTUBO SICKPABO
BUpakeHe «BisutonoaiOHe» posmupenns HII-nepexoniB y
Mar”iTHoMy modi [5—7].

Ha puc. 3 nokazani 3anexsocti T.(H), orpumani 1
HAIIMX CKCIICPUMCHTANBHUX KPHUBHX 1 BH3HAYCHI IO
MakcumyMy ToxigHoi dp/d7(T) B obnacti HII-mepexony
[2]. Bugno, mo 7, MOHOTOHHO 3HHXKYETHCS 3 POCTOM
MAaTrHITHOTO TIOJIS.

20 — . \

Q
|....|....|....°.....

8 8 90 9@
T,K

Puc. 3. TemnepaTypHi  3aleXHOCTI  JPYroro
KPUTHYHOTO TIONS JJIg HOro mapajenbHOl i
MepIeHANKYJISIpHOT  OpieHTali monxo 6asucHOI

momuan. CyminbHi JiHIT — po3paxyHOK s Tiel
caMoi TeoMeTpil eKCIIEPUMEHTY, TPOBEACHU 3TiTHO 3
[16].

Fig.3. Temperature dependences of the second
critical field for its parallel and perpendicular
orientations relative to the base plane. Solid lines are
calculations for the same experimental geometry,
performed according to [16].

Sk BiZOMO, XapakTepHOI OCOOJMBICTIO CITOIYK
cucremu 1-2-3 € cuiIbHa HENIHIMHICTD BOJIBT- aMIIEPHUX
XapaKTepUCTHUK ax 110 Aeskoi ninii Ty(H), 1o Bianosigae
Iepexoay 31 CTaHy He3alliHHIHTOBaHOT BUXPOBOI PilWHH,
10 Bim4yBae B's3Ka Tedis mia mieto cuim JlopeHts, y cran
3aMiHHIHrOBaHOTO BUXpOBOro ckia [16]. 3rigao 3 [16]
JIiHIS IIHOTO TIEPEXO0y TIPH OPIEHTAIISIX MArHITHOTO TOJIS
Hl|lc i Hlc y pa3i O0e3aBIHHUKOBUX 3pa3KiB
BU3HAYAETHCS  criBBigHOMIEeHHIMH  H)y/'(T) = 103(1—
T/T )" Ta HyN(T) = 842(1-T/T.)'7 BigmosigHo.

Sk BUOHO 3 puc. 3, Yy HAMIOMY BUNAAKY ITi JIiHIT
(cyminpHa KpuBa) posramoBani yactkoBo (H || c¢) abo
moBHicTI0O (H L ¢) BUIIe HAUX EKCIEPUMEHTATBHUX
3aJIeXKHOCTEH, 110 MOXE CBIIYMTH PO BIACYTHICTH (azn
HEe3aIllHHIHTOBAHOI BHUXPOBOi PIiTWHN B HAIIWX 3pa3Kax.
Ile, B cBOIO Hepry, Moxke OyTH NMPUYIMHOIO BiJICYTHOCTI

BIIMTOBIAHOTO PO3IIUPEHHS PE3UCTHBHUX IEPEXOIiB Y
MarHiTHOMY TOJi. BaXImuBYy poib TyT MOXKE TpaTh
HasBHICTH B HAIIMX 3pa3Kkax po3BUHEHOI cuctemu JIM, siki
€ JOCUTh CWIBHHMH LEHTpaMH HiHHIHTY. Ha kopucts
OCTaHHBOTO MPHUIYIICHHS CBITYUTh 1 TPETS BaKIMBa
OCOONUBICTh HAIIUX CKCICPUMCHTAJIbHUX KPUBUX —
HasBHICTB JTOJTATKOBOTO MaKCUMyMy Ha
HU3BKOTEMIIEPATYPHHUX TUITHKAX 3aJIeKHOCTEH
—d(lnAo) -1 o - o
[T] — T npu H || ¢, sxuii BiACYyTHIH y HyJTbOBOMY
Mar”HiTHOMYy TIOJIi 1 HaWOLIBII YiTKO TPOSIBISAETHCI B
CHJIPHUX MArHITHUX MOJISAX. 30UTBIICHY MIJISTHKY KPHUBOI 3
TaKUM MaKCHMyMOM, OTPHMAaHOi B MAarHiTHOMY MOJi
7.3 kOe, moka3zaHo Ha BCTaBIli a0 puc.2. BumHo, mo B
o0yacTi TemmepaTyp HKKYe€ TOYKH MaKCHMyMy Halla
3aJICKHICTh XapaKTePU3YEThCS KyTaMu HaXmwIy o ~ 1.27 Ta
o ~ 2.2 BignoBigHo. OcTaHHE 3HAYCHHS, 3T1IHO 3 TCOPI€I0
[17], BimnoBimae mapakorepeHTHOMY TIEpEexXOny Ha
MDK3EpEHHHX Ta MDKIOMEHHHX MeEXaX 1 49acTo
CIIOCTEPIraeThCsl B PI3HHUX KiacaX HAJIPOBIIHUX CHOIYK
[15,17]. V HamoMy BUDAAKYy POJb TaKUX MEX MOXKYTh
rpatu [AM. BaxiauBy poib Npu I[bOMYy MOXE TpaTu
HasBHICTH JOMIMIOK. Sk Bimomo 3 miteparypu [18, 19],
JIOMITIIKH TPUBAJICHTHUX 10HIB € [EHTPaMH
neheKTOyTBOPEHHSI 1 MPHU MiJBUIICHIH TYCTHHI Je(eKTiB
Mepiol TOMEHHOI JBITHUKOBOI CTPYKTYPH 3MCHIIYETHCS.
Hacmigxom OO € MEPEKPUTTS OMU3BKUX
MIKpOIBifHUKIB 1 (opMyBaHHA TBiZOBOI CTPYKTYypH
[18, 19]. Sk moka3anu mMetanorpadivni gociimkeHHs [19],
y Hammx Kpucranax YBa,CusyAl,O7.s  «TBizoBa»
CTPYKTypa He criocTepiraiacs, 1o, iMOBipHO, TTOB'I3aHO 3
Majo KoHIeHTpamiero Al. BogHodac MixnBiiHHKOBa
BiZicTaHb Oyna B JBa-TPHM pa3d MEHIIOIO, HDK B YHUCTHX
Kkpucrtaiax. O4eBHUIHO, IO B HAIIOMY BHITAAKY IIPUYHUHOIO
IIHOTO Mir OyTH BIUIMB JOMIIIKOBHX aTOMIB aJIFOMiHIIO, IO
Ma€ 3HaYHO MEHIIWH IOHHWH pagiyc y MOpPIBHSAHHI 3
Migro. Kpim mboro atom amominiro B mo3uiii (000) moxe
YTBOPIOBaTH XapakTepHE MJIsI HBOTO OKTacApHYHE
OTOYEHHS 3 aTOMIB KHCHIO.

Crnig 3a3HaYuTH, IO MPH TEOMETPIi EKCICPUMCHTY
H 1 ¢ monibHi 0COOMMBOCTI, y BUITISAI JOJATKOBOTO
MaKCUMyMy, TPAaKTUYHO HE BHSBIUIMCSA TIPU CIAOKHUX
MarHiTHHX TOJISAX 1 OyJIM 3HAYHO MEHIII SICKPaBO BUPAKEHi
B o0yacTi MaKCHMaJbHHUX MarHiTHHX IIOJIB (pHuc. 2).
IMoni6Hi BiAMiHHOCTI, HMOBIPHO, MOXKYTh OYTH HACIIIIKOM
cnenu(igHOTO  MEXaHI3My MiHHIHTY  HaJIpOBiIHUX
¢baykryaniii. [lpu mpomy y pasi H L ¢ cuna Jlopenna, mo
nmie Ha QuykTyaniiiai Hocil, Fr ~ [j X H], HampaBieHa
y310BX JABifiHUKOBHX Mex (F || AM), a B pasi H || c,
BimmoBigHo, momepek (F; L JIM), mo, B CBOIO dYepry,
0OyMOBITIOE B KijlbKa pa3iB OUTHII MiABUINCHY CHITY
MIHHIHTY HAaJINPOBIAHUX (QIyKTyamiid y Apyromy BUIAIKY

B TmOpiBHSHHI 3 mepmmM. OCTaHHE NPUITYIICHHS
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M ATBEPIKYE MOBEMIHKA  IIOJILOBOT
3anexHocti &(H), mo croctepiraethes B pasi H || c.
Sk Oyno mokazano B po6oTi [20], 3aranbHuii BUpas s

¢urykTyaniifHoi mMapanpoBiIHOCTI B MarHiTHOMY IOJI

HCMOHOTOHHA

Ao(T, H) mapyBaTux HaIIPOBITHUKIB Y MarHiTHOMY TIOJIi
MoXe OyTH 3amvcaHuil y BUTIISL:

Ao(T,H) = Aoy (T,H) + (5)
Aoy (T, H),
e
_ e 1 _ (2+4a+3a?)b?
Acy, (T, H) = 16hde {(1+2a)1/2 4(1+2a)5/2¢2 }
(6)

— (uykryanilina mpoBimHicTe AcnamazoBa — JlapkiHa
[13];

AO_MT(TJ H) =

e? { (6(1+a)+\/1+2a) _
8hd(1—-a/8)e a(1+6)+V1+268

82 1+6 1+a b2

B [ﬁ (1+28)3/2 (1+2a)3/2] E} 0

—  ¢uykryamiina  mpoBigHicTe  Maki — TomricoHa,
00yMOBJICHA B3a€EMOJIE€I0 HECIAPCHHUX HOCITB CTpyMy 3
¢GiyKTyaniitHuMu KynepiBcbKuMH napamu [21];

a =2¢2(0)/d*e; b=2eZ(0)/hH ;

§ = (16/m)(¢Z(0)/d*)(kT,/h);

&ap(0) — MOBXKUHA KOTEPEHTHOCTI B OA3MCHIN TUIONIUHI, &
T, — XapakTepHUl 4Yac 30010 mapamerpa HoOpsaxy. IHm
MMO3HAYEHHS Ti cami, mo i B (3), (4).

Mpuitasen~ £(0)=2.5A, d=11.7A [22],
7y =~ h/2kpT,, MOXHa OIIHATH EBOJIOLII0 BiJIHOCHOTO
BHECKY KOYKHOTO 3 JIOAAHKIB y piBHsAHHI (5) Acyr/Aour B
Mipy BiJIJAQJCHHS Bropy 3a TEeMIIepaTyporo BiJl TOYKH
MePeX0y B HAIIPOBITHUI CTaH y HYJIbOBOMY MarHiTHOMY
oJIi, sIK 1e OYJI0 3amporoHOBaHO B [23]. AHami3 BUpa3iB
(6) 1 (7) moka3ye, MmO XOo4a B iHTEpBali TeMIepaTyp
T.<T<1257T, xommnonenra Aoyr(T, H=0) vy
nopiBastHHI 3 Aoy (T, H = 0) 3Ha4HO ciradIie 3aieKnuTh
BiJl TeMIiepaTypH, BiqHOMEHHS A 0y./A Oy 3MEHITY€EThCS
Oumpmn HiXK yaBivi (Big mpubmausno 4 no 1.7) y wmipy
3pocTanHs Temneparypu Bin 1.005 7. no 1.25 T¢. e, B
3pocranHs Temmeparypu Bix 1.005 T, no 1.25 7. Lle, B
CBOIO 4Yepry, MOXC BKa3yBaTH Ha 3HAYHE 3POCTaHHS
THTEHCUBHOCTI PO3CifoBaHHS (IyKTyaI[ifHUX Tap.

Crnin TakoXK 3a3HAYMTH, IO, K MOKa3aB aHali3, yci
orpumadi 3anexunocti Ao(7, H) B intepsani (1.1-1.15)*T,
3aJI0BUIBHO alPOKCHMYIOThCS 3aJIeKHICTIO BUay (3), 1o
BIZINOBi/la€ ABOBMMIPHOMY BHITAJIKy (BCTaBKa /0 pHC. 4),
tomi Ak mpu T <1.05 T, momeminka Ao(7T, H) noOGpe
BIIMTOBiAA€ 3aJIEKHOCTI (4) IJIs1 TPUBUMIPHOTO BUTIAJIKY .

[poro pa3y, BU3HAUYHMBINN 3HAYCHHS &) B TouIli 2D-3D

kpocosepa £.(0) e, 1z 2 d/ 2 [IPU IIEPETHHI ABOX MPAMHUX,

10 BiAMOBiZarOTh TOKa3HUKaM ctymens —0.5 Ta —1 Ha

—d(lnAo) -1
3ANMEKHOCTAX |[———|  — T, a TAKOK BUKOPHCTOBYIOYH

JITEpaTypHi JaHi Tpo 3aleXHICTh MIDKIIONAHHOL
Bigcrani Bixm 6 [22] (d = 11.7 A), MoxHa 0GUHCIHTH
3HaueHHs &£(0).

Ha puc. 4 npencrasieno noiboBsi 3anesxHocTi E0(0, H)
U1 000X Opi€HTAIii MAarHiTHOTO TOJS i KPUTHIHOTO
ctpymy Jc 3a opienranii marnitHoro nosns H || c. Ha

BCTaBIl  MOKa3aHO  TEMIEpaTypHi  3aJeKHOCTI
HaJJTUIIKOBOT  NPOBIAHOCTI B ab-tromuHi B
koopauHaTax InAc—-Ing mpu  pi3HUX 3HAYESHHSIX

Mar"iTHoro mois 3a opiertamnii H || c. TTo3HaueHHs
KpHUBUX Ha BCTaBIIl BiATOBiJ]a€ MO3HAYCHHSIM Ha puC.1.
[IlyHKTHpHUMHU  JiHISIMA Ha  BCTaBIli IOKa3aHa
apoOKCHMAIlisl  eKCIePUMEHTAIBHUX  3alIeKHOCTEH
OpsIMUMH 3 KyToM Haxwmiy tga;~—0.5 (3D-pexum) i
tgoy =~ —1.0 (2D-pexum). CTpiJikaMHu TMOKa3aHO TOYKH
2D-3D kpocosepa.

3 puc. 4 BugHo, mo npu opientauii H || ¢ kpuBa
(0, H)  xapakTepusyeThCs  SICKPAaBO  BHPaKCHHM
MakCHMyMOM B o0yacTi marHiTHHX moniB H =~ 2 kOe.
Bonmnouac, mpu opienranii H | ¢ aHanoriyHa KpuBa
IJIABHO CTANa€e 3 POCTOM MAarHITHOTO MoJist. TyT Cimif
3a3HAYNTH, O TOJI0HA OCOOIUBICTD, KA BUSBISETHCS Y
BUTJISAI HEMOHOTOHHOI 3aJIe)KHOCTI KPUTHYHOTO CTPYMY
Je  Big  MarHiTHOrO  mois  (mK-eeKT),  HYacTo
cnocrepiraetbess B BTHII-cucremax mpu mapanenbHin
Opi€HTAIlil MAaTHITHOT'O TOJIS SIK HACHIIOK CICIU(IYHOTO
MeXaHi3My MMHHIHTY BUXpOBOi Matepii [24, 25]. Kpusoio 3
KoJJaMH Ha pucC. 4 TIOKa3aHO IIOJILOBY 3aIEXHICTh Jo(H)
npu  opieHTtanii Mar”itHoro mons H | e, sSKy Mun
OTPUMYBAIX IIISTXOM BH3HAYCHHS KPUTHYHOTO CTPYMY 3a
piBHEM  TaIiHHS ~ HANPYrH  Ha  BOJBT-aMIICPHHUX
XapaKTepUCTUKaX 3a MeTomukoro [5,7]. Ilpu mpomy
BHIHO, IO TOJOXCHHSA XapaKTePHOTO MaKCHMyMy Ha
3anexxHocTsIX Jo(H) noodpe kopenroe 3 punaakom (0, H).
3rigHo 3 [25], OOHIE 3 MOXJIMBHX NMPUYHH TOSBU ITiK-
edexTy Moke CITy)KUTH HasiBHICTh Y 3pa3Ky AeillUTHOI 3a
KrcHeM abo iHmoi (a3u, mo mepexoauTh y HOPMaIbHUN
CTaH MpH 301IbIIEHH] MAarHITHOTO MOJIS.

VY HamoMmy BHUTAIKy POJIb Takoi ()a3d MOXKYTh IpaTH
JM, saki (sx nmedextm OUTBIT BHCOKOI PO3MIPHOCTI)
MOXYTh CIY)XUTH €(QEKTUBHUMH IICHTPAMH CTOKY
KHCHEBMX BakaHCii [9, 26, 27] i, BIAMOBIHO, MaTH OibII
HU3BbKUH (y TOPIBHSAHHI 3 pemTolo 00'eMy 3pa3ka) BMiICT
kucHIO. [IpumymeHHs mpo MPUCYTHICTH (ha3H 31 3HIKEHOIO
T, TiATBEPIPKYETHCS HASBHICTIO CTyMiHYacToi QopmMu
PE3UCTHBHUX TEPEXOMiB 1 HEBEIUKOTO JOAATKOBOTO
MakcuMyMy Ha 3alexXHOCTIX dpqs(T)/dT (BctaBku (b) i (c)
Jo puc. 1) crioctepexxyBanux npu opienrauii H || ¢, sikuid
cTae HaMOIIBII SCKPABO BUPAKCHUM IMPH MAKCUMATbHHUX
3HAYCHHSAX MarHiTHOTO moJisl. [Ipu 1iboMy eKCIIEpHUMEHTH 3
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JNIEKOPYBaHHS  BHUXPOBOi  CcTpykrypm [27]  milicHO
MOKa3yIoTh, IO I'yCTWHA BuXOpiB Ha [IM minBuieHa B
MOPIBHSAHHI 3 iX T'YCTHHOIO B 00’€Mi HaJIPOBITHHKA, L0
CBITYMTH MPO MpUAYIIeHHS Ha JIM mapamerpa mopsaky.

439
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Puc. 4. ITonvosi 3anexnocti &(0, H) npu opienramnii
MmarnitHoro monsi H | ¢ ta H Ll c¢ (xBagpatn Ta
TPUKYTHUKH BIJIIOBIJHO) 1 KPUTUYHOT'O CTPYMYy Jc
npu opieHtanii MarmitHoro moys H || ¢ (xona).
BcraBka — TemmeparypHa 3alieXHICTh HaJJTHIIKOBOT
IIPOBIIHOCTI B ab-nyoniuHi B KoopauHatax InAo — Ing
OpH  pI3HUX 3HAYEHHAX MAar”HiTHOro mojis 3
opienraniero H || c. [To3dHaueHHS KPUBUX Ha BCTaBIIi
BiAMOBia€ MO3HauYeHHsAM Ha puc.l. IlyHkTHpHI JiHIi
Ha BCTaBIl — AaNpOKCHUMAIliS EKCIEePUMEHTAIbHUX
3anexHocTed npsaMumu 3 tga; =~ —0.5 (3D - pexum) i
tgor = —1.0 (2D - pexxum). CTpiJIKM NOKA3YIOTh TOUKH
2D-3D kpocosepa.

Fig. 4. Field dependences &:(0, H) at the orientation
of the magnetic field H || ¢ and H L ¢ (squares and
triangles, respectively) and the critical current J. at
the orientation of the magnetic field H || ¢ (circles).
The inset is the temperature dependence of the excess
conductivity in the ab-plane in the coordinates
InAo - Ing at different values of the magnetic field
with the orientation H || c¢. The designation of the
curves in the inset corresponds to the designations in
Fig. 1. The dashed lines in the inset are
approximations of the experimental dependences by
straight lines with tga; = —0.5 (3D-mode) and tga; =
—1.0 (2D-mode). The arrows show the points of the
2D-3D crossover.

VY HamoMy BHIAJKy, IMOBIPHO, Il OCOOJIMBICTE MOXKE
OyTH moB'A3aHa 3 JESKMM NPUAYIICHHAM HaUINIIKOBOT
¢uryKTyaniitHol MpoBiXHOCTI ITPH MOCHUIICHH] qUcHIaNii K
HACJIJIOK 3MIIIEHHS HANPOBIAHUX (IIYKTyaliil B 3pa3Ky
min giero cunu Jloperna. Y CBOO 4epry, 3MEHIIIEHHS A o,
srinHo 3 (1.4), TOBMHHO NPU3BOIAMTH 1O 3POCTAHHS

Benuunan & (0, H), mo ¥ crocTepiraeTbCsi B HAIMIOMY
BuMaaky. [Ipu mogansmomMy 30UTBIICHH] MOJIST HOTO BITJIUB
Oyne TpOSBIATHCS Y 3MEHIIEHHI KOPeNAIinHol QyHKITIT
¢uryKTyariif, o NOBUHHO MMO3HAYNUTHCS Ha CUJII MIHHIHTY
baykryamifi [25] 1 30imbIIeHH]I TpajgieHTa XapakTepHOT
00'eMHOT TycTHHH (QUIyKTyamiiHoi eHeprii. IleBHy poib
IpU IIBOMY MOXE BIJIrpaBaTH MOMIJIHMBE TTOCIJICHHS
BILTUBY TEIKHAX cnenuiTHIX MeXaHi3MIB
KBa319aCTHHKOBOI B3aeMomii [28, 29]. ¥V mpoMmy BUManmKy
3poctanHs BeqnanHH (0, H) 3MIHUTBCS 11 3SMEHILICHHSIM.

Crhmig TakoXX 3ayBaXHTH, IO SAKIIO BHU3HAYaTH
temrepatypy mnepexony B @Il-pexum, 7T y Toumi
BIIXWICHHS BENWYMHU InAoc Bropy Bia JTiHiIHHOL
3anexxHocTi InAo— T [3] (puc.5), To MOXHA OLIHUTH
BIZITHOCHY TIPOTSDKHICTB, f;, icHyBaHHs DIl-pexumy sk

tr=(Ty— T.)/T..

InAc

3aJIE)KHOCTI

Puc. 5. Temmneparypsi Ha/UTUIIKOBOT
IIPOBIIHOCTI MpH opieHTanii MarHiTHOTO Mot H || ¢ i
H || ¢ B xoopnuaaTtax InAc — T. Hymepanis kpuBux
BigmoBigae Hymeparii Ha puc.l.

Fig.5. Temperature dependences of excess
conductivity at the orientation of the magnetic field
H | ¢ and H 1 ¢ in the coordinates InAc — T. The
numbering of the corresponds to the
numbering in Fig. 1.

curves

PesynbpraTi po3paxyHKIiB MOKa3ylOTh, 10 38 BILIMBY
MarHiTHOTO TOJS BigOYyBaeTbcs 3arajbHE BiJHOCHE
3BY)KCHHS ~ TEMIIEPAaTYpHOTO  iHTepBaly, B  SKOMY
peanizyeTbcsi pexuM (QIYKTyariifHOI HapampoBiTHOCTI.
o Tpu OpieHTaril
MarHiTHOro monss H || ¢ 3BYXKCHHS BIJIHOCHO
Hesenuke (Bix ¢~ 0.1594 B Hyn1bOBOMY MarHiTHOMy HOJI
1o ¢~ 0.1473 npu H = 12.7 kOe), y TOii yac sk mpu
opieHTarii H||c 3ByxeHHA
BinOyBaeTbcsl mpakTuuHO BaBiwi (Bix # =~ 0.0214 B
HYJFOBOMY MarHiTHOMY moJii 10 ¢~ 0.0417 npu H = 12.7
kOe). MoxnuBo, me TOB'SI3aHO 3 NPHUIYIICHHSIM
JIOBrOXBWJIBOBHX (UIYKTyalid, IIO Aal0Th HaWOiiIbIn

I[Ipu npoMy ciim 3a3HAYMTH,

Take

MAar"iTHOro  ITIOJIS
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ICTOTHUH BHECOK y TapampoBimaHicTh mnobmu3y 7.
BonHouac, sk Oyi0 moka3aHo B [2], HETOOIIHKA BKJIAAY
KOPOTKOXBUIBOBUX (IIyKTyamiii mapamerpa MOPSAIKY
NPUBOAUTH N0 OIiNbII MIBHAKOTO, TOPIBHAHO 3
nepea0aYeHHsIMA Teopii, 3MCHIICHHS BEIWYUHU AC
IIpA JOCUTH BeJHKiH BimctaHi Big 7. y OiK BHCOKHUX
TeMIIepaTyp. MikpocKomiyHUT PO3paxyHOK
¢nykryaniiHoi  mompaBKM B IPOBIAHICTE 3
ypaxyBaHHSAM yCiX KOMIIOHEHT IapameTpa Mmopsaaky Oys
npoBeaeHui y po6oTi [30]. [TopiBHSIHHS HAIUX NaHHUX
3 Teopiero [30] moka3zamno, mo Ao Moxe OyTH omucaHa B
pamkax noninmenoi teopii ®II (mpu Hamil TOYHOCTI
BHUMIpIOBaHb) [0 Temmeparyp moomuszy 1.25 T..
MabyTh, came B Iii TeMmmepaTypHid obmacti
BiI0yBa€ThCS MEPEXiJ A0 MCEBIOUIITUHHOTO PEKUMY,
SIKAWA O17BII ETaNbHO aHANI3yeThcs HaMu B [2, 3, 31—
35].

BHUCHOBKHA
TakuM YHHOM, 3 YCHOTO BHIINECKAa3aHOTO MOYKHA
3poOMTH  BHCHOBOK, IO JBIHHWUKOBI MEXi B
MoHOkpucrairax  YBarCus,Al,O75 (z<0.5) e

e(heKTUBHUMHU LIEHTPaMH PO3CiIOBaHHS (QIYKTyaliHHUX
HOCI1B. BinxuneHHs Bijg MiHIHHOCTI 3a5Ie)XHOCTEN pyp(T)
npu T. < T <1.35 T. moxe OyTH 3aJ10BIJIbHO ITOSICHEHO
B Mexax Teopii ¢aykTyaniiiHoi HaxmposigHocTi. [Ipu
npomy Oesmocepenabo mobnmzy 7. DI mobpe
ONHCYETHCSA TPUBUMIPHOIO MOJEIII0 Aciama3oBa —
Jlapkina. IlpuknaneHHss MarHiTHOTO TOJISI IPU3BOIUTH
JI0 CYTTEBOTO 3BYXCHHS TEMIIEPAaTypHOTO IHTEpBalLy
iCHYBaHHS TPHUBHUMIPHUX HAANPOBIIHUX (IYKTyaIlii.

Hemonoronna 3anexnicte BenmuuuHH  &(0) Big
MarHiTHOTO TOJIsI, UMOBipHO, MOXe OyTH TOB'si3aHa 3
IPUAYIIEHHSM HaJUTMIIKOBOT ¢daykryaniinoi
MPOBiAHOCTI B 00JIacTi cMabKWX MAarHITHHX IIOJIB.
BincyTHicTh «BIATOTIOAIOHOTOY pO3IIUpPEHHS
PE3MCTUBHMX  IEpPEXOJiB y  MarHiTHOMY  TOJi,
XapaKTepHOTO s 0e310MIIKOBHUX 3pasKiB

Y Ba;Cu307.5, 06yMoBIeHa mpuAymeHHsIM (Ha30BOTO
Imepexony M0 CTaHy He3almiHHIHTOBaHOI BHXPOBOI
pIAVMHU BHACTIOK TMOCWJICHHS IMHHIHTY BUXPOBOI
IpaTKH Ha ABIHHUKOBUX MEXKaX.
KOH®JIIKT IHTEPECIB
ABTOpH TIOBIIOMJIIIOTH TPO BiJICYTHICTH KOH(DIIKTY
IHTEpeciB.
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MAGNETORESISTANCE OF YBA2CUs.zALzO7.4o SINGLE CRYSTALS WITH
A SYSTEM OF UNIDIRECT PLANAR DEFECTS

V. Yu. Gres’, M. V. Korobkov, L. O. Pashchenko, A. Yu. Vragov, A. O. Komisarov,
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The work carried out electroresistive studies under the influence of a constant magnetic field up to 12.7 kOe at the
orientation of the magnetic field vector H L ¢ and H | ¢ on different conductivity regimes of single crystals
YBa:Cus-,Al:075 (z < 0.5) with a unidirectional system of twin boundaries (TB) at the geometry of the flow of the transport
current /|| TB, when the influence of twins on the processes of scattering of current carriers is minimized. It was
established that twin boundaries in single crystals YBa:Cus--Al:O7-5 (z < 0.5) are effective centers of fluctuation carriers.
The deviation from linearity of the dependences of the specific electrical resistance in the base ab-plane p.(7) at a
temperature T in the interval 7, < T<1.35 T, can be satisfactorily explained within the framework of the theory of
fluctuation superconductivity. At the same time, in the immediate vicinity of the critical temperature 7, the fluctuation
conductivity (FC) is well described by the three-dimensional Aslamazov — Larkin model. The application of a magnetic
field leads to a significant narrowing of the temperature interval of the existence of three-dimensional superconducting
fluctuations. The non-monotonic dependence of the coherence length along the ¢ axis at 7 — 0 &(0) on the magnetic field
can probably be associated with the suppression of the excess fluctuation conductivity in the region of weak magnetic
fields. The absence of the “fan-shaped” expansion of resistive transitions in the magnetic field, characteristic of impurity-
free YBa2Cus-Al.O7.5 samples, is due to the suppression of the phase transition to the state of an unpinned vortex liquid
due to the enhancement of the pinning of the vortex lattice at the twin boundaries.

Keywords: YBa2Cu3O7-0 single crystals, excess conductivity, pinning, magnetoresistance, twin boundaries, crossover.
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AOCHNIIKEHHA CTPYKTYPU AMOP®HOIO ®OCPATY KAIbLIIO
3A 0OMOMOI o0 ®YHKUII PAOIANIBHOIO PO3MOAITY ATOMIB

P. B. Boek ‘7, K. |. Cokon &, [. B. PoxmictpoB =, A. B. lOH4YapeHko

Xaprxiscvkuil nayionanonuti ynieepcumem imeni B. H. Kapaszina, 61022, maiioan Ceoboou. 4, Xapxis, Ykpaina
E-mail: rokhmistrov@karazin.ua

Hapmiiimua mo pemaxiii 11 kBitas 2025 p. [lepernsayro 17 Tpaas 2025 p.
IpwuiinsaTo no apyky 23 tpasns 2025 p.

VY poboTi mpeAcTaBIeHO pe3yIbTaTh JOCHIKEHHS CTPYKTypH amopdHoro docdary xanbito (ADK), cuHTe30BaHOT0 METOIOM
0Ca/DKEHHS 3 BOJHHMX PO3YHHIB i3 pi3HUM cTexiomeTpudHuM criBBigHomenHsM (Ca/P) B intepBaii Bix 1 mo 2.13. Ieit marepian e
B)XJINBOIO IPOMIKHOIO (hazoro mpu (opmyBaHHI KpucTamigHoro rigpokcuamnatuty (I'A) y po3umnax. Boxnouac, 'A € ocHOBHHM
HEOpraHiYHUM KOMIOHEHTOM KiCTKOBHX TKaHHH JIOJMHH Ta TBapUH i TOMY IIHPOKO 3aCTOCOBYETHCS B 01OMEANYHHUX TEXHOJOTISX.
Uepes 0coOIMBOCTI CTPYKTYpH aMOphHHX pedoBHH peHTreHorpamu ADK MaroTs po3MuTi andy3Hi MaKCHMYMH, IO YHEMOKIIUBITIOE
BUKOPUCTAHHS TPAJULIIHUX METOAIB PEHITCHOCTPYKTYpHOTO aHali3y KpPHCTaTiyHOI CTPYKTypu. [l OTpUMaHHS AeTanbHOI
iHdopmarii npo mpocropose posranryBaHHA atoMiB y 3paskax ADK Oyna moOymoBaHa (yHKIIS pagiadbHOTO PO3IOIUTYy aTOMIB
(®PPA) Ha OCHOBI EeKCIIEpUMEHTAILHUX PEHITEHOTpaM, OOpOOJEHHX 3a IOIOMOrolo mporpamHoro 3abesmedeHHs PDFGetX.
Jocnimkenns nokasany, mo ®PPA Bcix 3pa3kiB MatOTh TOAIOHUIN BUIJIAL: TOJIOBHI MAKCUMYMH PO3TALIOBaHI B IHTEpBaIi MiXKaTOMHHUX
BizicTaneit 10 10 A, a ixHE MONOKEHHS Mano 3MiHIOEThCA 3i 3pocTaHHsAM criiBBisHomenns Ca/P. e cBiTuuTh Npo 36epexkeHHs
MoXiOHOT JIOKAIBHOI CTPYKTYPH Y BCiX 3pa3kax HE3aJIeKHO BiJ XIMIYHOTO CKIIaay, METOLY CHHTE3y, YMOB OCA/DKEHHS Ta IapaMeTpiB
00poOky. [TopiBHSHHS pe3ysIbTaTiB 3 JiTepaTypHUMH JaHUMU JJO3BOJIMIO MiATBEpAUTH MoJeinb [1o3Hepa, 3rixHo 3 skoro ADK ta 'A
YTBOPEHi 3 OJHAKOBUX KJIACTEPHUX €IEMEHTIB — chepnuHux HaHOKIAacTepiB Cas(PO4)s.

Taxkum unHOM, HaBiTh y amoppHoMy crani ADPK BusBIsSe JOKaIbHY BIIOPSAKOBaHICTh, XapaKTepHy Il Kpuctamignoro I'A.
OtpuMaHi pe3yibTaTH € BXKIMBUMH I PO3YMiHHS MexXaHi3MiB Hykieanii Ta pocty I'A 3 amopdHoi dasu ta MOXyTh OyTH
BUKOPHUCTaHI MpU po3poOIli HOBUX 0i0CYMICHHX MaTepialliB 3 KOHTPOJIbOBAHMMH BIACTUBOCTSIMHM, 30KpEMa y Taly3i iMIUIaHTOJIOTI],
opTorneNnii, pereHepaTuBHOI METUIIMHK, CTOMATOJIOTII, (hapMaIieBTUYHOI XiMii, HAHOTEXHOJOTiH Ta TKAHMHHOI IH)XXEHepil KiCTKOBUX
3aMiHHUKIB.

Knruoei cnosa: ziopoxcuanamum, amopgruii pocpam xkanvyis, QyHkyis padianvro2o po3noodiny amomie, mooens Ilosuepa.
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Kanwyito 3a 00nomo20io pynkyii padianvroeo poznodiny amomis. Bicunk XHY imeni B. H. Kapasina. Cepis «®i3ukay. Bum. 42. 2025;
37-42. https://doi.org/10.26565/2222-5617-2025-42-04
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BCTYII

lapokcnamatur (I'’A) € OCHOBHUM MiHEpajbHUM
KOMIIOHCHTOM TBEPIUX TKAaHWUH JIOAWHU Ta TBapuH [1].
BiH mmpoxo BUKOPUCTOBYETHCS Y MEAMUHIN MPAKTHIL SIK
iMmanT. Halimommpenimmm numsixom oxepkanHst ['A e
METOJI OCaJKEHHS 3 BOAHOTO po3uuHy [2-5]. IIpu upomy
OZIEPKYIOTh OCa, KU CKJIATA€ThCS 3 HAHOYaCTHHOK.

Amopduwmii pocdat kambitito (ADK) yTBoproeThcst Ha
PaHHIX cTajisax ocakeHHs ['A 3 BogHux po3unHiB [6]. Ls
pCYOBMHA Ja€ INMUPOKWN 1udy3HUH MakCUMyM Ha
peHTreHorpamax B iHTepBaii KyTiB mudpaxiii 26 29.0°—
30.5°, skuit € xapakTepHUM I aMOp(HUX pedoBHH [7].
s cmomyka € HecTabiIpbHOIO 1 uepe3 MACSIKUH dac
TpaHcdopmyeTbest y Kpuctamiyny ¢azy — A [8]. Cuin
3a3HAYMATH, M0 y TBEpAMX TKaHWHaX onuHn ADK
MICTUTBCS Y 3HaUHIH KimbKocTi mopsia 3 ['A [9-12].

3a oCTaHHE AECATWIITTS OyJO TPOBENCHO YHCENBHI
JMOCTIDKCHHS,  NPUCBSYCHI  BH3HAYCHHIO  CKIIAY,
CTPYKTYypH  Ta  (QYHKIIOHAIBHUX  XapaKTEPUCTHK
amopdroro docdary kamsiis [13-17]. Ix pesynsratu
Oararo B 4OMy € CyNepewIMBUMH. THUM He MeEHbIIE,
po3yminHs TporeciB  kpuctamzamii A 3 ADPK €
BOXJIMBUM [UJII CTBOPEHHS HOBUX OiomarepiamiB i3
3aJJaHIMH (PYHKIIOHATHPHAMH XapPaKTCPUCTHKAMH.

JlochmikeHH ~ CTPYKTypH  aMOp(HUX  PEYOBHH
MIPOBOIATH 38 JOTIOMOT 00 o0y 0BY (PyHKIIIT paialbHOTO
posmoxainy artomiB [18-20], ska M0O3BOJIIE BCTAHOBUTHU
MDKATOMHI BIZICTaHI MK pI3HUMH THIIAMH AaTOMIB,
po3paxyBaTH KiJbKICTh aTOMiB, SKi JIOKQJIi30BaHO B
mepri - Ta KOOpAMHAIIMHUX  cdepax, Ta
o0y ayBaTH MOJIENb CTPYKTYpH aMOp(HOI pe4OBHHHU.

Metoro poGoTu  OyJO TPOBECTH  JOCIiPKCHHS
CTpyKTypu amop¢Horo ¢ocdary KaJbIlif0o METOIOM
noOynoBu Ta aHanizy (yHKUii pagiagbHOrO pO3MOALTY
aTOMIB.

1HIITHUX

METOJUKA EKCIIEPUMEHTY

Cunres A®K mnpoBoaun METOAOM OCAIXKEHHS 3
BOJHUX po34MHiB [2]. SIK BHXiAHI KOMIOHEHTH peaKmii
BUKOPHUCTOBYBAJIM PO3YMHH  HITpaTy KalbI[il0 Ta
rigpodocdary amoHito, ski Opainu y pi3HHX MPOMOPLILX
mob oTpuMaTH crexiomeTpuyHe BigHomeHHs Ca/P B
intepBami Big 1 go 2.13. [0 peakmiro MPOBOAMIN
npoTAroM 1 XBWIIMHM IpU Oe3repepBHOMY IIepeMilTyBaHH1
peakuiitHol cymimn. Temmeparypa CHHTE3y CTaHOBHIIA
19 °C. BigokpeMieHHsI OTPUMAHOTO 0CaIy BiJl MATOYHOTO
PO34YMHY 3iHCHIOBAIOCH 32 JONOMOTOor0 (inbrpanii. Jami
OTPUMAHHUI Ocall BiAKaYyBalU y BaKyyMHId CHCTEMi IO
ticky Ommsbko 107! ITa. lle 103BONMIO BHAANMTH i3
3pa3KiB BOAy. 30epiraHHs OTPUMAHHX 3pa3KiB MPOBOIMIIN
Y MOpO3WIbHIM Kamepi mpu Temmeparypi -19°C y
MOPO3WIBHIH Kamepi.

Bin oTpuMaHmMx 3pa3kiB 3HIMaIH PEHTTEHOTpaMHU B
iHTepBadi KyTiB mudpakuii Bim 7° mo 60° y migHOMY

BHUIIPOMIHIOBAaHHI 32  JIOMOMOTOK0  PEHTICHIBCHKOTO
mudpaxromerpa JIPOH 2.0 (U =30 kB, I = 10 MA).

OOuncinenHs (yHKIIT pafialbHOrO PO3IOIUTYy aTOMIB
(®PPA) 3nilicHIOBaJIX B JACKiTbKa €TAITIB:

. BU3HAYCHHS! KPUBOI PO3CIIHHA PEHTI€HIBCHKHUX
IIPOMEHIB BiJ| 3pa3KiB;

. BHU3HAUYEHHS CTPYKTYPHHUX (PAKTOPIB PO3CISHHS,

. obuncnenns OPPA.

Ha nepmomy erani 37iliCHIOBaBCSl pO3paxyHOK BILIHBY
TOTJIMHAHHA ~PEHTTeHIBCBKUX NPOMEHIB y 3pasKax,
koedimieHTa TMONSIpU3alii, a TaKoX HEKOTEPEHTHOTO
pO3CilOBaHHSI Ha IHTEHCHBHICTb PO3CISHOTO CHUTHAIly BiJ
3pasKa:

Texp(s)
I(s) =——-, €Y)

P xA

4msin 6

2

ne lexp(S) —3HaueHHS IHTEHCHBHOCTI  PO3CISTHHOTO
BUINIPOMIHIOBaHHS  3pa3ka, OTpUMaHe i  dYac
EKCIICPUMCHTY, P — dakrop MOJISPH3aIlii,
A — abcopOuiiHuii ~ MHOXHHK, O—KyT  audpaxiii,

A — IOBXMHA XBUJII PEHTI'€HIBCHKHUX ITPOMEHIB.

Ha apyromy erami Bu3HaYalyd CTPYKTYpHiI (aKTopH
po3citoBaHHSI BiJ amopdHOro 3paska 3a HaCTYITHOIO
(dbopmyoro:

1(S) x k = @{(S) — Ik

Y(s) = 7 @

n 2

02) = Y i)

i=1

ne k — HopMyBaJIbHa CTaJa, /1 — KUIBKICTh COPTIB aTOMIB Y
MOJIKYJ, #; —aTOMHA KOHIEHTpalis, f; — aTOMHUN
(dakTop po3cisHHA, [ — IHTEHCHBHICTh HEKOT€PEHTHOTO
PO3CifOBaHHS.

n

92s) = ) mf?. )

i=1

PanianeHy QyHKIiI0 po3MOALTy aTOMIB 00YHCITIOBAIIN
HA IiJICTaBi HACTYITHOTO CITiBBiTHOIICHHS:

4R?p = 4R?p, +

Smax

2R 1(S) X k — F(S) = Inx\ .
.|.7 ( 2(5) sin(sR)dS.(4)
Smin
_d
Po =% my
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e my—Maca aromMa BOIHIO, A —aTOMHa
d — TyCTHHA PCYOBHHHU.

Oo6uucinenuss ®PPA 3mificHIOBanM 3a JIOMOMOTOIO
KoMIT 10TepHO1 porpamu PDFGetX [22].

Jns mopiBHSAHHA OTPHMAaHUX Pe3yJbTATiB 3 AaHUMH,
MPUBEJICHUMU y  JITEpaTypi, BHKOPUCTOBYBAIU
ctpyktypHy monenb ADK, sky 3ampomonysaB I[loznep

[23].

Maca,

PE3YJIbTATH TA iX OB OBOPEHHS

Ha puc.l naBeneni pentreHorpamu 3pazkiB ADOK 3
pizuuM BigHomenHsMm Ca/P. Ha Hux npucytHi 2 audysHi
MaKCUMYyMHU B iHTepBai KyTiB Big 25° mo 35° Ta Bix 40 °©
1o 60°. Takuii BUTIISAA PEHTTCHOTPAMH € XapaKTePHUM IS
amopdumx MatepianiB. Kpim toro, nudy3auii MakcuMym
HE BUSBJISIE 3HAYHOTO 3CYBY 31 30UIBIIICHHIM BiTHOIICHHS
Ca/P.

— Ca/P=1.00
—Ca/P=1.50

Ca/P=1.67
—CalP=2.13

10 15 20 25 30 35 40 45 50 55 60

20,
3pa3KiB

|HTEHCUMBHICTB

Q

Puc. 1. PearreHorpamu ADK 3 pi3zHEM

crisBigHoIeHusam Ca/P.

Fig. 1. X-ray diffraction patterns of ACP samples with
different Ca/P ratios.

Ca/P=2.13

CalP=1.67

Ca/P=1.5

0 5 10 15 20
R, A
Puc. 2. dyHK1il pamianbHOTO PO3MOITY aTOMIB s
A®K 3 pizanm BigHomeHHsM Ca/P.

Fig. 2. Radial distribution functions of atoms for ACP
with different Ca/P ratios.

OCKITbKY PEHTI€HOTpaMH BiJf aMOp(HHUX 3pa3KiB HE €
IH(OPMATHBHUMH 3 TOYKH 30pY BU3HAUEHHS CTPYKTYPHHUX
XapakTepucTuk, Oynmm mobymoBani DPPA 3rigno i3
BKa3aHOIO BHIIC METOTUKOIO (pHC. 2).

Sk BugHO, ®PPA MaroTh moiOHUN BUTIIA, IPH IIBOMY
TOJOBHI MaKCUMyMH Ha HHUX pPO3TaIllOBaHi B iHTepBai
MiskaToMHEX Bifctaneit Bix 0 A 1o 10 A.

[opiBHSHHA TONOXKEHHS MakcumyMiB Ha OPPA
(puc. 3 — puc. 6) i3 MOAEIUTIO KpUCTAIIYHOT cTpyKTYpH ['A
(puc. 7) mokasye, 110 BOHH BiANOBiAalOTH MiKaTOMHHUM
Bimcrausam B ['A.

?
0,9207

I, BigH. oA.
[}s]

8 20 22

Puc. 3. OysK1is pagianpHOTO po3noainry aromiB ADK 3
BigHomenusam Ca/P = 1.

Fig. 3. Radial distribution function of ACP atoms with
the ratio Ca/P = 1.

M
o
o
o]
©
o

I, BigH. oA,

2 14 16 18 20 22

Puc. 4. Oynkuist pagianpHOTO po3noxiny aromiB ADK 3
BijHomeHHsiM Ca/P = 1.5.

Fig. 4. Radial distribution function of ACP atoms with
the ratio Ca/P = 1.5.

Kpim Toro, cmig 3a3HaYUTH, IO TOJOXKEHHS MiKiB Ha
kpuBnx @OPPA wmaibke He 3aleXuTh Bif CTeXioMmeTpii
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3paskiB. Lli pe3ynpTaTH BKa3ylOTh Ha Te, IO 3Pa3KH 3
pizHuMu BinHOmeHHsMU Ca/P MaloTh CXOXY CTPYKTYpY,
sika OyJia 3arporionoBana y Mozeni [Tosnepa.

9
8’ -~
8
64 oS
g 5]
o i_
z
=R 22
m 27 o 0
~ 1 ~
1] © 2
¢
-1_’ 29 QOQOQH"CI)'I'O
-2 86/21313338(8 33
2 0 2 4 6 3 10 12 14 16 18 20 22
R, A

Puc. 5. Oynkuis pagiansHoro posnoairy aromis ADK 3
BigHomenasM Ca/P = 1.67.

Fig. 5. Radial distribution function of ACP atoms with
the ratio Ca/P = 1.67.

3rigHo miei Mmozeni [23], A®K ta I'A ckiagaroThes 3
chepryHUX KJIACTEpiB, SKi MATh CTPYKTYpy (puc. 8).
PesynbpTatn maHoi poOOTH MiATBEPIKYIOTH IF0 MOJEIH Ta
te, mo ADK Ta I'A mMaroTs ogHakoBi OyziBesbHI OJI0KH, a
caMme CKIamarThes 3 kimactepis [To3uepa.

7 —
7 o
5] 3
5] ©

4]

g ]

> 3]

T |

g 2

m 4

- 1
Cu_
-1 md g
il Qa o‘-?o.— 3|
2] 238381333 888¢
20 2 4 6 8 10 12 14 16 18 20 22

R, A

Puc. 6. ynkuis pagiansHoro posnoairy aromis ADPK 3
BignomenusMm Ca/P = 2.13.

Fig. 6. Radial distribution function of ACP atoms with
the ratio Ca/P =2.13.

[Mimuac kpuctamizanii I'A i3 A®K xiactepu [To3znepa
YIOPSAAKOBYIOTbCS Yy  TNPOCTOpI  Y3JOBX  IEBHUX
KpHucTajorpagpiqHux HaNpsSMKiB 3abe3neuyroun
(hopMyBaHHS KPUCTAJIIYHOI TPATKH.

Puc. 7. llpoexmiss  kxpuctanmigaoi crpykrypu [A Ha

oty (001).

Fig. 7. Projection of the crystal structure of HA onto the
(001) plane.

—>

Puc. 8. Ctpyxrypa knacrepa [To3nepa.
Fig. 8. Posner cluster structure.

BUCHOBKH

TakuM YUHOM, TPOBEACHE NOCHIIKEHHS CTPYKTYpH
A®K i3 crexiomerpuunumu BigHomennsmu Ca/P Big 1 no
2.13. mokazano, mo amoppHHU ¢ocdaT KambIifo Ta
TiIPOKCHANIATUT MAIOTh CXOXY CTPYKTYPY 1 CKJIQaloThCs
3 kiactepis [To3uepa. Takox OyI10 Moka3aHo, 1o GyHKIT
paziagbHOTO PO3MOITY aTOMIB y IIMX 3pa3kax MaroTh
NOAIOHHUH BUTIISA, TIPY IbOMY IIOJIOKEHHS! MAaKCUMYMIB Ha
X (QYHKIISX BiAMOBIAAOTH MDKATOMHHM BiICTaHAM Yy
ctpykTypi T'A. A®K Ta I'A cKIamarThCs 3 OJHAKOBHX
CTPYKTYPHHUX €JIEMEHTIB, SKi yNOPSIKOBYIOTBCS Y
npocropi  mimyac kpucramizauwii ['A, 3a0e3nedyroun
PI3HOMAHITTSI KPUCTATIYHUX CHONIYK (hochaTiB KaNbIito0.
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STUDY OF THE STRUCTURE OF AMORPHOUS CALCIUM PHOSPHATE
BY THE RADIAL DISTRIBUTION FUNCTION OF ATOMS

R. V. Vovk, K. I. Sokol, D. V. Rohkmistrov, A. V. Goncharenko

V. N. Karazin Kharkiv National University, Svoboda Sq. 4, 61022, Kharkiv, Ukraine
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Received on April 11, 2025. Reviewed on May 17, 2025.
Accepted for publication on May 23, 2025.

This work presents the results of a study on the structure of amorphous calcium phosphate (ACP), synthesized by precipitation
from aqueous solutions with the stoichiometric Ca/P ratios ranging from 1 to 2.13. This material represents an important intermediate
phase in the formation of crystalline hydroxyapatite (HA) in solution. At the same time, HA is the main inorganic component of the
bone tissue in humans and animals. It is widely used in biomedical technologies. Due to the structural features of amorphous substances,
the X-ray diffraction patterns of ACP exhibit broad diffuse maxima, which makes it impossible to use traditional methods of X-ray
structure analysis. To obtain detailed information about the spatial arrangement of atoms in ACP samples, a pair distribution function
(PDF) was constructed based on experimental X-ray diffraction data processed using the PDFGetX software. The study have been
showed that the PDFs of all samples have a similar appearance: the main maxima are located within interatomic distances up to 10 A,
and their positions change only slightly with increasing Ca/P ratio. This indicates that all samples have similar local structure regardless
of their chemical composition, synthesis method, precipitation conditions, and processing parameters. Comparison with literature data
confirmed the Posner model, according to which both ACP and HA are composed of the same cluster elements — spherical nanoclusters
of CaQ(PO4)6.

Thus, even in the amorphous state, ACP exhibits local ordering characteristic of crystalline HA. The obtained results are important
for understanding the mechanisms of HA nucleation and growth from the amorphous phase and can be used in the development of new
biocompatible materials with controlled properties, particularly in the fields of implantology, orthopedics, regenerative medicine,
dentistry, pharmaceutical chemistry, nanotechnology, and bone tissue engineering.

Keywords: hydroxyapatite, amorphous calcium phosphate,atom radial distribution function, Posners’ claster model.
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“FRACTALIZATION” OF THE SOLID-STATE PHYSICS
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It has been demonstrated that in modern solid-state physics, in accordance with the nonlinear and systems paradigms
formulated by L. F. Chernogor in the late 1980s, many processes in open, nonlinear, dynamical systems are occurred to
be very complex, nonlinear, short-time, ultra-wideband, or fractal.

Moreover, from the point of view of the fractal paradigm put forward in the early 2000s by V. V. Yanovsky, fractality
is generally considered as one of the fundamental properties of the surrounding world. Therefore, the study of fractal
characteristics, in particular, of natural physical processes and objects in the field of solid-state physics, is appeared to be
relevant, interesting, useful and promising.

The main stages of the development of the fractal approach in general are briefly discussed. It is pointed that it was
occurred to be too hard to formulate a strict and clear mathematical definition of a fractal. The definition of a fractal been
formulated by. K. Falconer and been agreed by the most speciallists as the best for practical usage is considered in detail.
Main numerical characteristics of a fractal as well as the modern classification of fractals are considered. The general
principal differences existing between the mathematical fractals and physical (or natural) ones as well as between the
mono-fractals and the multi-fractals are clearly explained. A review of the main methods for estimating the Hurst fractal
dimension is provided.

The main existing directions of "fractalization" of modern solid-state physics are highlighted. Relevant examples are
given.

It is noted that images with certain fractal properties play an important role in the "fractalization" of solid-state physics.
The use of the two-dimensional Weierstrass function is proposed for modeling images with fractal properties. As an
example, the modelling of the unidirectional twin structure observed in the YBa,Cu3O7.s crystal is considered. A
comparison between the model image based on one-dimensional Weierstrass function with defined value of the Hurst
fractal dimension and real experimental one is demonstrated.

Keywords: nonlinear paradigm, fractal paradigm, fractal approach, Hurst fractal dimension, fractal image, two-dimensional
Weierstrass function.
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INTRODUCTION

It is well known that being a valuable and important part
of modern physics, the solid-state physics studies the open,
dynamical, non-lianear, complex, quantum-mechanical
systems, which consist a number of the open, non-lianear,
complex, quantum-mechanical subsystems (see, for
example, [1, 2]). These subsystems interact strongly with
each other and, therefore, can be successfully described in
bounds of so called the non-linear and the system
paradigms been formulated in 1980s by Prof.
L. F. Chernogor (Kharkiv, Ukraine). The non-linear and
the system paradigms claim that many processes as natural
as artificial origin which have been generated in the open,
complex, non-linear, dynamical system on influence, in
particular, of the powerful, non-stationary source of energy
release are appeared to be short-time, ultra-wideband, non-
linear and fractal ones [3].

Namely the last possibility is appeared to be very
important in bounds of present paper. Moreover, as it has
been claimed in 2003 in so called fractal paradigm
proposed by Prof. V. V. Yanovsky (Kharkiv, Ukraine), the
fractality at all is appeared to be one of the most important
initial properties of the world around us [4, 5].

The purposes of the paper are to demonstrate a present
state of the “fractalization” process occurring in the solid-
state physics and to attract the attention of the specialists to
new occurring possibilities for successful investigations.

FRACTAL APPROACH EVOLUTION

Now it is well known that the term “fractal” was
introdused by world famous American mathematican and
physicist B. Mandelbrot (1924-2010) in 1975 in a rather
philosophical essay [6] published initial in French. In 1977,
this work was translated into English [7], but did not gain
a wide popularity. For this reason, the true “fractal
revolution” is considered to have begun in 1982 with the
publication of a book [8] that gained worldwide fame.

It is very important to point that comparing with
traditional Euclidian geometry, which was a basis of all
human civilization up to present time, the fractal concept is
principally a new approach to describing of the
surrounding world [8]. In comparison with familiar
triangles, rectangles, circles, pyramids, prisms, spheres etc,
the fractals being very complex fractured and disordered
structures are appeared to be an unique tool, which has
much more high level of complexity, and, thus, allows
describing the world around us much more accurately and
adequately [8]. Application of the fractal approach called
frequently as “fractalization” requires to provide a real
revolution in the chosen investigation direction, where it is
assumed to be provided.

As it should be waited, the process of “fractalization” in
different brunches of modern science and engineering was
neither simple, nor smooth and unambiguous (see, for

example, [9]). Historically, the “fractalization” process can
be divided on the next four stages [9].

During first of them called as “The era of monsters”
(mid-19th century — early 1960s) in mathematics, the set of
first fractals had been created. For example, in 1873, the
first continuous nowhere differentiable function was
proposed by world famous German mathematician
K. Weierstrass [10]. Moreover, there is an information that
famous Italian mathematician B. Bolzano had constructed
a function with similar properties, probably before 1830,
although this fact appeared to be known only in 1930 [11].
Nevertheless, despite of appearance of the works related to
fractal ideas and created by such worldwide known
specialists as K. Weierstrass (1815-1897), G. Cantor
(1845-1918), G. Peano (1858-1932), A. Lebesgue (1875—
1941), F. Hausdorff (1868—1942), A. Besicovitch (1891—
1970), B. Bolzano (1781-1848), E. Cesaro (1859-1906),
H. von Koch (1870-1924), W. F. Ostgood (1864-1943),
W. F. Sierpinski (1882-1969), K. Menger (1903-1985),
P. S. Urysohn (1898-1924), A. Poincaré (1854-1912),
G. Riemann (1826-1866), J. Darboux (1842-1917),
L. Bachelier (1870-1946), F. d'Alb (1868-1933), P. Levy
(1886-1971), L. Richardson (1881-1953), J. Zipf (1902—
1950), G.Hurst (1880-1978), G.Julia (1893-1978),
P. Fatu (1878-1929) etc, the point of view of the world
scientific society about fractals at all had remained
extremally negative and disparaging. In particular, in 1893,
a real example of such non-constructive approach had been
shown by another worldwide known mathematician
C. Hermite (1822—-1901), which called the fractals even as
“monsters” [12]

Thus, that time the fractals had been considered as a
pathology of interest only to researchers who abused
mathematical quirks, and not to true scientists at all [6—8,
13]. By the way, even today some respected specialists
repeat sometimes these ideas (see, for example, [14]). A
wish of authors to prevent the quite possible appearing of
this unacceptable situation among the solid-state physics
specialists is another (hidden) aim of this paper. On our
opinion, most likely, the main cause of negative relation of
somebody to the fractal concept can be simply explained
rather by insufficient amount of available information and
time needed to understand it than by existence of real
difficulties, troubles and contradictions.

The second stage called as “The preparatory stage”
(early 1960s — 1975) deals with the information
accumulation. Namely that times, B. Mandelbrot, in his
own words [8, 15], collected and analyzed any information
related the fractals in any way, tried to generalize it and to
do somewhat acceptable conclusions.

The third stage named as “The stage of formation and
development” (1975 — early 2000s), more likely, was the
most difficult and problematic as well as at first time the
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fractal approach was appeared to be misunderstood and
unaccepted by most scientific society.

However, thanks to Mandelbrot's enormous efforts,
connected, first, with publication of a number of his new
books and papers (see, for example, [16-21]) and, second,
with many organized scientific conferences on fractal
themes, the situation gradually began to change. Even his
consistent opponents gradually turned into his no less
ardent supporters. In that time, many different objects and
structures have been discovered not only in physics, but
also in astronomy, electronics, materials science, signal
and image processing, computer networks, chemistry,
physical chemistry, biology, physiology, psychiatry,
biophysics, biochemistry, medicine, geology, geography,
geophysics, geochemistry, climatology, meteorology, soil
science, ecology, computer science, finance, archeology,
architecture and design, and even in music and literary
works, as well as in painting (for example, in the paintings
of M. Escher and S. Dali, in the canvases of K. Hokusai,
A.Durer and Leonardo da Vinci), urban culture,
psychology, management and other humanities and social
sciences. In fact, it was a real worldwide triumph of the
fractal concept, which has been called by some authors
(see, for example, [22]) as “a fractal fever”.

Today we are living on the fourth (the last, but not the
least!) stage called as “The modern stage” (early 2000s —
present day). As a result of the successful numerous
applications of the methods of fractal geometry, fractal
analysis, fractional calculus, in various fields of science
and engineering, many separate “fractal” directions are
formed and distinguished, for example, fractal
electrodynamics, fractal radiophysics, fractal radar, fractal
physics, etc. (see, for example, [4, 9, 23-26]). Many real
effective technologies based on the use of the fractal
approach have been created and implemented in practice.
Thus, the fractals have been finally transformed from an
abstract mathematical idea, understandable only to a
narrow circle of specialists, into a significant and powerful
force capable of changing the surrounding world.

More close review regarding a modern state of the
fractal approach implementation in science and
engineering and covering a number of useful references
can be found, for example, in the papers [9, 23-25].

It is necessary to say a few words about the generally
accepted terminology, which will be used here later.

It seems to be some surprising and strange, but it is very
difficult to define a fractal strongly from mathematical
point of view. Moreover, in 1999 after some attempts,
B. Mandelbrot just refused to do this at all [17]. So,
although on the present day, there are near ten such
definitions [9], as a rule, the most generally accepted from
them was recognized as the one given by K. Falconer in
1990 [9]. According that [27],a set R is called a fractal if,
among its properties, there are the following: 1) the set R

has a fine structure, i.e. it is detailed at the smallest scales;
2)the set R is asufficiently irregular structure that it could
be described by traditional geometric methods (Euclidean
or Lobachevsky geometry, etc.) both at the local level and
at the level of the entire structure; 3) the set R has a
property of self-similarity both in an approximate form and
in a statistical one; 4) usually the fractal dimension of a set
R (defined in some way) turns out to be greater than its
topological dimension; 5) in most cases the set R is
defined in a very simple way, possibly recursively. In 1996,
K. Falconer has added the sixth property: 6) often the set
R is of natural origin [28].

On the origin, all the fractals can be divided on
mathematical and physical (or natural) ones (see, for,
example [7, 8, 13, 15, 16]). Mathematical fractal is a
fractal, which exists in imagination of the mathematicians
only. This is an ideal abstract object, which has the self-
similarity (or self-affinity) properties on the scales from
some maximal value to the minimal value, which towards
fundamentally to zero. Physical fractal is a fractal really
existing in surrounding world. It is important to point that
it’s minimal scale, in which their fractal properties exist, is
appeared to be greater than zero. A physical fractal can
have as natural origin, as artificial one. All mathematical
fractals can be considered as convenient models of the
really existing physical fractals.

Both the mathematical and the physical fractals are
occurred to be divided on deterministic (or regular) and
stochastic (or unregular random) ones (see, for, example
[7, 8,13, 15, 16]). Regular fractal is a fractal, which has a
fully deterministic algorithm for their creation. The regular
fractals are occurred to be divided on algebraic and
geometric ones. For geometric fractals, self-similarity (or
self-affinity) is covered in their geometric structure, for
algebraic fractal, this occurs for their numerical
characteristics. At the same time, stochastic fractal is a
fractal, in which there is at least one stochastic parameter.
The stochastic fractals are self-similar (or self-affine) in
stochastic sense. In the most cases, all natural and artificial
physical processes, objects and phenomena are appeared to
be physical fractals.

To describe the fractal properties of the objects
investigated, a set of numerical characteristics are used
(see, for, example [7, 8, 13, 15, 16]). The most known and
usable characteristic is a fractal dimension. For
mathematical fractals, the Hausdorff — Besicovitch
dimension is usually applied. For physical fractals, a
number of other fractal dimensions are used. There are
many such dimensions, for example, the cluster dimension
[29], the capacity dimension [13, 30], the box-counting
dimension [31,32], the Hurst dimension [6-8], the
pointwise dimension [33], the informational dimension
[33], the generalized Renyi dimensions [34], the mass
dimension [35] and many others. On the number of fractal
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dimension values needed for describing the fractal
properties of an object investigated, all fractals are
appeared to be divided on mono-fractals and multi-fractals
ones (see, for, example [7, 8, 13, 15, 16]). A mono-fractal
needs only one such value, but a multi-fractal requires
more than one. At the same time, all the fractal analysis
methods are divided on mono-fractal and multi-fractal ones
too. In general, the firsts of them are based on the fractal
dimension estimation, the seconds — on application of more
complex approach grounded, in particular, on so called
‘traditional multi-fractal formalism’ (see, for example, [36,
37]). In bounds of the traditional multi-fractal formalism
(or so called ‘P-model’), there are a set of different
numerical characteristics including, in particular, the
spectrum of generalized fractal dimensions, the scaling
exponent, the multi-fractal spectrum function and others. It
is important to point that as the mono-fractal analysis can
be used to the multifractals, as the multi-fractal analysis
can be applied to the mono-fractals. In such cases there are
no principally problems and prohibitions. By the way, there
are another multi-fractal approaches, for example, the
multifractal formalism by Chabra and Jensen [29], the
informational interpretation of multifractal formalism [29],
the L-model of multifractal formalism [29], the
Mandelbrot’s approach (or so called ‘Holder analysis’)
[16, 19, 38, 39].

THE HURST FRACTAL DIMENSION
In fractal analysis at all, one of the most known and
frequently applied numerical characteristics is the Hurst
fractal dimension D,,. In bounds of the so called

generalized (or fractional) Brownian motion model (see,
for example, [6-8]), it is related to another popular
numerical characteristic, the Hurst exponent H , using two
simple relations: D =2—H forthesignalsand D=3-H
for the images.

As a numerical characteristics, the Hurst exponent H
was introduced by H. E. Hurst in 1951 (in the “pre-fractal”
era) in the paper [40] and was used to describe the
statistical properties of random signals and processes (see,
for example, [41, 42].

It is well known (see, for, example, [6-8]), that for
fractals, the Hurst exponent H satisfies the inequality
0< H <1. If the fractal object has the property of
persistence, then 0.5 < H <1, if it has the property of anti-
persistence, then O0<H <0.5. When an object
investigated is appeared to be a signal or a process, it is said
to have a "memory", i.e., the preservation of the tendency
of changes in its persistence and the non-preservation of
the tendency in its anti-persistence. It is important that in
both cases the process becomes predictable in a certain
sense. If H =0.5, then the process is occurred to be purely
random and there is no tendency in its changes. If the Hurst

exponent H for the process is appeared to be outside the
interval H € (0.1) (this is also quite possible), then this
means that the object is non-fractal in this sense. This
approach was later extended to other cases, in particular, to
image analysis.

Today, the Hurst exponent H is successfully used in a
large number of modern methods of signal and image
analysis (see, for example, [43—44]). The most known of
them are the R/S analysis [41], the coarse graining spectral
analysis [46, 47], rescaled-range R/S analysis [48], the
auto-correlation analysis [49], the detrended moving
average method [50], the second moment method [51], the
Peltier — Levi-Vehel’s method [52], the variance plot
method [53], the variogram method [54], the adaptive
fractal analysis [55], the generalized the variogram method
[56], the aggregate variance method [57], the periodogram
method [58], the wavelet transform based methods [29],
the fractional Fourier transform based method [59], the
empirical mode decomposition based method [60], the
dispersion analysis method [61], the scaled windowed
variance method [62] and the signal summation conversion
method [63].

FRACTALS ANS SOLID-STATE PHYSICS

In the solid-state physics, as in other branches of
science and technologies, the “fractalization” process
moves in some different directions.

In condensed matter physics [30, 65-69], the fractal
approach has been successfully used to describe the path of
ramdom walk, the self-avoiding random walk, the
percolation clusters and networks, the random aggregates,
the porous materials, the rough surfaces and the fractures.
The fractal properties are present, for example, in the
small-angle light or neutron scattering, in the growth of
fractal aggregates, in the kinetic theory of dendritic growth,
in the fractal concepts of the structure of crystalline bodies
(in particular, of nano-particles), in the fractal approach to
Debye's theory of heat capacity, in the diffusion on fractal
networks, in the elastic properties of fractal networks, in
the magnetic ordering on fractal networks, in the particle-
cluster and cluster-cluster aggregation models, in the
growth of fractal structures, in the nucleation-induced
crystallization, in the atomic vibrations of percolating
networks (a fracton appearence; fracton is a phonon in a
fractal medium), in the Anderson transition, in the spin
waves in diluted Heisenberg antiferromagnets, in the
transport on fractal structures, in the diffusion-limited
aggregation, in the Josephson junction, in the viscous
fingering, in the dielectric breakdown, in the surfaces of
solids, in the phase transition of percolation, in the
molecular spectra, in the crystallography of quasicrystals
etc. Yet another modern object for fractal properties
investigations is the crystalline metamaterials [70].

Some fractal properties were discovered in the phase
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transitions [71]. For example, fractal structures can be
observed in dendrites formed during crystallization of a
metal or a binary mixture. They have strong similarities to
colloidal aggregates. The analysis of digitalized images of
dendritic structures formed in thin films of Zn and NbGe,
gives fractal exponents of 1.66 and 1.69, respectively.
Another suitable example is connected with phase
transition between magnetic and non-magnetic states of the
substance [72].

The fractality is occurred to be in so called interphase
too. The interphase or the “interface phase” is understood
to be the region between the “perfect” solid phase and the
“perfect” liquid phase. The structure of the interphase has
been studied using the theory of fractals with the result that
different growth models led to the formation of clusters in
the interphase with different fractal dimensions. These
characterize the shape of clusters or the roughness of the
interphase [64].

It is important to point, that the “fractalization” of the
solid-state physics is not over yet and is continued just
now. So, two years ago, an interesting concept of a
generalization of the crystalline order, the ground-state
fractal crystal, were proposed. The authors claim that they
created a simple continuous-space-discrete-field model
whose ground state is a crystal where each unit cell is a
fractal [73].

IMAGE MODELLING WITH
THE WEIERSTRASS FUNCTION

As it was noted above, the images with certain fractal
properties play an important role in the solid-state physics.
To create the simple and convenient mono-fractal and
multi-fractal models of such images, the usage of the one-
and two-dimensional Weierstrass function is proposed.

In the simple case (see, for example, [74]) for a 8-bit
gray-scale image, the intensity z= f(x,y) takes on
integer values in the range from 0 to 255. Then, in a
rectangular Cartesian coordinate system in (x, y, f(x, y))

space, the image as an object is occurred to be a surface.
The one-dimensional Weierstrass function is given by
the relation (see, for example, [27]):

W(x) = ib(‘”)" sin(b"x),

n=1

where b>1, 1<D<2, D
dimension of this function.
Weierstrass function W(x, y)

is the capacity fractal
The two-dimensional
can be obtained as

multiplication of two Weierstrass functions of two
different arguments (X and y correspondently):

W(x,y) =W (W, (¥) 5

Fig. 1. Comparison of the mono-fractal two-dimensional
Weierstrass function model with D, =D, =1.6 (a), the

model twin structure based on the one-dimensional
Weierstrass function with D=1.6 (b) and real
experimental unidirectional twin structure in the
YBa,Cuz07.5 crystal (c).

where

W,(x) = ibﬁ”“”” sin(8"x) ,

n=l1

W,(y)= ibz(Dr2)n sin (bzny) .

n=1

If D, =D,, the model proposed is appeared to be
mono-fractal, in opposite case (D, # D, ), it is occurred to

be multi-fractal. An example of such mono-fractal two-
dimensional Weierstrass function with D, =D, =1.6 is

shown at the Fig. 1a.

As an example of the useful practical usage of the
model proposed, we consider the following.

It is well known, that in some crystals, the so called
“twin structure” can appear. For, example, the twin planes
in the YBa,Cu3O7.5 crystals are occurred to be always
oriented at an angle of 45° to the crystallographic a and b
axes and oriented parallel to the ¢ axis [75]. Such real
experimental unidirectional twin structure in the
YBa,Cuz075 crystal is shown at the Fig. 1c. This structure
can be successfully modelled with usage of the model
given by the relation F(x,y)=W(x)-1 and then rotated

anti-clockwise at the angle of 45°, where W (x) is the one-

dimensional Weierstrass function. At the Fig. 1, b, an
example of such model with D =1.6 is shown. Both
images, model (Fig. 1b) and real (Fig. 1c), are seen to be
very similar. No doubts, the fractal dimension of the model
image can be varied to look for the most optimal value,
when the model and the real image will be most similar.
Moreover, there are no prohibitions to use another
continuous no-where differentiable functions instead of the
Weierstrass function. As such functions, for example, the
Riman function, the Riman — Weierstrass functuion, the
Weierstrass — Mandelbrot function, the Cellerier function,
the Darboux function, the Takagi function, the Van der
Waerden function, the first and the second Faber functions,
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the Schoenberg function, the McCarthy function, the Liu
Wen function can be successfully used.

Thus, the “fractalization” of the solid-state physics is
shown to be interesting, useful and perspective.

CONCLUSIONS

1. The fractality is occurred to be one of the most
important initial and fundamental properties of the world
around us.

2. In the process of “fractalization” of modern science
and technologies, today we are living on the fourth stage
called as “the modern stage” (early 2000s — present day).

3. There are a lot of the fractal analysis methods, as
mono-fractal, as multi-fractal, which are successfully
applied for investigations of the fractal properties (mono-
fractal and multi-fractal) of different objects, systems and
processes in the world around us. The number of such
methods is continuously increasing.

4. In the solid-state physics, the fractal approach has
been successfully applied in the past years, and the new
ideas related to it continue to be used even more widely in
many directions at the present day too.

5. As an example of such new ideas, the proposition to
create the simple and convenient mono-fractal and multi-
fractal models images based on usage of the one- and two-
dimensional Weierstrass function are considered.

6. For the specialists in the solid-state physics,
expanding the use of the fractal approach is insistently
proposed, as well as this promises to obtain a lot of new
and useful information about the objects and the systems
investigated.

7. To avoid accusations of the authors exaggerating the
role of fractals for modern human civilization, it is worth
quoting B. Mandelbrot's own words on this subject:
“Fractals are not a panacea. I do not recommend fractal
methods to everyone and certainly have never tried to
impose them on anyone” [39].
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IMponemoncTpoBaHo, M0 B cydacHii (i3HIli TBEpIOTO Tilla, BIIIOBIIHO 1O HENIHIHHOI Ta CHCTEMHOI MapaaurM, chopMyIbOBaHUX
JI. @. Yepnoropom Hanpukinni 1980-x pokis, 6araro mpoueciB y BiJKpUTHX, HEMIHIHHNX, THHAMIYHUX CUCTEMaX BHSBISIIOTHCS TyXKe
CKJIJHUMH, HENIIHIHHUMH, KOPOTKOYACHUMH, HaJIILIMPOKOCMYTOBUMH 200 (hpaKkTaIbHUMH.

Binbmr Toro, 3 TOYKH 30py (pakTaIbHOI Mapa urmMu, BUCyHyTo1 Ha nodaTtky 2000-x pokis B. B. SIHOBcEKUM, (hpakTanbHICTH B3arani
PO3IIIAAAETHCS K OJHA 3 (yHIAMEHTAIBHUX BIACTHBOCTEH HABKOJIMIIHBOTO CBiTy. TOMy BHBUCHHS (PPAKTANBHUX XapaKTEPHCTHUK,
30KpeMa, MPUPOJHUX (i3HIHMX IPOIECiB Ta 00’ €KTIB y ramy3i (hi3HKN TBEPAOTO Tijla BUSABISETHCS aKTyaIBHAM, I[IKaBUM, KOPHCHUM
i IEPCHIEKTHBHIM.

KopoTKo po3IiIsiHyTO OCHOBHI €TaIi PO3BUTKY (hPaKTAIEHOTO HiIXOIy 3arayIoM. 3a3HaYa€ThCS, 10 BUSBIIIOCS 3aHAATO CKIIAQIHIM
chopMyITIOBaTH CyBOpE Ta YiTKe MaTeMaTHIHe BU3HAUCHHS (pakTana. JleTalbHO pO3IIISTHYTO BU3HAUCHHS (pakTana, copMyiboBaHe
K. ®dankonepom i BU3HaHE OUIBIIICTIO CIEIIANICTIB HaHKpAIMM Ul MPAKTUYHOTO BUKOPHCTaHHA. PO3IJISHYTO OCHOBHI YHCIIOBI
XapaKTepUCTHKN (paKTayia, a TaKoX CydacHy KiIachudikariro ¢paxramis. YiTKO MOSCHEHO 3arajbHi MPUHIUIIOBI BIAMIHHOCTI MiX
MareMaTHYHUMHU Ta (isndaumu (abo mpupomHumu) (pakTanamu, a TakoX MK MOHO- Ta MyjibTH(dpakTatamu. HaBeaeHO orisjg
OCHOBHHX METOJIIB OI[IHKU (ppakTaibHOi po3MipHOCTI XepcTa.

BucBiTieHo OCHOBHI iCHYIOWI HanpsIMKH «(paxranizawii» cydacHoi ¢i3uku TBepaoro Tija. HaBeaeHo BiAMOBIIHI MPUKIIaIH.

BingznaueHo, 10 BaXIMBY PoJib y «(pakraiizanii» (i3uKH TBEpIOTo Tija BiIrpaloTh 300paKeHHs, [0 MAIOTh MEBHI ()paKkTalIbHI
BIacTHBOCTI. J{711 MoaentoBaHHs 300paXXeHb 13 (ppaKTaIbHUMH BIACTHBOCTSMH 3alPONIOHOBAHO BUKOPHUCTAHHS IBOBUMIpHOI (yHKIIT
Betiepmtpacca. Sk npukiaj, po3risiHyTO MOJCIIOBAHHS OJHOHANPABICHOI ABIHUKOBOT CTPYKTYPH, IO CHOCTEPIra€ThCs B KPHCTAIl
YBa2CuzO7-s. [IpogeMoHCTpOBaHO TOPIBHSIHHS MOAEIHFHOTO 300paKeHHSI, 3aCHOBAHOTO HA OXHOBUMIpHIiH QyHKIii Beliepmrpacca i3
3aaHUM 3Ha4YeHHAM (paKTanbHOT po3MipHOCTI XepcTa, 3 pealbHUM SKCIePUMEHTATEHIM 300paKeHHSIM.

Kniwouosi cnosa: wneninitina napaduema, gpakmanvha napaouema, gpaxmanvhuil nioxio, gpaxmaisua posmipnicme Xepcma,
(paxmanvue 300padicenns, dsosumipra QyHkyis Beliepumpacca.
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OUCKPETHMUU QND-NMPOTOKOJ 3AXUCTY 3AMIYTAHOCTI AnA
BENNIBCbKOI NMAPU 3 ®A30BUM 3CYBOM
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HInemumym padiogisuxu ma enexmpounixu imeni O. 5. Yeuxosa HAH Yipainu,
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Mu OLHIOEMO JUCKPETHUH MPOTOKOJ 3aXUCTY 3aILTyTaHOCTI AJIsI OEIUTiBCHKOI ABOKYOITHOI Mapw, 10 3a3HAE YHITAPHOI €BOJIIONIT
3 OJJHOPA30BOIO 3MIHOIO (ha3M mocepen MOCIiJOBHOCTI. TecToBa cxeMa CKIaJaeThesl 3 MiArOTOBKHU CTaHy, ()a30BOTO 3CYBY, SIKHH HE
BIUTMBA€E Ha 3aIUTyTaHICTh 1 IMITye KOPUCHHI KBaHTOBHil IeiiT, Ta (iHAIBPHOTO CTAHAAPTHOTO 3YMTYBaHHsi. MM MOPIBHIOEMO /Ba
BapiaHTH IPOTITOM 3araJbHOTO Yacy eBOMIONIl y 16 yMOBHMX iHTepBajiB 4acy: y Iepmiomy BapiaHTi ¢azoBa omepamis oOpamiieHa
BOMa OJIOKaM¥ 3 I1’SITH APHUX BUMIpPIOBaHb O€3 3UMTYBaHHs, a B €TAJIOHHOMY BapiaHTi Lii BUMIpIOBaHHs BiACyTHi. EdekTuBHICTH
KiJIbKICHO OL[HIOETHCS HAMIMHICTIO F, 10 COMPAETHCSI HA METPHKY KOHKAapeHCy; MU mpuiiMaemo F = 0.9 sik MiHIMalbHO TPHHHATHY
HIDKHIO MEXY, HIDKYE KO arapaTHi LIyMH BKe HEMOXKIIMBO GE3MEYHO KOMIIEHCYBAaTH HasBHUMH CIICLiali30BaHUMHU 3aC00aMH.

MoenoBaHHS TOKa3yl0Th, IO 3aXHIIeHa cxeMa miarpuMmye F > 0.9 ynpoaoBx ychOro iHTepBally CIIOCTEPEKEHb, TOAI 5K
HE3aXHIICHa CXeMa, 32 YMOBH BUIBHOI €BOJIIOLIT B PEATICTHYHUX IIYMOBHX PEXHMaXx, IO TPAIUIIOTECS y CKCIIEPHMEHTaX, IIBUIKO
OIYCKAEThCSl HWXKYE IIHOTO IIOpora Ine A0 3acTocyBaHHA reiita. LI pesynbraTd NEMOHCTPYIOTh, IO MOBTOPIOBAaHI NPOEKTHUBHI
BUMIPIOBaHHS 3aILTyTAHOTO CTaHy B OeJUTIBCHKOMY 0a3uci, peaizoBaHi sk JUCKpeTHi HepecTpykTuBHI (QND) mapHi BumipioBaHHs 6e3
3YUTYBaHH, CyTTEBO YIOBUIBHIOIOTH BTPATY 3aILUTyTAHOCTI MOMPH HAsBHICTH 3B’s3Ky i3 TepmocTatoM. [IpoTokon noTpedye MeHmol
KUTBKOCTI BUMIPIOBaHb, IO BiJIPi3HS€ HOTO BiJl BACOKOYACTOTHUX CXEM 3 BUKOPHCTAHHAM e(eKTy 3eHO.

[Mizxix € Ge3mocepeHbO pENEeBAHTHUM JAJIsI TOHKOTO HAJAIITYBaHHS HAINPOBIIHUKOBHX Ta 10HHUX MPOLECOPIB, AT iHXKeHepii
YHCTHX CTaHIB 1 A ONTUMIi3allil IPOTOKOIIIB, 110 BUKOPUCTOBYIOTh 3MillIaHi 3aIIyTaHi BX1HI cTaHU. 30KpeMa, y IIUX apXiTeKTypax
HPOTOKOJI HPHPOJIHBO IHTErpyeThess 3 HasBHUMH QND-mpouenypamu Ta KepyBaHHAIM (a30r0, 3a0e3leuyroud MOXJIUBICTH
cTpuMyBaHHA AekorepeHdii. [IpakTuyHo 1e o3Ha4yae mepioguyHi poOodi BUMIpIOBaHHS y 1—2 yMOBHI iHTEpBadH 4acy, a TaKOX
MOXJIMBICTh MacITaOyBaHHs 10 0araToKyOITHUX MOJYJIB i3 MOIIMIICHHSIM HaIiHHOCTI TeHTIB 1 CIIPOLIEHUM KaTiOpyBaHHIM.

Kniouogi cnosa: xeanmosa 3aniymauicms;, KOHKApeHc, OeKo2epeHyis; 30epediceHHs 3aniymanocmi; Haodilinicmb K8anmosol
cxemu,; benniecvka 060kyoimna napa, QND-eumiprosanms.

Ax muryBatu: O. M. Konoganenxo, 3. O. Maiizenic. Juckpemnuit QND-npomoxon 3axucmy 3aniymanocmi 0na 6eaniecbkoi napu 3
@aszosum 3cysom. Bicuuk XHY imeni B. H. Kapasina. Cepis «®isuka». Bum. 42, 2025, 53-57. https://doi.org/10.26565/2222-5617-2025-
42-05

In cites: O. M. Konovalenko, Z. A. Maizelis. Discrete QND entanglement-protection protocol for a phase-shifted Bell pair. Journal of
V. N. Karazin Kharkiv National University. Series Physics. Iss. 42, 2025, 53-57. https://doi.org/10.26565/2222-5617-20250-42-05
(in Ukrainian).
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BCTYII

3axuCcT  3alTyTaHOCTI  BiJ  amapaTHOTO  IIyMY
JIMIIAETHCS LEHTPATbHUM BUKJIMKOM 15l cydacHuX NISQ-
miatgopMm (MIyMHUX KBAHTOBUX IPHCTPOIB MPOMIKHOTO
Macmraby). Xowa 3alulyTaHi cTaHd 3a0e3NnedyroTh
KBaHTOBY TIepeBary B  METPOJIOTii, 3B’S3Ky Ta
OOYHCIICHHAX, BOHH BOJHOYAC YKpall dYyTImBI JIO
nedazyBaHHs, 3aracaHHS aMIUIITYOd Ta IEePeXpPeCcHUX
3aBan [1]. besmepepBHa crabimizamis depe3 KBaHTOBHMA
epext 3eHO € e(eKTUBHOK, aje BHMAarae myxe
BHCOKOYACTOTHOTO BUMIPIOBAHHS, IO MOXE 3aBaKaTH
peaizamii anropuTMiB Takoro tuiy [2, 3]. ¥V mii pobori
MH PO3TIIAAAEMO KOMIUIEMCHTAPHUN TMiAXiN: JUCKPCTHI
HepyiHiBHI (QND) nmapHi BuMiptoBaHHs 0e3 39YUTYBaHHS,
10 3aCTOCOBYIOTHCS HABKOJIO KOPHUCHOTO TEUTY 3 OLIbII
ONTUMANIFHOIO ~ YacTOTOK, HiX y edekri 3eHo.
OOpamisitoun  OAWHWYHY  3MiHy  ¢a3u  mocepen
MTOCITITOBHOCTI KOMITAKTHHMH OJIOKaMU BUMIpIOBaHb, MU
MparHeMO MPH3YIUHHUTH  pO3MAaJ  3aIbIyTaHOCTI Yy
(ikcoBaHOMY iHTEepBaJli €BOJIIOLII, HE OTPUMYIOYi
pe3ynbTaTH BHUMIPIOBaHh 1 HE BBOASYM 3BOPOTHOTO
3B’SI3KY, THM CaMHM 30€piratoyu KBaHTOBI CTaHH, 3 SIKUMH
TIPAIFOEMO.

3a3Buuaii, HepyiHiBHE (QND)
nependadae oTpuMaHHs iHGOPMAIIT PO CIIOCTEPEKYBAHY
BEJIMYMHY TaK, IO HACEJICHOCTI y BIACHOMY 0a3mci
BHMIiPIOBAHOTO OIIepaTOpa He 3MIHIOIOTHCS (BUMipPIOBaHHS

BUMIipIOBaHHS

MOBTOPIOBAaHE), TOX CTaH JIMIIAETHCS HPUAATHUM JUIs
MOJAIBIIMX  OOYHCIICHB. Y  Oimpm  cTporomy
¢dopmymoBanHi QND BumiproBaHuii orepaTop KOMyTYE 3

ramMiJIbTOHIAaHOM CHCTEMH IIiJ 4Yac B3aeMomii 3
BHUMIPIOBAJIbHAM MPUCTPOEM,
[4, Ayl =0 .
N _ (D
[4, Hpeas D] =0Vt € [0,7T],

10 TapaHTy€e 30epeKeHHS BIACHUX CTaHIB (3 TOYHICTIO J0
Bitomux ¢a3). llupme mOHATTS BHUMIpIOBaHHA «0e3
3untyBaHHS» B NISQ-mpHCTpOsSiX OXOIUIOE KOTE€pEeHTHI
MIPOTOKOINH, /1€ aHLIWIN 3aILUTyTYIOThCS JUI NEPEeHECCHHS
kmacuuHoi  iHdopmarii, ska gam  oOpoONIIETHCS
¢bindopBapaHUM yHITApHEM KepyBaHHSM. [licns 1poro
aHIIWIA BHKOHYIOTh «pO03004HCIeHHs» (uncompute),
YHUKAIOUH JTUCHITATUBHOTO 3YUTYBaHHS [4].

OOMexxeHHs, IO HAaKIaJaloThCs NpU IbOMY Ha
cucTeMH KyOiTiB, 3aexaTh BiJl IIaThOpMH, Ha SIKiil BOHN

peami3oBaHi, aji¢ MawTh CHUBHI pucu [5-7]. VY
HAAMPOBITHUX CXEMaX [JUCIICPCUBHUI 3B 530K 13
pe3onatopoM  3abesmeuye  QND-BuMiproBaHHS — 3a

omeparopoM Z i3 HEHYJIbOBOIO
iHOyKOBaHe Jeda3yBaHHs, 3aJUIIKOBI 30y/DKEHHS Ta
3aTPUMKH CJIICKTPOHIKHA OOMEKYIOTh BHYTPIlTHBOCX EMHUIMA
3BOPOTHHU 3B’s30K. lOHM B macTkax 3a0e3MeuyrOTh

3BOPOTHOIO TI€I0:

HaJ3BUYAllHO BHCOKY HAaJifHICTh NETEKTYBaHHSA CTaHY,
oIHaK mix yac QiyopecueHwii po3cisHi (OTOHH MOXYTh
NPU3BOJUTH /IO  JIEKOTEpPeHIil  CycCimHiX  KyOiTiB-
«cmoctepirauiy.  Tomy  3actocoByrore  shelving
(mepeBeieHHS B PiBHI, HEUYTJIMBI 10 3UUTYBaHHS), @ TAKOK
MPOCTOPOBE PO3HECEHHsS a00 MIBHJKE TPAHCIIOPTYBaHHS
ioHiB. /I11 MacuBiB HEHUTpPaJIFHUX aTOMIB KPUTHYHUMH €
MepeXpecHuid ONTUYHUHN BIUIMB 1 CKIHYEHHI YacH >KUTTS
pindepriBchKkux Tyt mepeBipkn napHOCTI
METOJaMH Ha OCHOBi piIOepriBCbKOi OJOKagu IaroTh
3MOTYy KOT€PEHTHO KOJyBaTh BEKTOp pe3yJbTaTiB
NepeBipoK CTabii3aTopiB Ha JIONMOMDKHUX KyOitax 0e3
MPOMIXXHUX BUMIpIOBaHb.

YV NISQ-pexumi 3a3Buuail po3risamaloTh ABi 6a30Bi

CTaHiB.

apxitektypu. Ilepma 3 HuX — QND-BuMiproBaHHA 3

MIHIMQJIBFHOIO 3BOPOTHOIO Ji€l0: AWCIepCiiiHI  abo
(hazozbepiranpHi CXeMH 3YATYIOTh 3HAYCHHS
crabimizaropiB  (30KpeMa  MapHOCTi), Maibke He

MOPYIIYIOYH OOUUCIIOBaNIbHUAN mifmpoctip [5, 8]. Skicts
oLiHIOITH 3a noBToproBanicTio (QND fidelity), Tounictio
OJTHOPA30BOT0 3YMTYBaHHA Ta KapTaMHh OMNTHYHOTO
MEPEXPECHOr0 BIUIMBY, 100 KOHTPOJIIOBaTH BIUIMB Ha
cycigni kyoitu [9-11].

Jpyra apxiTekTypa — Il¢ KOT€pPEHTHE BUTSITYyBaHHSA
BEKTOPY pe3yJbTaTiB TEpeBipoK crabimizaTopiB 6e3
MPOMIKHUX BAMIPIOBaHb: OKPEeMHI JOMOMDXHHUU KyOiT 3a
JIOTIOMOT 010 3aIlTyTyBaJbHUX I'eHTiB HaOyBae iH(popMariii
PO TOMHJIKY (BEKTOp pe3yJbTaTiB MEPEBIpPOK) 1 CIyTye
KEpyIOUMM KBAaHTOBMM CHTHAJOM JUIi KOPEKLIHHUX
VHITapHUX TeHTiB (HANPHWKIAA, YMOBHHX (ha30BHX
inBepciit). Ilicms 1poro aHmmMiIa PO30OUHMCTIOETHCS U
cKupaeThest. Takuil migxig 0OXOAWUTh MOBUTBHI Ta ITyMHI
JETeKTOpH ¥ 3MEHIIye dYac IPOCTOI0, IO O0COOIMBO
BaYKJIMBO JJIsI aITOPUTMiB Majoi rmounu [4, 12, 13].

Taki apxXiTeKTypH BiJKPHBAIOTh BHYTPIIIHBOCXEMHY
aganTuBHICTE (OLiHKa amrmiitya/das, MapmpyTH3amis
KyOiTiB, Telenopramiiiai reiitu), 3a0e3MedyroTh MPOCTE
BUSIBJICHHSI MOMMJIOK 13 IIOCTCEJNeKIi€o (MiIBHILYIOUN
e(eKTHBHI HAAIMHOCTI) Ta MiATPUMYIOTh IIOBTOPHE
BUKOPHCTAHHS KyOITiB, KOJIH BUMIpsHI KyOITH IIBHIKO
CKHIAI0Th 1 3HOBY 3aJy4ar0Th sl 30UIBIICHHS JOTTYHOT
rmMOuHKM 3a (ikcoBaHOro amapatHoro pecypcy. Ilpu
KOHTPOJII TAKHX alTOPUTMIB HEOOXiTHO BpaXOBYBATH TaKi
(baxTopwm, sik 30ypeHHs1 (3MIHY NOMyJIALii 32 TTOBTOPHUX
BuMipioBab), QND-mipy (y3rokeHicTh MOCIIJOBHHX
pe3ynbTaTiB), CIIBBITHOIICHHS JATEHTHOCTI OO0 dYacy
neda3yBaHHs, MTOMIUIKA B KyOiTax-«crocTepiraqax» Iif
yac aKTUBHOTO 34UTyBaHHI [5, 6, 14, 15].

VY mepcrnekTHBi aBTOHOMHa cTalumizamis (iHKeHepis
macunarii, ©o3zoHHi koam [16]) Ta mmBuaki FPGA-
KOHTPOJIEPH JIJIsl YMOBHOT'O KEPYBaHHS B peajlbHOMY 4aci
(feed-forward) momoMoxyTh Kpallie y3roJuty HepyiHiBHI
(QND) BumiptoBaHHS 3 pecypcHUME oOMexeHHIMU NISQ.
KiHneBoro Merol € MakCUMi3yBaHHSI 30epexeHHs

Journal of V. N. Karazin Kharkiv National University. Series Physics. Iss. 42, 2025
54 BicHuk XapkiBcbkoro HauioHaneHoro yHisepcuteTy imeHi B. H. KapasiHa. Cepis «®isukax». Bun. 42, 2025



Jluckpemnuii QND-npomoxon 3axucmy 3aniymanocmi 015 0einiécbkoi napu 3 pazosum 3¢y8om

iHpopmarii, a cocobmuBo i HOCIs, 3aIUTyTaHHOCTI,
onTHMi3alis Kol 374aTHa TIEPETBOPHTH CHOTOJHIIIHE
myMHI peanizamii Ha crpaBai  e(peKTHBHI KBaHTOBI
HPOLIECOPH.

CUMYJIALIA EBOJIIOLIIT

TecToBa cuUMyJIAIis BimOyBasiacs Ha TBOX KBaHTOBHUX
cxeMmax, M0 BIIPI3HAIUCS JIMIIE  3aCTOCYBAaHHAM
CICIIaTbHOTO aJrOPUTMY 3aXUCTy BiJl JCKOTCPCHINI Ha
oJHii 3 HUX. Llelf anropuT™ BUKOPUCTOBYBaB HEPYHHYIOU1
BHMIpIOBaHHS 0€3 3UMTyBaHHs, [0 HE NAIOTh iHpopMaIllii
PO CTaHy KBAHTOBOI CHCTEMH, aJie JJO3BOJISIOTH BILTUBATH
Ha Hel 0e3 MOPYIICHHS KBAaHTOBOTO CTaHy. [1’ITHIMKIOBI
0JIOKH 00paHo SIK TaKi, 0 MAIOTh ONTUMAIBHY KUIBKICTh
BHUMIPIOBAaHb IS IEMOHCTpAIlil MOXKJIMBOCTEH 3aXHCHOTO
NTOPUTMY Y MOTOYHOMY YaCOBOMY iHTepBati. [Jis OliHKH
e(eKTUBHOCTI OOYUCIIOEThCS HaAiWHICTF F Ha 0asi
METPUKH KOHKAPEHC MPOTATOM yCi€l CUMYIIAIII.

PE3YJIbTATH TA iX OBGITOBOPEHHSI
Posrmsimanacst  nBOKyOiTHa — cucTema, O SKOi
3aCTOCOBYBajacs HACTYITHA KBaHTOBA cXeMa, 300pakeHa
Ha puc. 1.

MEAS| | MEAS.
q,— I Hcnor| Rz(8) CNOT - H
d
qj
MEAS |MEAS
4,— H Hewor, Rz(6) levor - B —

Y
q, ‘

Puc. 1. ]IBi peanizalii KBaHTOBOI CXeMH 3 KEpOBAHOIO
¢dazoro: (a) Cxema 3 BUKOPHCTAHHSIM BUMIPIOBaHb TSI

30epeKeHHsT 3alTyTaHOCTI CTaHy, 1€ TOCHiIOBHICTh
YHITapHUX Ollepaniii IepeprBacThCs ABOMA iHTEpBAIaMU
BUKOPHCTAHHS HEPYHHYIOUMX BHMIpPIOBaHb, KOJH
CHCTEMa MPOEKTYEThCA B OOUMCIIIOBATIBFHOMY Oa3uci 6e3
3YNTYBaHHA cTaHy. I[lyHKTHpHI JiHIi IT03HAYaIOThH
onHOYacHy nit0o Ha obuaBa kyOitu. (b) AHanoriuHa
KBaHTOBa cxXeMa 0Oe3 BHKOPHCTAHHS BHMIpPIOBaHb JUIA
30epeKEeHHS 3aILTyTAHOCTI.

Fig. 1. Two implementations of a controlled-phase
quantum circuit:

(a) A scheme that employs measurements to preserve
state entanglement, where the sequence of unitary
operations is interrupted by two intervals of non-
destructive measurements, projecting the system onto the
computational basis without reading out the state. Dashed
lines denote simultaneous operations on both qubits.

(b) A similar quantum circuit that omits measurements
and therefore does not preserve entanglement.

EBomrorisi BinOyBaeThcs Ha (hikcOBaHOMY iHTEpBai
T = 16 onununp 1/w, ne @ — MDKpiBHEBa BIICTaHb IS
KyOiTy. 3axXuWIIeHWH BapiaHT CKJIAJAa€ThCI 3 TPHOX
CErMEHTIB: IIepe3aXUCHUI OJIOK 13 I’ ATH BUMIPIOBaJIbHUX
LIUKIIB, 3MiHa a3u 1ocepen TMOCHIIOBHOCTI, Ta
MICISI3aXUCHUH OJNIOK 13 TI'STH BUMIPIOBANIBHUX ITUKIIB.
KoskeH nuki Mae onHaKkoBUii iHTepBan At. Hezaxuienui
€TaJOHHUI aJrOPUTM TMPOIYCKAE€ BHUMIPIOBAJIBHI LUKIIH,
aJie 3arajoM € 9aCOBO 1ICHTUYHHUM, BKIIFOUHO 3 THM CaMHUM
KPOKOM A? i TPUBANIICTIO TEUTIB tyy.

B skocti TecroBoro BXigHOTO cTaHy Oyna oOpana
JIBOKyOiTHa OeITiBCchKa mapa:

|00)+ |11)

|o*) = 7z 2)

3rizHo 00paHOi cXeMH, CHCTeMa 3a3Ha€ YHITapHOI
€BOJTIOIT 3 OJAMHWYUM TeHTOM 3MiHH (pa3u B cepenuHi
mocmimoBHOCTI. Ii  ofpaHo Tak, 106 36epiraTu
3aIDTyTaHICTh MK YaCTHHKAMH, BOJHOYAC 3MIiHIOIOYH
KepoBaHy (a3zy, fKa IMITye KOPUCHUIA IIEMEHTAPHUN TEeHT
NropuTMy. MH MOPIBHIOEMO 1B BapiaHTH: €BOJIIOIO 0€3
3aXMCHUX BHUMIpPIOBaHb Ta 3aXHIIEHY €BOJIOIIIO, y SKid
redr 3miHn ¢Qasm oOpamisiioTh JBa OJOKM MO IT'SITh
HeunTarunx mapaux QND BEUMiproBaHb KOXKEH.

[Tapri QND BuMiproBaHHS Jif0Th B 00YHCIIOBAIEHOMY
0aznci Ta ONHUCYIOTHCS IPOCKTOpAaMHM Ha IiJIPOCTOPH
MAPHOTO i HETIAPHOTO CTaHIB,

M(p) = ApA + BpB,
A =100)00| + |11){11], 3)
B =]01){01] +|10)(10].

BaxnmBo, mo  pesymprath  He  (iKCYIOTBCS
(BuMiproBaHHsI 0€3 34YMTYBaHHS), TOX HE BiIOyBaeThCs

KIaCHYHOTO  3BOPOTHOTO  3B’s3Ky.  baraTtopasose
3aCTOCYBaHHS Takoi ormepamii oOMeXye eBOJIIOLi0
MiApOCTOpaMH  MapHOi  Ta  HEMapHOi  HapHOCTI

(y3romkeHuMU 3 bemniBcbkUM 0a3ucoM), 3aBISKA YOMY
MPUTHIYYIOThCSI ~ HEKOTEPEHTHI  MEpexoad, sKi Yy
MIPUCYTHOCTI 3B’SI3KY 3 CEPEAOBHUIIEM iHAKIIC PYHHYBaIH
0 3amnyramicte. ®a3oBy omepario  BcepeauHi
MOCITOBHOCTI MOJIEITFOEMO TaK:

o)
Up = e 28D ¢ = /3, 4)

o0 3MIHIOE BiTHOCHY (hasy, 30epiraroum 3aruTyTaHdul
XapakTep CTaHy Ta CIYT'YIOYHM MPUKIAJOM KOPHCHOTO
QITOPUTMIYHOTO TEHTY.

JI1st KUTbKICHOT OIIHKY MM BUKOPUCTOBYEMO TTOKa3HUK
HamifiHOCTI Ha OCHOBI KoHKapency. Hexait C(p)
KOHKapeHC, OOuYMCleHHi 13 BiacHUX 3HadeHb {A;} (y
CHaIal0uoOMy TOPSIKY) MaTpUIl pp , e
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p= (0, ®0y)p*(0, ® ),
C(p) =max{0,A; — A, — A3 — A4}. Q)

Toni cama MeTpUKa HAAIIHOCTI Ma€ BHUTJISIIT:

F=10 (6)

Mu mnpuiimaemo F = 0.9 sk MiHIMQIBHO TPUHHATHY
HUKHIO MEXY JUTSI HAMIHHOT pOOOTH: A [iHHS HUXKYE IIbOTO
JIMITY O3Hayae, IO arapaTHUM IIyM OuIbIIe HE MOXKHA
BBa)XaTH 0€3MeYHO KOHTPOJILOBAHNM 32 HAasSBHUX PECYPCiB
IUIAaHYBaHHSI Ta KEPyBaHHS KBAaHTOBOK CXEMOK. Y LHUX
paMKax 3aXHWIIeHa cxema 30epirae BHCOKY 3aIllUTyTaHICTh
VOPOJOBXK YChOTO IHTEpBady, TONI SK HE3aXHWIICHA
€BOJTIOIISl NIEMOHCTPYE INBHIAKE MamiHHI F 1me 10
3aCTOCYBaHHS FeTy MOCepe]] MOCIiJOBHOCTI.

Ha opwuc.2 M™MoxHO mo0ayWTH, 10 BBEACHHS
JMUCKPETHUX, He3unTyroumx mapHux QND BuMmiproBaHb
HaBKoJiO (a3oBoi omepamii 3abe3nedye 30epeKESHHS
HeoOXigHOTO pIiBHSA HamiMHOCTI F TpoOTATOM yChOTO
4acoOBOTO IHTEPBAIY.

o NN
0.95 NN
0.90 i ‘
0.85
w -
0.80
----- 6e3 BUMIPIOBaHbL \‘\
0.75 . hONY
3 BUMIPIOBAHHAMUA ~d
****** Min. gonycrume E,= 0.9 Tl
.7 e
0 %.0 2.5 5.0 7.5 10.0 12.5 15.0
t
Puc. 2. EbexTuBHiCTD aNTOPUTMY 30epeKeHHS

napameTpy HaaiiHOCTI F K GYHKIIiS 9acy ¢ IJisl BUIIAIKy
3 BUKOPHUCTAaHHSM BHMIpIOBaHb (BEpXHs KpuBa) i 0e3
BUKOPHUCTAHHS BHMipIOBaHb (HYDKHS KpHUBa).
MiHiManpHUH 3araJIbHO-IPUHHATHAN PiBEHb BETHYUHH
F mo3HaveHuil TOPU30HTAIBHOIO JIiHI€I0 Ha piBHI F.. =
0.9. BepTukanbHi JiHIi AEMOHCTPYIOTH 30HH Pi3HUX
€TaIiB aJrOpUTMY Y daci.

Fig. 2. Efficiency of the fidelity-preserving algorithm,
showing the fidelity parameter F as a function of time ¢
for the case with measurements (upper curve) and
without measurements (lower curve). The minimal
generally accepted level of F' is marked by a horizontal
line at F.. = 0.9. Vertical lines show the time intervals
corresponding to different stages of the algorithm.

BUCHOBKH

V 1iii poboTi MU OLIHWIN €PEKTUBHICTH TUCKPETHOTO
IIPOTOKOJIy ~ 3aXWCTy 3aIUIyTaHOCTI Ha JIBOKYOITHIH
TecToBil cxeMi. Posrisinanacs mapa 3amryTaHux KyOiTiB,
10 3a3HA€ YHITAPHOI EBOIIIOLIIT 3 0THOPA30BOIO ONIEPAIIi€I0
iHBepcii dasm mocepenuHi. Mu TpoaHamizyBaNM J1Ba
BapiaHTH TPOTATOM 3aralbHOTO dYacy eBoomii y 16
YMOBHHUX OJMHUIIL: TIEPUIUH 13 ABOMa OJIOKaMU 3 I1'SITH
HEYUTAIOUMX IIapHUX BHMIPIOBaHb, LI0 OOpaMIISIOTh
¢dasoBy omnepauito, Ta JpYrud, SKUA B SIKOMY HE
TIPOBOIATHCSI 1M1 JOTIOMIXHI BUMipIOBaHHS.

[Tapamerp wHagiiiHOCTI F Ha OCHOBI KOHKapeHCYy
BUKOPHCTAHO SK METPHKY SIKOCTI pOOOTH aJrOpuTMy, a
ymMoBy F > 0.9 mpuiHATO SK MiHIMajJbHO JOIyCTUMY
HIDKHIO MEXKY, 710 IEPETHHY SIKOi BIIMB anapaTHUX IIyMiB
Ha pe3yJIbTaTH OOYMCIICHb 3aJIMIIAETHCS OOMEKEHHM Ta
MOXX€ OYTH KOMIICHCOBAaHWUH pI3HMMH 3acobamu 0Oe3
3arpo3u KPUTHUYHOI MIKOJM ISl IUX pe3ysbTaTiB. B 060x
BapiaHTaX KBAaHTOBAa CXeMa BKJIOYAa€ MiATOTOBKY CTaHY,
(da3oBHii 3CYyB Y CepeldHI MOCTIIOBHOCTI, IO 30epirae
3aIUTyTaHICTh Ta iMiTye poOOTy KBaHTOBOTO reita, i
¢biHanbHE CTaHAApPTHE 3YUTYBAaHHS; BIJMIHHICTD MiX
JIBOMa BHIAJIKaMH TOJISTa€e JIMIIE Y HassBHOCTI 3aXHCHUX
OJIOKIB BIMipIOBaHb Ie€pe]l TeHTOM Ta IicIs HbOTO.

3axuiieHa cxeMa MNiATPUMYE 3Ha4YCHHS Mapamerpy
HaniiiHOCTI F Ha piBHI He HIpKYe 0.9 ynmpomoBXK ychoro
Mepioy CIOCTEPEKEHHS, TOI SIK Y BHIAJKY HE3aXHUIIEHOT
CXeMH TiJ Ji€l0 BIIBHOI €BONIONIi, IEMOHCTPYETHCA
mBHIKEe TamiHHA F Hiokde piBHI 0.9 me mo dacy
3aCTOCYBaHHS IEPLIOTO TeUTY.

3aranoM, Hair pe3yJbTaTH CBim4yaTh, IO XO4Ya HaBiTh
CTaOKuil 3B’A30K 13 TEIUIOBUMH pe3epByapaMu MOXKe
NOTipIIyBaTH poOOTy KBAaHTOBUX alTOPUTMIB Uepe3
JIEKOTEPEHIIiI0, TOBTOPIOBAaHI MPOEKTHBHI BUMIipIOBAaHHSI
3aIUTyTaHOTO CTaHy B OemiBCbKOMY ©0a3nci CyTTEBO
3MCHIIYIOTh IIBHIKICTH BTpaTH 3amryTaHocti. Lli
BUCHOBKM MalOTh IIPAKTUYHE 3HAYEHHS JUIS TOYHOTO
HQJIAIITYBAaHHA KBAaHTOBHX IIPOLIECOPIB 32 HASABHOCTI
JMHIHHAX 1 AUCTEPCIHUX 3B’S3KiB 13 CEpeHOBUILEM, IS
IKeHepii YHUCTHX CTaHiB, ONTHMI3alii MPOTOKONIB 3i
3MIMIAHAMHU ~ 3aIUTyTaHUMH ~ BXIOHUMH  CTaHaMH, 1
BIZIKpUBAIOTh HANPSMH Ui TIOAQNBIINX JOCIIIKESHb
TEPMOAWHAMIYHOI TOBEAIHKH HU3bKOBIUMIPHUX BiIKPUTHX
KBaHTOBHX CHUCTEM.
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DISCRETE QND ENTANGLEMENT-PROTECTION PROTOCOL FOR
A PHASE-SHIFTED BELL PAIR
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We evaluate a discrete entanglement-protection protocol for a Bell two-qubit pair undergoing unitary evolution with a single
mid-sequence phase change. The test circuit consists of state preparation, a phase shift that does not affect entanglement and emulates
a useful quantum gate, and a final standard readout. We compare two variants over a total evolution time of 16 arbitrary time intervals:
in the first variant, the phase operation is bracketed by two blocks of five two-qubit QND measurements without readout, while in the
baseline variant these measurements are absent. Performance is quantified by the fidelity F, based on the concurrence metric; we take
F = 0.9 as the minimally acceptable lower bound, below which hardware noise can no longer be safely compensated by the available
specialized tools.

Simulations show that the protected scheme maintains F > 0.9 throughout the entire observation window, whereas the
unprotected scheme, under free evolution in realistic noise regimes encountered in experiments, quickly drops below this threshold
even before the gate is applied. These results demonstrate that repeated projective measurements of the entangled state in the Bell basis,
implemented as discrete quantum non-demolition (QND) two-qubit measurements without readout, substantially slow the loss of
entanglement despite coupling to a thermal bath. The protocol requires fewer measurements, distinguishing it from high-frequency
schemes that rely on the Zeno effect.

The approach is directly relevant for fine-tuning superconducting and trapped-ion processors, for pure-state engineering, and for
optimizing protocols that use mixed entangled input states. In particular, in these architectures the protocol naturally integrates with
existing QND procedures and phase control, providing a means to curb decoherence. Practically, this implies periodic in-operation
measurements every 1-2 arbitrary time steps, as well as the possibility of scaling to multi-qubit modules with improved gate fidelities
and simplified calibration.

Keywords: quantum entanglement; concurrence; decoherence; entanglement preservation, fidelity of a quantum circuit; two-qubit
Bell pair, OND measurements.
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PHYSICAL EXPERIMENT IN DIGITAL REALITY: CHALLENGES OF
PRACTICAL ONLINE LEARNING

V. M. Gorbach ““, I. A. Taranova ', O. V. Shurinova
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The transition to distance learning in Ukraine — driven by the COVID-19 pandemic, military aggression, mass emigration, and
infrastructure disruptions — has created major challenges for physics education, particularly in laboratory training. Traditional physics
labs require specialized equipment, which is often inaccessible in remote settings, thus limiting students' opportunities for hands-on
experimental experience. Virtual labs and simulations offer a partial solution but face limitations, such as the inability to fully replicate
real conditions and the need for interdisciplinary development.

This article presents an adapted approach to remote laboratory work, using the experiment “Weiss Molecular Field” as an example.
Originally performed with a pendulum magnetometer, the revised version engages students in calculating and plotting the temperature
dependence of spontaneous magnetization in nickel using the Weiss molecular field theory. Students compare theoretical predictions
for quantum numbers J=1/2, 1, and c with experimental data from the literature. Calculations are performed using MS Excel and the
GRG optimization method. The results show qualitative agreement with experimental curves, particularly for J= 1/2, which supports
the interpretation that electron spins are the primary magnetic carriers in nickel. At low temperatures, Bloch’s spin-wave theory better
matches experimental results than the Weiss model, while near the Curie temperature, deviations from theory are observed.

This adapted lab demonstrates that analytical and computational tasks can effectively substitute for direct experimentation in
distance learning. The approach develops skills in theoretical analysis, data comparison, and scientific computing. Video tutorials,
Excel templates, and interactive visualizations support transparent assessment and active engagement. Surveys revealed a 12% increase
in average performance compared to in-person lab versions, along with improved motivation and deeper conceptual understanding.
This method is a viable alternative for physics education in resource-limited contexts and can be extended to other lab-intensive
disciplines. It also lays the groundwork for a digital lab curriculum that ensures educational continuity during crises.
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INTRODUCTION

The series of events that have transpired in Ukraine in
recent years (namely, the emergence of the Coronavirus
pandemic, widespread military aggression, mass
emigration of the population, and the imposition of rolling
blackouts) have compelled a significant number of
Ukrainian universities, especially those located in cities
near the active combat zone, to transition from a full-time
educational model to distance learning. Traditional physics
classes are inextricably associated with the utilization of
specialized, distinctive and costly laboratory equipment
that requires proper operating skills. It is precisely this
equipment that enables students to gain hands-on
experience in conducting experiments, collecting and
processing data. The transition to distance learning has
deprived them of the opportunity to work directly with
such equipment, which significantly narrows the range of
available practical skills. The lack of physical access to
laboratory facilities is one of the main obstacles to the
implementation of a full-fledged special laboratory
training in physics in an online format. To overcome it, it
is necessary to implement alternative methodologies that
will enable students to develop practical competencies in
the absence of authentic technical equipment.

One potential solution to this issue is the integration of
virtual laboratories and simulation platforms into the
educational process. Such resources allow students to
conduct conventional experiments in a virtual environment
using computer models of physical phenomena or technical
devices. This approach serves to partially compensate for
the lack of access to real equipment, helps to master
theoretical knowledge, develop skills in data collection and
analysis, and understand the basic laws of physical
processes. At the same time, virtual laboratories have
certain functional limitations. Primarily, they are not able
to fully reproduce the real conditions of the experiment,
including the sensory and tactile components of interaction
with the devices, which are important for developing an
intuitive understanding of the material. In addition, the
models used in virtual environments are often simplified
and do not cover all aspects of real experiments, which can
lead to a distortion of the physical phenomena. Creating
high-quality educational simulations is a complex process
that requires interdisciplinary collaboration between
programmers, physicists, and designers, as well as
significant funding. In the context of constrained resources,
it is evident that not all educational institutions possess the
capacity to develop their own digital laboratories.
Consequently, these institutions are compelled to use third-
party products, which often fail to align with the
particularities of educational programs. Additional
obstacles include technical factors, such as unstable
Internet connections or a lack of necessary software, which
make it difficult to fully implement online learning.

So, the transition to distance learning necessitates a
thorough revision of the content of the special practical
training in physics and its methodological support in view
of the new conditions. It is imperative to acknowledge the
constraints stemming from the students' limited access to
laboratory equipment, which requires the introduction of
alternative educational approaches. Such measures may
include the optimizing of practical classes, the reduction of
traditional laboratory works, the adaptation of teaching
methods to the online environment, as well as the active
use of interactive simulations and digital learning resources
that can partially compensate for the lack of experimental
experience.

In cases where the virtual setup proves inadequate for
the real experiment, or where it is not feasible to substitute
the real experiment with a virtual analogue, it is possible to
expand the range of tasks during the analysis of
experimental data obtained earlier in the real experiment.

The present paper discusses such an approach on the
example of the laboratory work "Weiss Molecular Field",
which is included in the list of works of the special
practical training "Physical Properties of Magnetically
Ordered Substances" intended for 4th year students of the
School of Physics of Karazin University.

This laboratory work was created on the basis of the
laboratory work “Investigation of the temperature
dependence of the specific saturation magnetization of
ferromagnetics” for full-time students [1]. In the real
laboratory work, the pendulum magnetometer method was
used as a method of magnetization research. The method is
quite simple, convenient and has good accuracy. The
students conducted studies on this setup in two stages. In
the initial phase, it was imperative to ascertain the field
dependences of magnetization at varying temperatures
within the low-temperature region (80-300) K. Subsequent
to this, the focus shifted to the high-temperature region
(300-700) K. Following the processing of the results, the
obtained data were analyzed.

In the context of distant work, the goals and objectives
of the lab work are changed. In accordance with the
molecular theory of Weiss, students are required to
calculate and construct curves depicting the temperature
dependence of the spontaneous magnetization of nickel at
In the context of remote work, the goals and objectives of
the work are subject to modification. In accordance with
the molecular theory of Weiss, students are required to
calculate and construct curves depicting the temperature
dependence of the spontaneous magnetization of nickel at
H =0 for the cases J= 12, J=1, J= . These curves are
then to be compared with experimental data taken from
literature sources.for the cases J= 12, J=1, J= . These
curves are then to be compared with experimental data
taken from literature sources
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THE WEISS THEORY

In 1907, Weiss hypothesized the existence of an
internal effective field in ferromagnets, which, like the
external magnetic field in paramagnets, produces an
orienting effect of the magnetic moments of atoms. This
internal effective field was later designated the molecular
Weiss field. In fact, the introduction of the molecular field
meant replacing the pairwise interaction of the magnetic
moments of atoms by the interaction of the magnetic
moment of an atom and the average magnetic field
produced by the other magnetic moments.

Using the concept of molecular field, Weiss
constructed a phenomenological theory of ferromagnetism,
which successfully explained the primary experimental
data. The molecular field was introduced as a quantity
proportional to the magnetization of the substance, given
by H,, = wl, where w is the molecular field constant and [
is the saturation magnetization of the substance. Next,
Weiss applied the molecular field hypothesis to Langevin's
theory of paramagnetism by replacing the external field H
with the effective field H + H,. Consequently, the
expression for spontaneous magnetization assumed the
following form:

Consequently, the expression for spontaneous
magnetization assumed the following form:
I—IL( H+w1) )
— 10 # kT

where L is the Langevin function [2], [, is the saturation
magnetization at 0 K.

The formal assumption of the dependence of the
internal energy of a ferromagnet on spontaneous
magnetization allowed Weiss to correctly explain the main
features of the properties of ferromagnets, namely the
occurrence of spontaneous magnetization, the anomalously
high magnetic susceptibility, the temperature-dependent
magnetization, and the temperature at which magnetic
order is destroyed, known as the Curie temperature.

Later, and with consideration for the spatial
quantization of magnetic moments, the fundamental
equation of Weiss molecular field theory began to assume
the following form [3]:

ghsl
I'= Ngus/By (W (H + w1)>, @)
Curie temperature is defined as a value equal to:
Iy
Te = U+ Dgusw, (3)

where N is the number of magnetic ions in the unit volume,
g is the Lande factor, upis the Bohr magneton, J is the total
momentum of the magnetic ion, B; is the Brillouin

function, k is the Boltzmann constant.

CALCULATION OF THE TEMPERATURE
DEPENDENCE OF SPONTANEOUS
MAGNETIZATION

In the first part of the calculation-graphic assignment in
the distance lab work, students are tasked with calculating
and plotting the temperature dependences of the
spontaneous magnetization of a ferromagnet at H = 0 for
the cases J=1/2, ] =1, ] =00, and subsequently
comparing these with experimental data for nickel. The
experimental values of the temperature dependence of the
spontaneous magnetisation of nickel were previously
obtained from the monograph by R. M. Bozorth [4], by
digitizing the corresponding curves. The students are
provided with a predetermined table of experimental data.

In order to calculate the theoretical dependencies
I = f(T) at different values of the quantum number ],
students must first convert the basic molecular field
equation into a form that is convenient for calculations:

I 2]+1 2] +1 1 x
y=a= 2 cth ( 2 x)—acth (Z)' 4
where x = (Jgugwl)/kT, here it is taken into account that
H=0.

Then for the case ] = 1/2, g = 2 (one magnetically
active electron in an atom) after simple calculations

students should get the expressions:

I upwl
Te=(0J+ 1)gu3wﬁ = Bk °
_Jgus Te 1 y

kr T T, T T

y= 2]2-; ! cth (2]2-; 1x) —%cth (Zx_]) =
— 2 cth (2x) — cthx = thx = th (—T/yT ) (5)
C

For the case ] =1, g = 2 (two magnetically active
electrons in the atom) we have:

T. = 1 0 _ .
c=0+ )Q#Bw3k 3k
X ZIQ#B _ 3T, 3y

)kt T or1, T 21T,
J+1 2 +1 1 x
y = cth( 2 x)——cth (—)=

2] 2] 2]
3 9y 1 3y
== cth —F=—— = cth ——. 6
2 g, T2 Mt ary; (6)
The case J=o00, g=2 (absence of spatial

quantization of magnetic moments):
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All calculations of Weiss curves are performed by
students using the mathematical software package
MS Office Excel [5]. Since all the obtained Weiss
equations are nonlinear equations, the GRG method
(reduced gradient method) was used as a solution method,
using the “Solution Finder” tool in MS Excel.

Fig. 1 shows the curves of temperature dependences of
the spontaneous magnetization of a ferromagnet at
different quantum numbers | (J =1/2, ] =1, ] = o).
calculated by the Weiss model. The figure also illustrates
the experimental points for nickel derived from [4]. A
comparison of the theoretical curves of temperature
dependences of magnetization with experimental data
demonstrates a satisfactory qualitative agreement between
theory and experiment. The optimal coincidence at
moderate temperatures is observed when considering the
spatial quantization of magnetic moments (curve ] = 1/2).
This finding suggests that electron spins are the primary
carriers of magnetism in nickel. The most significant
difference in the behavior of the temperature dependences
of magnetization is observed when the experimental
dependence is approximated by the Langevin function
(J = oo, the classical case).

e

0.0 T hd

0.0 0.2 0.4 0.6 0.8 1.0
T/Tc

Fig. 1. Comparison of the temperature dependences of
spontaneous magnetization, calculated using the Weiss
theory for different quantum numbers J, with the
experimental dependence for nickel, taken from [4].

The circles indicate the experimental points.
In the second part of the calculation-graphic

assignment in the distance lab work, students are asked to
investigate in more detail the behavior of the temperature
dependence of the spontaneous magnetization of a
ferromagnet in the vicinity of the points 0 K and T¢.

As illustrated in Figure 2, the calculated curves of the
temperature dependence of the magnetization near 0 K are
presented according to the Weiss theory for the cases of
quantum numbers /] = 1 andJ = 1/2. Furthermore, Figure
2 presents the experimental data for nickel, in addition to
the temperature dependence of the magnetization of a
ferromagnet, as predicted by the Bloch spin wave theory,
for comparative analysis. It is evident that within this
temperature range, the Weiss curves are positioned above
the experimental curve. However, the temperature
dependence of the spontaneous magnetization, as derived
from the theory of spin waves (i.e. Bloch's law T3/2 [6]),
aligns closely with the experimental observations. In this
case, the Bloch law for a face-centered cubic lattice was
used: I/l =1—0.25(T/T;)*/? (Ni). The validity of
Bloch's law extends to the low-temperature region;
however, the definition of "low" is quite broad. So, at
T /T; ~0.3 (~190 K) the error margin is 1.5%. It should be
taken into account that the fundamental theory of
magnetization is only applicable at low temperatures due
to a number of approximations. The main ones are the
assumptions that spin waves with low wave numbers are
excited at low temperatures and that the interaction of spin
waves can be neglected.
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Fig. 2. Temperature dependence of spontaneous
magnetization of nickel in the vicinity of 0 K. Theoretical
curves according to the Weiss theory (for J = /2 and
J=1) and the Bloch spin wave theory, as well as
experimental data are shown.

Fig. 3. shows the curves of spontaneous magnetization
calculated in accordance with the quantum Weiss model in
the vicinity of the Curie temperature for the cases of
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quantum numbers /] = 1 and J = 1/2. The experimental
data of the temperature dependence of the spontaneous
magnetization of nickel for this temperature region are also
given there. It can be seen that in this case the experimental
curves lie much higher than the theoretical curves.
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Fig. 3. Temperature dependence of the spontaneous
magnetization of nickel in the vicinity of 7¢. The
theoretical curves according to the Weiss theory (for
J=1/2 and J= 1) and experimental data are shown.

CONCLUSION

The transition to distance learning necessitates the
adaptation of traditional forms of laboratory practicals in
the study of natural sciences. The article presents an
example of the laboratory work “Weiss Molecular Field”,
in which the experimental component is partially replaced
with calculation and graphical assignments.

The tasks proposed for students include deriving the
temperature dependence of spontaneous magnetization for
different values of the quantum number, numerically
solving the Weiss model equations using the reduced
gradient method in MS Excel, and comparing theoretical
curves with experimental data for nickel taken from
literature sources.

The chosen format is aimed at developing key
competencies such as analytical thinking, numerical
modeling, data visualization, and the ability to correlate
theory with experiment.

The proposed distance-learning approach can be
adapted to other topics and serve as a basis for creating
digital practicals under conditions of limited access to
laboratory equipment.
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®I3NYHUN EKCMEPUMEHT Y LM®POBIA PEANBHOCTI:
BUKITUKU NPAKTUYHOIO OHNNAMH-HABYAHHHA
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Xaprxiecvkuil nayionanonuti ynieepcumem imeni B. H. Kapaszina, maiioan Ceoboou, 4, 61022 Xapxis, Yxpaina
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Hapiiiiuia o penakuii 6 kiths 2025 p. [leperisanyro 15 tpasus 2025 p.
[pwuitasaro xo apyky 20 tpaHs 2025 p.

[epexin no AucTaHitHOTO HABYAaHHS B YKpaiHi, cipranHeHni nangeMiero COVID-19, BoeHHO0 arpeciero, MacoBOIO EMIrpaIiiero
Ta MOIIKODKEHHSIM iH(QPaCTPyKTypH, MOCTaBMB (i3MYHy OCBITY Iepel HOBUMH BHKIMKaMHd. HaiiBpa3nuBiiioro BHsSBHIACST
nabopaTopHa CKJIAagoBa: KJIACHYHI eKCIICpIMEHTH NOTPeOyIOTh CIeliali3oBaHoro o01aaHaHHs i poOOTH 3 HUM, IIO Y BiJaJICHOMY
pexuMi HeMOXJIHBO. BipTyanbHi 1abopaTopii Ta CUMYJISILIT Jal0Th YACTKOBHIA BUXiJI, IPOTE HE MEPEIaloTh YCIO CKIIAAHICTh PEabHOTO
JIOCIiTy 1 TOTpeOyroTh 3HAYHHUX PECypCiB.

CraTTd NpONOHYE NUCTAaHUIAHMK BapiaHT mnabopaTopHoi poboTu «MonekynipHe mnojie Beiiccay. 3amicTb MasSTHHKOBOTO
MarHiTomerpa cTyleHTH KopuctyioTbess MS Excel 1 ontumizaropom GRG 1 po3B’sizaHHs piBHSHB Teopii Belicca Ta moOynoBu
TEMIIepaTypHUX KPHBUX CHOHTAaHHOTO HaMarHidyBaHHsS Hikemo. TeopeTHdHi 3aiexHocTi it J=1/2,1 Ta o TIOPIBHIOIOTHECS 3
niTepaTypHUMHE eKCTIepUMEHTAIbHIME HaHuMu. Halikpartuii 36ir nae J = 1/2, 1o miaTBepmKye CriHOBY IPUPOLY MArHETH3MY HIiKeIr.
Binsg aGcoimoTHOTO HYJISI TOYHINIA CIIH-XBHIILOBA Teopist bioxa, a mo6mm3y Touku Kropi criocTepiraloTbesi BiIXMICHHS BiJ MOAeNi
Beiicca.

Meroauka MoeHy€e aHAIITHYHI Ta OOYNCIIOBANEHI PUIHOMH, PO3BHBAE YMIHHS IPAIIOBATH 3 TEOPI€I0, TaHUMHU i IIU(PPOBUMHU
IHCTpyYMEHTaMH 1 Maibke He moTpeOye MarepianbHHX pecypciB. Binmeoinctpykuii, mabmonn Excel Ta iHTepakTHBHa Bi3yamizawis
3a0e31eUyIoTh [IPO30pUi KOHTPOIb 3HaHb. ONUTYBaHHS 3aCBiUIIM BUCOKHI PiBEHb 3aJTyUeHHS CTYJIEHTIB i 3pOCTAHHS CEPEIHBOTO
Oaxy Ha 12 % mnpotn ounoi Bepcii. ITixxin Jierko NepeHOCUThCS Ha iHINI TeMHU (TEILIONpPOBIIHICTH, (ha30Bi HEepexoaw) i Moxe
chopmyBaTu 6aHK HU(PPOBUX MPAKTUKYMIB, II0 FApaHTyBaTHME Oe3MepepBHICTh MArOTOBKU (axiBLiB HABITH Y KPU30BUX YMOBaX.
Kypc Takox mokpamyB HaBUYKM aHAII3y JaHUX | KPUTHYHOTO 3iCTABICHHS Teopil 3 eKCIIepHMEHTOM, a HeralHa Bi3yai3arlis
Ppe3yabTaTiB MiABHUIIMIA MOTHBALIIO.

Kniouogi cnosa: monexynapue none Beticca, cnonmanne namaenivenns, memnepamypa Kiopi, cneyiansnuti npakmuxym.
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This article explores the current trend of using neural networks in teaching physics at the university level. The topic's
relevance stems from the need to transform traditional teaching methods to meet the expectations of a new generation of
students accustomed to interactive formats and digital technologies. The study aims to analyze modern neural network
technologies employed in teaching various sections of physics, evaluate their effectiveness, and outline prospects for
further development in this area. The research is based on a review of scientific publications on the subject and practical
experiences of implementing neural network technologies in leading universities worldwide. The methodology involves
systematic analysis, comparison, and generalization of existing neural network solutions. A detailed analysis of specific
neural network technologies applied to different branches of physics is presented: long short-term memory (LSTM) and
convolutional neural networks (CNN) for mechanics; generative adversarial network (GAN) and graph neural networks
(GNN) for electromagnetism; deep reinforcement learning network (DRL) for thermodynamics; variational autoencoders
network (VAE) and residual network (ResNet) for quantum physics; and deep convolutional networks and transformers
for astrophysics.

The results demonstrate that implementing neural network technologies significantly enhances learning efficiency,
facilitates the visualization of complex physical processes, automates computations, and enables personalized learning. It
has been established that the application of various neural network architectures in the educational process fosters the
development of critical thinking, a deeper understanding of physical concepts, and practical data-handling skills among
students. Promising directions for further development include the creation of multimodal systems, the development of
adaptive learning platforms, and the integration of virtual reality with neural network models.

Keywords: neural networks, artificial intelligence, teaching physics, visualization, modeling, computational physics,
deep learning, educational technologies.
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INTRODUCTION

Modern university-level physics education faces
several challenges, among which the difficulty of
presenting complex theoretical concepts in an accessible
format is particularly significant [1]. Traditional teaching
methods often fail to meet the demands of the new
generation, which is more familiar with interactive
learning formats and digital tools.

Neural networks, as the foundation of modern artificial
intelligence systems, offer unprecedented opportunities to
transform the educational process in physics [2]. They
enable the creation of dynamic models of physical
phenomena, the visualization of abstract concepts, the
automation of routine calculations, and the provision of
personalized learning experiences [3].

The aim of this article is to analyze current neural
network technologies utilized in teaching different sections
of physics, assess their effectiveness, and outline the future
potential of this area. This study is based on a
comprehensive review of scientific literature and the
practical experiences of integrating neural network
technologies into the educational processes of leading
universities.

NEURAL NETWORK TECHNOLOGIES IN
TEACHING MECHANICS

Mechanics, as a fundamental branch of physics, forms
the basis for further study of natural sciences. To improve
the effectiveness of teaching mechanics, the architecture of
neural networks such as long short-term memory, which
allows modeling dynamic systems with high accuracy, has
become widely used [4]. The process of modeling dynamic
systems using a neural network is shown in Fig. 1.

[Initial Conditions]

F— Position (xo)
L— velocity (vo)

!
+
| LSTM Architecture |
| (Processes time steps t) |
+
{
[Predicted Position & Velocity over Time]
)
[Overlay on Experimental Data Graph]
)

[Error Analysis / Accuracy]

Fig. 1. Schematic visualization of the LSTM neural
network modelling of body motion.

The PhysicsNet system, developed by researchers at the
Massachusetts Institute of Technology, uses recurrent
neural networks to predict the movement of bodies in a
gravitational field, taking into account various factors of
influence [5]. This system allows students to observe the
change in motion trajectories when the initial conditions
are modified in real time, which contributes to a deeper
understanding of Newton's laws and conservation
principles.

Another promising area is the use of convolutional
neural networks to analyze videos of physical experiments.
The MotionAnalyst system, developed at Stanford
University, allows you to automatically detect and analyze
the movement of objects in the video, build graphs of speed
and acceleration versus time [6]. This greatly simplifies the
process of processing experimental data and allows
students to focus on interpreting the results rather than on
mechanical calculations.

APPLICATION OF NEURAL NETWORKS IN
TEACHING ELECTROMAGNETISM

Electromagnetism is characterized by concepts that are
difficult to visualize, such as electromagnetic fields and
waves. To overcome this problem, specialized neural
network architectures based on generative adversarial
networks have been developed.

As shown in Fig. 2, the FieldVisualizer is a system that
uses GANSs to generate three-dimensional visualizations of
electromagnetic fields based on specified parameters [7].

[Input Parameters]
F—— Field Source Type

F—— Strength
L— orientation

[3D Vector Field Image (Colored Vectors)]
!

[Interactive Viewport for Student]

Fig. 2. Schematic visualization of the FieldVisualizer
neural network generating 3D images of electromagnetic
fields.

This technology allows you to display invisible
physical fields, demonstrate their interaction and dynamics
in space and time. Students can interact with these
visualizations by changing the parameters of field sources
and observing the results of changes.
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To analyze complex electrical circuits, the
CircuitSolver neural network based on graph neural
networks was developed [8]. This system is able to
recognize circuit elements from students' handwritten
notes, automatically convert them into digital circuits, and
analyze their operation, including calculating currents,
voltages, and powers. Thus, students receive instant
feedback on the correctness of their solutions.

NEURAL NETWORKS IN TEACHING
THERMODYNAMICS AND STATISTICAL
PHYSICS

Thermodynamics and statistical physics operate with
abstract concepts describing the behavior of large
ensembles of particles. Deep reinforcement learning
networks are particularly effective for modeling such
systems.

The ThermoSim system, developed at the University of
Tokyo, utilizes DRL architectures to simulate
thermodynamic processes under varying conditions [9].
This system enables the visualization of molecular
dynamics, the demonstration of phase transitions, and other
complex phenomena at the microscopic level, thereby
enhancing students' understanding of macroscopic
thermodynamic laws (Fig. 3).

+
[ Thermodynamic System |
| (Particle Simulation Box) |
+
T 4
[Environment State] « Reward «—+
4 |
+
[ DRL Agent | |
| (Policy: actions like heat/cool) |
n

! |
[Action: Increase/Decrease Energy] -

1
[Observed Result: Phase Transition / AS]
Fig. 3. Schematic  visualization of the system's

interaction with the thermodynamic environment by the
ThermoSim neural network.

For analyzing data from thermodynamic experiments,
the EntropyPredictor neural network is used. Built on a
hybrid architecture combining recurrent and convolutional

layers, this system predicts entropy changes in complex
systems based on input parameters [10]. It supports a
clearer understanding of the second law of
thermodynamics and its practical implications.

QUANTUM PHYSICS AND NEURAL
NETWORK TECHNOLOGIES

Quantum physics is notoriously challenging due to its
counterintuitive nature. To support learning in this field,
the QuantumVisualizer neural network, as shown in Fig. 4,
based on variational autoencoders, has been developed
[11].

The QuantumVisualizer system
visualization of wave functions and quantum states, and
illustrates concepts such as the Heisenberg uncertainty
principle and quantum superposition in an interactive
manner. This system also includes a module for simulating
quantum experiments, such as the double-slit experiment
entanglement, allowing students to
experiment with parameters and observe real-time

enables  the

and quantum

outcomes.

To solve the Schrédinger equation for complex
quantum systems, the neural network, utilizing a deep
residual network architecture, is employed [12]. This
system can provide approximate solutions for quantum
systems where analytical methods are inefficient or
unavailable, significantly broadening the scope for
educational exploration.

[Quantum Parameters (e.g., spin, potential)]

{
e + e +
| Encoder | » -+ = | Decoder
Fommmmmm e + B T e +
{
[Latent Space Representation]
{

[Wavefunction Visualization ({(x,t))]

Fig. 4. Schematic representation of quantum state
visualization by the QuantumVisualizer neural network.

NEURAL NETWORKS IN ASTROPHYSICS
AND COSMOLOGY

Astrophysics and cosmology operate with huge
amounts of data obtained from telescopes and other
astronomical instruments. To analyze this data, the
CosmicNet system based on deep convolutional neural
networks was developed [13].

CosmicNet is capable of classifying galaxies, detecting
exoplanets, and analyzing spectral data of stars (Fig. 5).
The system also includes a module for visualizing
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cosmological simulations, allowing students to observe the
evolution of the universe from the Big Bang to the present.

The GravityWaveNet neural network, built on the basis
of transformers, is used to analyze gravitational waves
recorded by the LIGO and Virgo detectors [14]. This
system allows detecting and classifying gravitational wave
signals from various astrophysical sources, which opens up
new opportunities for studying extreme objects of the
Universe.

[Input: Astronomical Image]
{

+

|  Convolutional Layers |

| (Feature extraction, pooling) |

n
{

[Galaxy Classification (e.g., Spiral, Elliptical)]
{

[Tag + Database Visualization]

Fig. 5. Schematic visualization of galaxy classification
by the CosmicNet neural network.

CONCLUSIONS

The analysis of current neural network technologies in
physics education demonstrates their substantial potential
to transform teaching methodologies. The application of
various neural network architectures to different sections
of physics effectively addresses challenges related to data
visualization, modeling, and analysis.

Integrating neural networks into the educational
process fosters critical thinking, an intuitive understanding
of physical principles and practical data handling skills.
Furthermore, these technologies facilitate personalized
learning by adapting to each student's individual pace and
needs.

Promising areas for future neural network application
development in physics education include creating
multimodal systems integrating text, images and videos,
developing adaptive learning platforms, and incorporating
virtual and augmented reality into neural network-based
learning environments.

Further research should focus on evaluating the
effectiveness of different neural network architectures for
specific  educational tasks, developing integration
strategies for traditional curricula and training educators to
use these technologies effectively.
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TPAHC®OPMAL|ISAl ®I3UYHOI OCBITU 3A ONMOMOIOK HEUPOHHUX
MEPEX: CYYACHI NigXogu TA IHCTPYMEHTHU

T. P. 3etosa', H. C. Wwuwko?, T. O. Wexosuosa?

! Xapriscoxuil nayionansnuii ynieepcumem imeni B. H. Kapasina, maiioan Ceo6oou, 4, 61022 Xapxie, Yrpaina
2Xapriscokuii nayionanenuil ynieepcumem micokozo 2ocnooapemea imeni O. M. Bexemosa, eynuys Yopnoznaziscoxa, 17,
61002 Xapxis, Ykpaina
3Xapriecoruii nayionarbhuii aemomobinHo-0opodiciil ynicepcumem, eyauys Spociaea Myopozo, 25, 61002 Xapxkis, Yrpaina
E-mail: tanyazetova@gmail.com

Hanitima no pexaxmii 05 kBitHs 2025 p. IepernsayTo 17 Tpaas 2025 p.
[puiiasTo o npyky 21 tpasus 2025 p.

V crarTi JOCIIIKYIOThCS Cy4acHi TeHCHLIi BUKOPHCTAHH HEHPOHHUX MEpeX IPH BUK/IAIaHHi (Bi3UKK B 3aK1ajax BUILOT OCBITH.
AKTyanbHICTh TEMH 3yMOBJIICHA HAarajlbHOI HEOOXINHICTIO TpaHchopMalii TpagulliiHHX METOMIB HAaBYaHHS JUIS BiIIMOBITHOCTI
O4iKyBaHH;IM HOBOTO ITOKOJIIHHS CTY/ICHTIB, SIKE 3BUKJIO JI0 iIHTepakTUBHUX (popmaTiB Ta HUPPOBUX TEXHOIOTIi. METO0 JOCITIHKEHHS
€ aHaNi3 Cy4YaCHHX TEXHOJIOTiH HEHpPOHHUX Mepexk, SKi 3aCTOCOBYIOTHCS Yy BHKJIAJAHHI PI3HUX PO3XUTIB (i3UKH, OMiHKA iX
e(eKTUBHOCTI Ta OKPECJICHHS MEPCIEKTUB MOJAJBIIOT0 PO3BUTKY B il cdepi. HocimipkeHHs 6a3yeThesi Ha PETEIBHOMY OTJISII
HayKOBUX ITyOJIKaIliif 3 I1i€l TeMaTHUKH Ta Ha MPaKTHYHOMY JOCBi/i BIIPOBA/KEHHSI HEHPOHHUX MEPEeX Y MPOBITHUX yHIBEPCHUTETax
cBiTY. MeTononoris AOCHiKeHHS mependavyae CUCTEMHHH aHalli3, MOPIBHSAHHA Ta y3arajJbHEHHS HasBHUX pIIIEHb HAa OCHOBI
HeWpoHHHX Mepex. [IpencraBieHo feTanbHUil aHANI3 KOHKPETHUX TEXHOJIOTIH HEWPOHHUX MEpEeX, 3aCTOCOBAHMX Y PI3HUX Taily3six
Gi3uKH: Mepeka 3 JTOBFOTPHBAIOI0 KopoTkodacHoro mam’satTio (LSTM) i 3roprkoBa HedponHa Mepexa (CNN) - must MexaHIKH;
resepatuBHa 3mMaranbHa Mepexa (GAN) 1 rpadosa HeliponHa mepexa (GNN) - 1715 enekTpoMaraeTH3My; IIMO0KI HEHPOHHI Mepexi 3
nigkpimrenHsaM (DRL) - s TepMoaunamMiky; HelipoMepeka, mo 6a3yeTscs Ha Bapianiiianx aBroeHkoznepax (VAE) i Helipomepexa,
sIKa BUKOPHCTOBY€E apXITEKTypy TIMOOKHX 3anuIIKOBHX Mepex (ResNet) - mma xBanToBOI1 (pi3wkm; rimOOKi 3rOPTKOBI MEpexi Ta
TpaHchopMepH - IS aCTPOPi3uKH.

Pe3ynbTaTi MOKa3yroTh, 0 BIPOBA/UKCHHS TEXHOJIOTIH HEHPOHHUX MEPEX CYTTEBO MiJABHUIILYE eEeKTUBHICTh HABYAHHS, CIIPUsE
Bizyaizamii ckiIaHuX (Qi3MIHUX MPOIECiB, aBTOMATH3y€e O0UYHCIICHHS Ta 3a0e3redye nepcoHalli3oBaHe HaBUYaHHs. BeTaHoBIEHO, IO
3aCTOCYBaHHS PI3HUX apXiTEKTyp HEHPOHHUX MEPEeXX y HABUAILHOMY IIPOLECI CIPHUsIE€ PO3BUTKY KPUTHYHOTO MHUCIEHHS, TIHOIIOMY
PO3yMiHHIO (i3UYHUX TMOHATH 1 (OPMYBAHHIO MPAKTUUYHUX HABHYOK POOOTH 3 EKCIIEPUMEHTAIFHUMH NOAaHUMH Yy CTYAEHTIB.
[MepcrieKTMBHUMH HaNpsIMaMHM ITOJaJbIIOTO PO3BUTKY € CTBOPEHHS MYJBTUMOJAIBHUX CHCTEM, PO3pOOKa aJallTHBHUX HAaBYAIbHHX
IaTGOPM Ta IHTETpallis BipTyadbHOI PEaTbHOCTI 3 MOJIEIIIMU HEHPOHHUX MEPEK.

Kniouosi cnoesa: neiiponuni mepesici, wmyuyHuil inmenekm, SUKIAOAHHS Qizuxu, Gi3yanizayisi, MoOeno8amHsl,
obuuUC08aNbHA Qi3uKa, eTUOOKe HAGUAHHS, OCGIMHI MEXHOI02IL.
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METOAUKA CTBOPEHHA IHTETPOBAHOIO CEPEOOBULLA
AOCHNIAHUKA HA BA3I JUPITER NOTEBOOK
3 BUKOPUCTAHHSAM HEUPOMEPEX

tO. B. JlutBuHoB ', . B. KnumeHko

Xaprxiecvruil nayionanonuti ynieepcumem imeni B. H. Kapasina, maiioan Ceoboou, 4, 61022 Xapxis, Yxpaina

Hanitima no pexaxiii 03 kBiTHs 2025 p. IepernsayTo 10 Tpaas 2025 p.
[puitasaTo o npyky 17 tpasas 2025 p.

VY po06oTi npecTaBiIeHo METOIMKY CTBOPCHHS IHTErPOBAHOTO CEPELOBHILA JOCTIAHUKA 11 0OPOOKH EKCIIePUMEHTAIBHUX AaHUX
Ha 6a3i Jupyter Notebook i3 BHKOpHCTaHHSIM MOMJIMBOCTEH LITYYHOTO iHTEJEKTY, 30KpeMa reHepaTHBHHX Helpomepex. Jupyter
Notebook € mpoBiJHUM cepeloBHUILEM cepell AOCTIJHUKIB 3aBISIKH CBOiH THYYKOCTI, IIMPOKOMY Habopy 6i0mioTex i 3pydHOCTI B
iHTerpauii pi3HUX iHCTpyMeHTIB aHamiTuku. OcHOBHe mpusHadeHHs Jupyter Notebook — CTBOpeHHS iHAMBIIyalbHUX MPOTPAMHHX
PpillleHs JuIs TOCITHUKIB IIUIIXOM HAIMCAHHS Koy roHa 40 MoBaMH IIpOrpaMyBaHHS.

Tpanuuiitno po3pobka nocmiTHAIBKHUX iHCTpYMeHTIB y Jupyter Notebook Bumarae HanucaHHs IpOrpaMHOTro Koy MoBoio Python.
OpHak, 11e MOXKe CTAaHOBHUTH MEBHI TPyAHOIII 1 (axiBILiB, sKi HE BOJOAIIOTH IIHOOKAMHI HaBMYKaMHU IIPOTrpaMyBaHHS. I3 cTpiMKuM
PO3BHUTKOM T€HEPAaTHBHHUX HEWpoMepeX 3'SIBHiIacs yHIKalbHAa MOJJIMBICTH CTBOPIOBATH HEBENMKI, CIEIiali30BaHI NMPOTrpamMH s
BIacHUX MOTpeO 0e3 3HAYHOTO 3aHYpeHHsS y mporpamyBaHHs. Takuil miAxix He JUIIE CHOPOIIY€E MPOIEC CTBOPEHHS MPHKIAIHUX
mporpam, aJie i 3Ha4HO MPUCKOPIOE OCBOEHHS MOB IIPOrpaMyBaHHsI, 3HIKYI04YH 6ap'ep BXOKEHHs 10 mpodecii po3podHuka. Y podori
po3risiHyTO OcHOBHI MoknuBocTi Jupyter Notebook, 3po6iieno kopoTkuit orisz intepdeiicy Jupyter Notebook, HagaHo exemeHTapHi
MOSICHEHHS NPHMHLUIIB CTBOPEHHS MNPOrpaM 3 BHKOPUCTaHHAM HeHpoMepexk. BakIMBUM KpOKOM Yy CTBOPEHHI IHCTPYMEHTIB
JOCITIZIHAKA € CKIafaHHs onucy (QyHKI[IOHaTy mporpaMu Ta oprasizauii iHtepgeiicy. 3 orjsay Ha Te, 0 CTBOPEHHs IPOrPaMHOTO
KOJLy 3/iHCHIOEThCS 3 BUKOPHUCTAHHIM HefipoMepex, 0COONMBY yBary MpUALICHO NIPUHITUIIAM HATIMCAHHS IIPOMIITIB IS €(peKTHBHOTO
TeHepyBaHHsS KOJAy Ta CTBOPEHHs IPOTpaM Ul aBTOMaTH3amii oOpoOku naHux pisHHX (opmatiB. HaBeneHO KOHKpETHI MpUKIAIN
PO3po0KHN (HYHKIIOHATBHUX MOJYJIIB, 1[0 IEMOHCTPYIOTh MOXKIIMBOCTI afiaNTalii Hei{poMepexeBUX MOEIIeH [T BUPIIICHHS THIIOBUX
3aBIaHb 0OpPOOKH eKCIIepIMEeHTaIbHUX JaHuX. CTaTTs opieHTOBaHA Ha JOCIITHHUKIB-eKCIEPUMEHTATOPIB, SKi MPAarHyTh PO3MINPUTH
CBOT QHAJIITUYHI MOXJIMBOCTI 32 JOIIOMOTI'0I0 CY4acHHX HEIpOMEepeeBUX TEXHOJIOTIH, YHUKAIOUH CKJIaJHOTO IPOrpaMyBaHHS.

Knruoei cnosa: Jupyter Notebook, netipomepeorci, Python.

Ax yumyeamu: 0. B. Jlumsunos, I'. B. Knumenko. Memoouka cmeopents inmeeposano2o cepedosuwya 0oCciionuka Ha 6asi Jupiter
Notebook 3 euxopucmanusm nevipomepesic. Bicamk XHY imeni B. H. Kapasina. Cepis «®Disuka». Bum. 42, 2025, 69-73.
https://doi.org/10.26565/2222-5617-2025-42-09

In cites: Yu. V. Lytvynov, G. V. Klymenko. Methodology for creating an integrated researcher environment based on Jupiter Notebook
using neural networks. Journal of V.N.Karazin Kharkiv National University. Series Physics. Iss. 42, 2025, 69-73.
https://doi.org/10.26565/2222-5617-2025-42-09 (in Ukrainian).
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BCTYII

Jupyter Notebook — 1ie iHTepakTHBHE 0OYUCITIOBAIBHE
Cepe/loBHILE, SIKE JIO3BOJISIE CTBOPIOBATH IHCTPYMEHTH
JOCTITHUKA 1 TUIMTUCS TOKYMEHTaMH, IO MICTATH KO/,
MaTeMaTu4Hi pIBHSHHS, Bi3yamizalii Ta  TEKCTOBI
nosicieHHst. CrioyaTKky po3poOJieHe sSK YacTHHA MPOEKTY
[Python, me  cepemoBuimie  cTajo  OAHUM i3
HAaMOMIMPEHIMMX  IHCTPYMEHTIB i1  HAYKOBHX
00YHCcIeHb Ta 00POOKH JaHHUX y PI3HUX Taly3sx, 30KpemMa
y ¢izumi [1].

OcHoBHOIO  mepeBaroto  Jupyter Notebook €
MOJUIMBICTh 1HTErpamii KOAy Ta pe3yibTaTiB Horo
BHUKOHaHHS Oe3IOCepeHbo y CTPYKTYpi moKymeHTa. Lle
JIO3BOJISIE  IOCHIZHMKAM Ta BHUKJIQJayaM He JIMIIe
PO3B’sI3yBaTH 3amadi i OyayBaTH MO, aie i HAaOYHO
JIEMOHCTPYBATH JIOTIKY OOYHCICHB, MPOBOMUTH YUCIIOBI
EKCIIEPUMEHTH Ta aHaJli3yBaTH OTPUMaHI pe3yJIbTaTH.

Hns  ¢isukie  Jupyter Notebook Hamae moTyxHI
IHCTPYMEHTH JUISL YHCEJIbHOTO pO3B’sI3aHHA
nudepeHmiadbHAX PIBHAHB, aHANI3y BEIMKAX MAaCHBIB
JAHWX, Bi3yami3alii JaHuX, CAMYJISIIiA Qi3mgHIX MpoIieciB
1 sBWIN, IHTEPaKTUBHUX JeMOHCTpaimii. Kpim Toro,
cepeoBHILEe HaJae MOXKJIUBICTb CTBOPIOBATH
IHTEpaKTHBHI CJIEMECHTH Ta BHKOPUCTOBYBAaTH IOTYXHi
rpadiuni iHTepdeiicn IS TOKpaIlIeHHS PO3yMiHHS Ta
MIpe3eHTallii pe3yabpTatiB [2].

Takum uymHOM, Jupyter Notebook € He mnurre
IHCTPYMEHTOM ISl pO3paxyHKiB, aie i miatdopmoro s
IHTETrpOBAaHOrO BHKJIAJAHHS, HABYaHHS Ta JNOCIIDKEHb y
rary3i Qi3uKy.

IHTEP®ENC JUPYTER NOTEBOOK
Jupyter Notebook, Ha BiaMiHy Bix 0Oaratbox
IHTETPOBAaHHUX CEPEIOBHIL pPO3poOKH, Mae iHTepdeiic
MaKCHUMaJIbHO ~ HAaONWKEHHH 32  CTPYKTypow 10
iHTepdeiciB KOPUCTYBAaLbKUX NPOrpaM 1 CKIaJaeThes 3
KiJTbKOX OCHOBHHX €JIEMEHTIB.

1. Menw (Menu Bar): goctyn 10 OCHOBHHMX

(GyHKIOIH — CTBOpPEHHS HOBOTO (Qaiily, 30epeKeHHs,
eKCIIOPTYBaHHS, 3MiHA f1pa, HANAIITYyBaHHA BHIJLALY
TOILIO.

2. IMawnens incrpymentiB (Toolbar): HaGip
OCHOBHHMX KOMaHJ ISl KepyBaHHS JJOKyMEHTOM: 3aIyCK
KOZy, 30epe)KeHHsS, BCTAaBICHHS KOMIpOK, 3MiHa THILY
KOMIPKH.

3. Po6oua o6aacts (Notebook): ocHoBHA 001aCTh,
Jie PO3TALIOBYIOThCSI KOMIpKU. KOMipKH MOXYTh MiCTUTH
kox, Tekct (Markdown), TrTpadiuHi eJTeMeHTH Ta
IHTepaKTHBHI BiJ[)KETH.

4. Kowmipku (Cells): 6a30Bi eneMeHTH, [0 MOXYTh
Oytn kojmoM abo tekcroM. KojkHa KOMipka BUKOHYETHCS
OKpeMo i MoXe OyTH 3MiHEeHA YH IepeMilleHa.

5. KoHcoss moBizomieHb: BimoOpaxkae craryc
BUKOHAHHS KOJIy Ta IOBIJIOMJICHHsS IMPO TOMHJIKH a0o
YCHIIITHEe BUKOHAHHS KoMaH 1. Takuii po3mnoait inrepdeiicy
JI03BOJISIE  3PYYHO OpTaHi3yBaTH TMPoOIEeC PO3POOKH,
TEeCTyBaHHS Ta Bi3yaji3amii pO3paxyHKIB Yy €IJHHOMY
po6odoMy mpocTopi.

HEMPOMEPEXI TA IIPOMIITH JJI1 TEHEPATIII
PYTHON-KOAY

I'enepauito Python-xomy npoextiB Jupiter Notebook
MOXXHA 3/1ICHIOBATH 3 BUKOPUCTAHHIM BEJIMKOI KiJIBKOCTI
Heifpomepexx  [6]. Hamm TecTyBanmucs — BUKIIOUHO
HEHpoMepexki, sKi MarmTh OC3KOIITOBHUN IUIAH JUIS
pobOTH IHIUBIIyaNbHUX KOPHCTYyBadiB. TakuMu €:
ChatGPT, Claude, Gemini, Code Llama, CodiumAl,
DeepSeek R - 1 Ta Amazon CodeWhisperer. 3 ornmsmy Ha
T€, IIO PO3BUTOK TEXHOJOTI INITydHOTO IHTENEKTY
BiIOYBA€TbCSl IIBHIKAMH TEMIIAMH, Ba)KKO BH3HAYUTH
MepEeMOXIST 13  CIHCKYy  BKa3aHMX  iHCTPYMEHTIB.
Hafikpamm BuOopoM Ui modYaTKy poOoTH OyayTh
ChatGPT i Gemini. Gemini OCTaHHIM 4YacoM TIIOKa3ye
kpaii pe3ynptatd Hixk ChatGPT. OnHak, KOpUCTYBaTHCh
BapTo oOoMma Heiipomepexxamu. Orisn MiAXOAIB 10
NPOMIT NPOTpaMyBaHHSI ONKMCaHO y Oaratbox poOorax
[3,4]. 3reHepoBaHUil OJHIEID MEPESKEIO KOJ MOXKHA
Ha/IaBaTH 1HIIIH 17151 HOTO eKCIIEPTHOT OI[IHKH, a TAKOX IS
y3rOJUKEHHA (DOpMyITIOBaHb IMPOMITIB — 3aBJaHb UL
HEHpoHHOT Mepexi. Sk ’xe CkiajaTH TPOMITH IS
Helipomepesk? Po3riissHeMO OCHOBHI BUMOTH 10 CKJIalaHHS
MPOMITIB AJis1 TeHepatii Python-komy.

1. 3BHaHHSA QOPMYIIONWTE OJHO3HAYHO, BKIIIOYAIOUN
BKa3iBKy Ha HEOOXimHi 0i0JIOTEKH, CTPYKTYPY JaHHUX Ta
THI O4iKYBaHOTO PE3yJIbTaTy.

2. Bxasyiite "iTKy CTPYKTYypy KOAY: IMIIOPTYBaHHS
610i0TeK, OCHOBHA JIOTiKa, Bi3yali3amis JaHHX.

3. 3azHauaiiTe, M0 KOA Mae OyTH aJalTOBAaHUH IS
Jupyter Notebook, BpaxoByHOYH MOKJIHMBICTH BUBCICHHSI

rpadikiB, IHTepakTHBHMX eyeMeHTiB Ta markdown-
KOMipOK.

4. 3a HeoOXigHOCTI HajaBaiiTe TecTOBI maHi abo
tdhopmaru BXI1JJHAX JIaHUX, o6 YHUKHYTH
HEO/IHO3HAYHOCTI.

5. PekoMeHAyeThCsl IPOCUTU HEHPOMEPEKY AABATU
PO3rOpHYTI KOMEHTapi JJIsl MOSICHEHHS KJIIOYOBHX €TalliB
KOJ1y, OCOOJIMBO SIKIIIO 1€ HABYAJILHUI MaTepiall.

6. BkasyiiTe Ha HEOOXiJHICTH OOPOOKH MOMIIMBHX
MOMWIOK (HANpHKIIaA, IpU poOOTI 3 Qalnamu 4u mpu
no0Oy1oBi rpadikis).

Posrnsremo HadmpocTimmil mpukian pobot Y
cepemoBumi Jupiter Notebook 3 BHKOpHCTaHHIM
HelpoMmepesk. 3a3HaunMO, IO AJIsl TOYaTKy HEMae CEHCY
oOupaTH cremniani3oBaHi HefpoMepexi, MpU3HAYeH] Ui
HammcaHHs nporpamHoro koxy. Chat gpt a6o Gemini 3
YCIIXOM  BIIOPAlOTBCS 3 OUIBINCTIO  3aBIaHb.
CoopmynoeMo 3aBIaHHst 1J1s1 HEHpOMEPekKi — «IPOMIT 1
BBEJIEMO ioro y mosie ans BBoay npommntiB Chat gpt:
«IIparroemo y Jupiter Notebook. Hamuiu ko ist BUBOTY
MOBIZIOMJICHHSI 33 YMOBM HATHCKaHHS KHONKH «/Ipyx»:
"oOpuit newp, 1ne Miit nepumii npoekr y IOmitep
Hoytoyk". IOmitTep HOyTOyK — aHIJIICHKOI MOBOIO,
Mpudt Times New Roman, 20, xupHuiD».

3reHepoBaHUi 110 IIbOMY 3aIUTY KOJ CIIiJI CKOTIIOBATH,
BCTaBUTH y KoMipKy Jupiter Notebook i HATHCHYTH KHOTIKY
«Run». 3BepHiTH yBary Ha Te, II0 NPOMNT HANHCAHUN
JFOJICBKOIO MOBOIO 0€3 IOKJIaIHUX MOsICHEHb, ane Chat gpt
3 JIETKICTIO BHUKOHA€ 3aBJaHHSA. Y MPOMIITI HIYOTO HE
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CKa3aHo TPo Te, MO KHOMKY «JIpyk» Tpeba cTBOpUTH. Y
LIOMY BHIAJKy Taka HEOJHO3HAYHICTb y HPOMITI He
BIUIMHE Ha Mpale3/laTtHicTb koxny. IIpu ¢dopmyioBanHi
CKJIQIHIIINX 3aBJlaHb TAKWH MMiJXiJ HE JacTh MO3UTHBHUX
pe3yJbTaris.

[Momunky y Koxi OUIBII CKIATHHUX 1 CTPYKTYPOBAaHUX
3aBJlaHb BUHUKAIOTH 3 HU3KU MPUYMH. SIKIIIO y3arajJbHUTH,
TO iX MOXHA MTOJUINTH HA TPH IPYIIH.

1. Banum mpoMnTy: OpoOMOT CKJIAJEHO HEKOPEKTHO,
3aHAATO 3arajlbHO, HETOCHiJOBHO, BIJICYTHI TPHUKIAIN
OYiKyBaHHX PE3yIIbTATIB.

2. Tlomunkn HeHpoOMepeXi: CHHTaKCHYHI TOMUIIKH,
TaTIONMHYBaHHSA MEpEXi 32 pPaxyHOK HEOJHO3ZHAYHOCTI
TPaKTyBaHHS 3aBJaHHS.

3. Tlomwuku, 3YMOBJICHI 0COOJIMBOCTSIMU
NporpaMHoro 3a0e3leyeHHs: BIJCYTHICTH HOTPIOHMX
0i10mioTeK, HECYMICHI THIHM JaHUX, HECYMICHICTh Bepcii
NpOrpaMHUX HPOIYKTIB, BIUIMB Bepcii 1 HalalTyBaHb
ormepariiHoi cuctemu Ta iHme [5].

3ayBaXMMO, 110 B MpOLECI MPOTrpaMyBaHHS JIIOHHA
CTHKAETBCS 3 IMMH X mpoOimemamu. [l 3MEHIICHHS
MOXMOOK TPOEKT Ma€ CTBOPIOBATHUCH IOKPOKOBO 3
BiJIAJIKOIO KOJKHOTO HacCTYITHOT'O €JIEMEHTY MPOEKTY.

SIkmo me mepmii KPOKM B OCBOEHHI HEHpOMEpEex,
0a)xxaHO HE TNPOCTO BHUKIACTH HPOMOT HA OCHOBI
no0axxaHp, a JJisl IOYaTKy «OOTOBOPUTHY 3 EIEKTPOHHUM
«KOJIETOI0» TPOEKT 1 MONPOCUTH HOrO JaTH EKCIEPTHY
OLIIHKY CBOTO MPOEKTY. EKCIIEpUMEHTATOp MOBUHEH TOYHO
3HATH, 10 HEMpoMeperka MPaBUIILHO 3p03yMiia 3aBAaHHS.
Takox y 3amuTi Tpeba MOMPOCUTH JaTH KOMMEHTapi J0
KOOy 1 CyIyTHiI MOSCHCHHS. SIKIIO NPOEKT mepemdayae
HasIBHICTD CKJIAJHOTO iHTep(eiicy 1 BEIMKOI KiJIbKOCTI
GyHKILIH, nmporpaMHMH Kox mNOTpPiOHO TeHepyBaTH IO
YacTHHAX, J0/Al04M HOBI (QYHKII{ 70 BXKE MPaIOI0uoro
kony. ITpo 1e Takox NoTpiOHO MonepeaAnTH HEHpOMEpPeXKy.
HoBi ¢yHKIiT MOXYyTh HOpYIIYBaTH aITOPUTM POOOTH
nporpamu. Y TaKOMy BHIAJKy I€HEPYEThCS CIOBIIICHHS
PO TIOMIUIKY y KOZi. TeKCT CHOBIOICHHSA HPO MOMUIIKY
CIIJ CKONIIOBaTH 1 HaJaTH HeEHpoMepexi [UId aHawi3zy
MIOMUJIKH 1 BUIIPABJICHHS KOAY. SIKIIO mporpama BKe Mae
BEJIMKHIA PO3Mip, Kpamie He TeHepyBaTH BeCh KO IIIJIKOM,
a reHepyBatu Horo ¢parmentd. HoBuii ¢parmeHT xony
MOTPIOHO BCTaBUTHM B ICHYIOUMH TEKCT HPOTpaMH,
BpPaxOBYIOUM, 3 SKHX MOJYJIB BOHa CKJIAJA€ThCA.
Heiipomepeka reHepyBaTHMe KOKEH HOBHH (pparMeHT 3
[IOBHMM BMICTOM TIJIOOQJIBHHX 3MIHHHX, O0i0Ii0TEK Ta
IHIIUX CKJIAaJOBUX KOAY, TOMY IIPU BCTaBJCHHI HOBOTO
IHCTpYMEHTY CIIi] YHUKaTH [IyOJFOBaHHA iCHYIOUHX
CKIaIOBUX Kony. Hampuxmax, mpu pomaBaHHI HOBOT
¢GyHKIIT mporpamMu y CTPYKTYpy iHTepdeicy momaeTbes
HOBAa KHOMKa, abo cialpep Al PEryJIIOBaHHSA
BiAMOBiIHOTO Tapamerpa. [lpm 1mpoMy y HOBOMY
3reHepoBaHOMY (parmMeHTi Konay Oynme mependadeHo
3aBaHTa)XeHHs 0i10i0TeKH BifpKeTiB «import ipywidgets as
widgets», sika Oyna Bke 3aBaHTa)K€Ha NPH CTBOPEHHI
IHIIMX €JeMEHTIB iHTepdeicy.

Po3rnsHeMo CKi1aJ0B1 MPOrpaMu Ta MOCIIJOBHICTH ITHX
CKJIQJIOBHX Y TEKCTi KOZY:

- iMmopT 6i6mioTeK;

- ro0ajbHI 3MiHHI;

- iHTepdeiic KopHucTyBaya (BiXKETH);

- (QyHKUi{ 00poOKH TaHHUX;

- (yHKUIi iHTepaKTHBHOCTI;

- BimoOpakeHHS iHTEpdeiicy.

[IpremHuor0 0cOOMUBICTIO POOOTH 3 HEHpOMEpEKAMH €
Te, W0 MiJ 4Yac pOOOTH HAJA IPOEKTOM, EJIICKTPOHHHH
«CIIIBaBTOP» BiAMOBICTh HA OyAb-sKi 3aITUTaHHSI CTOCOBHO
IpoTpaMyBaHHA, MiIKaxe, SK 3pOOUTH Mporpamy OUThII
(hyHKIIOHATTFHOIO, 3aMPONOHY€E TOJATKOBI KOPHCHI Ol
JIO TIPOTPaMH, HaBUUTH NMUCATH KOPEKTHI MPOMMOTH IS
rerepamii koay. [I{o6 oTpuMaTi Kpamuii pe3ynpTart, Ipu
(opMyOBaHHI 3aBIaHb 3alUTyWTe, K HEWpoMepexa
3po3yMijla uYeproBe 3aBJaHHS 1, BUXOASYM 3 IIHOTO,
MPOTIOHYBaja Kpalluil BapiaHT JOCSTHEHHS MOCTABJICHOL
MeTu. ICHyIOTH cTaHgapTHI 3acobuM 1  aJrOPUTMHU
PO3B’sI3aHHSI THIIOBHX 3aBJiaHb, OJIHAK, SIKIIO Ha 1€ He
3BEpHYTH yBaru, Helpomepexa Oyae HamaraTHch
BHUKOHATH 3aBIaHHs HEPAI[IOHAILHUM IUISIXOM, SIKUH BU Tid
3aIPOTIOHYBAJIH.

Hasenemo mpuknag poboTH 3 Helfipomepeketo Gemini.
«Po3pobmsiemo  mporpamy  Ans  BUKOPHCTaHHSI Y
cepenoBuii Jupiter Notebook. CTBOproEMO KOJ MOBOIO
Python. IlIporpama mms o00poOku (OTO3HIMKIB 3
MmertanorpagiuHoro Mikpockona. 1. OcHoBHI (yHKIIT
IporpamMu: 3aBaHTaXXEHHs (OTO3HIMKIB 3 (aitmy, abo 3
KaMepu  MIKpOCKONa;  I1HBEpPTYBaHHS  300pakKeHHS;
OiHapu3ais 300pakeHHsT; BUUICHHS IPaHULb 00’ €KTIB 3a
3MIHOIO KOJIBOPY ab0 KOHTpAcTy; peryJIoBaHHS MOPOTiB
YYTIMBOCTI 7O 3MIiHH KOHTpacTy ab0 KOJIbOpY;
BHU3HAYCHHS 1 BUIUICHHS KOJFOPOBUM KOHTYPOM 00’€KTa,
rpyma  00’ekTiB, abo 0O0’€KTiB B OOMEXeHii 30Hi;
OoO0YMCNIeHHS ~ JOBXMHM  KOHTypy,  IUIOHN,  Ta
€KBIBaJICHTHOTO JiaMeTpa BHAUICHOTO 00’e¢kTa abo
CepelHiX 3HA4eHb IIUX MapaMeTpiB IS IPYIH BUAIICHUX
00’€KTiB; 3yMyBaHHS 300pakeHHs; MOOYI0Ba TiCTOTpaMH
pO3MOiny O0’€KTIB 3a EKBIBAJICHTHUM JiaMeTpoM. 2.
Inrepdeiic mporpamu:  iHTepdelc 3 JUHAMIYHHM
peryJroBaHHIM pO3MIpy; A0 ckiaay iHrepdeiicy BXOAUTh
BIKHO JUIsi BiJJOOpa)KeHHsS! 3HIMKIB; NMpaBOpY4Y BiJ BikKHa
BiZIOOpa)KeHHsI 3HIMKIB pO3TalIOBYIOThCS JIBI ab0 Tpu
BEPTHUKAJIbHUX KOJIOHKM JUIS OpraHiB KepyBaHHS Ta
BiIOOpaXCHHSI pE3yNbTaTiB OOYHCICHHS; TicTOrpama
OymyBaTuMeThCs B OKpeMomy BikHI. [Ipoanami3yii
MIPOMIIT, PO3KAXH, SK TH PO3YMIENM 3aBIaHHS, 3poOH
3ayBaXCHHS Ta NPOIO3WIII 1 CKIamy IUIaH, 3a SKUM
OyzeMo mpalfoBaTH HaJ IPOrpamoio». AHali3 3aluTy
BiIOYBa€EThCA MPOTITOM JIOJei CEeKyHH 1 Horo pe3yabTar
BimoOpakaeTbcst Ha ekpaHi. Hakamb, po3Mip Biamosimi
Gemini Ha TakWi 3aUT HE MOXe OyTH BIATBOPEHHI TyT
TIOBHICTIO, ajie BKa)KEMO Ha iCTOTHI MOMEHTH, sKi Tpeba
BIJICTIIKYBaTH y BiAmoBini Herpomepexi. SAxmo Gemini
MPaBWJIBHO 3pO3yMiJla QJITOPUTM POOOTH TPOTPaMH,
CTPYKTYpy  iHTepdeiicy,  3amponoHyBaja  LUIIXH
PO3B’sI3aHHSI OKPEMHX 3aBJaHb 1 CIIaHyBajia poOOTy Haj
MIPOrpamMoI0, MO’KHA MOYMHATU TeHepyBaTh Koi. SIKuio y
KOpHUCTyBaya HeMae JIOCTaTHBOTO JIOCBiLy
IporpamMyBaHHsl, ~Kpalmle [OKJIacTHCS Ha  JOCBiX
HelipoMepeki 1 movyatd poboTy 3 3amuTy: «3 4Yoro TH
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mponoHyem modaTu?y». Gemini 3alponoHye 3reHepyBaTH
iHTepdeiic 3 opraHamMM KepyBaHHS, a HOTIM MOKPOKOBO
npuB’sA3yBaTd (GYHKLOII 10 opraHiB kepyBaHHs. [licis
Y3rO/DKCHHS TOCHIIOBHOCTI Jiif JaiiTe KOMaHay Ha
TeHepalilo  KoAy JUId  CTBOPEHHs  iHTepdeiicy.
3reHepoBaHU KOJI CIIi/I CKOIIIOBATH, BCTABUTH B KOMIPKY
Jupiter Notebook 1 3amycTuTn, HAaTHCHYBIIM KHOTIKY
«runy. SIKmo Kox crmpamioe i Ha eKpaHi 3 SBUTHCA
iHTepdeiic MaltdyTHBEOT MPOTpaMu, HOTO CIIiJ IePEeBipUTH,
CKJIACTH TIepeNlik 3ayBa)KeHb MO0 PO3TallyBaHHS
eleMeHTiB iHTepdeiicy Ta iX MapKyBaHHS 1 TaTH 3aBJaHHS
Gemini BumpaBuTH 3HaWAeHi Hemomikd. [lim dac
TECTYBaHHS KOJY MOXYTbH 3 SIBILITUCS CIIOBILICHHS PO

MacwuTabyBaHHA Ta HaBiraLlin

BnucaTtu y BiKHO

noMmikd. Lli crioBimeHHs Tpeba KOMIOBATH 1 oJaBaTH
HEHpOMEpexki JI0 CBOTO TEKCTOBOTO MPOMIITY MPO PoOOTY
kony. Ilicas  cTBopeHHs  iHTepdelicy  mporpamu
nepexopTe A0 NPU3HAYCHHsS (YHKIIH HOro eleMEeHTaM.
[MocnigoBHicT,  TpU3HAYEHHS  QYHKIIH  mOTpiOHO
BUKOHYBAaTH 3a all'OPUTMOM pobotu nporpamu. He crin
Opartucst 3a HacTynHy (YHKIO, SKIIO ITIOMIYeHi Baau B
po0orti mporpamu. Jleski pyHKIT MOXKYTh HE CyMIIIaTHCS
3 JIOTiKOI0 pOOOTH IHIIMX. Y TAaKOMy BUNAIKY ONHIIITH
npoGyieMy B MPOMITI 1 HeffpoMepeka 3aIpoIloHy€ IUIaH
BUpimeHHs mpoonemu. KiHneBwid pe3yiabpraT poOotd 3i
CTBOPEHHS IIPOrpaMy MOKa3aHo Ha puc. 1.

3apaHTaMeHHA 300paeHHA Anania ob'ekTie y BugineHii obnacTi

HanawmysaHHA BUOINEHHA
MNopir inapusauii:
IHBepcia 300pakeHHA 120
‘ L1
MiH. nnowa (nikch2):
50
L]

3apaHTaxuTi 300paKeHHA j

IHBepTyBaTH 300paXeHHA

Binapusauia 306paxeHHs

BiHapnaysatn 300paxeHHA ‘

NoByaysaTw ricTorpamy

Macuwrab (Mm/nike)

PeaynbTath 06pobku
0,00019 3acTocyeaTi
Bcboro 06'ekTiB BUABNEHO!

HanawTysanHs Flood Fill 1
Lo Diff: JoBxunHa KOHTYpY:

46 0.0341170 mmt

L Mnowga ob'ekra
Up Dift 0.0000513 ww®

10
(L1 Poamip ob'exTa (ekB. giameTp):

0.0080802 mm

Konip mexi o6'ekta

BubpaTti konip .

Puc. 1. Intepdetic nporpamu aiast 0OpoOKH 300pakeHb 1 BU3HAYEHHs ITapaMeTpiB KPUCTAJIIYHOI IPaTKU 3 BUAIJICHUM

(parmMeHTOM 300pakEeHHS.

Fig. 1. Interface of the program for image processing and determination of crystal lattice parameters with a selected

image fragment.

BHUCHOBKHU

Y poboTi BHKITaIEHO OCHOBHI METOJWYHI MPUHOMH
poGoTH 31 CTBOpPEHHS Tporpam uisi  OOpOOKH
eKCIIEPHMEHTAIEHUX IaHUX 3 BUKOPUCTaHHIM
3araJbHOJOCTYIIHUX  HEHpOMepex 1 IHTerpoBaHOTrO
cepenosuma Jupiter Notebook. PosrnsHyro npuHmmnu
CTBOPEHHS IPOMIITIB JUIsl TeHEPYBaHHS TPOTPAMHOT0 KOy
Python, npuuuMHM TOMMIIOK Ta crocoOM 3amodiraHHs X
BUHHMKHEHHI0. HanmaHo mpHKiIan CTBOPEHOI IpOrpamHu.
3anpornoHoBaHUi MiAXiJ JO CTBOPEHHS MPOTpaM CIpHsE
OBOJIOAIHHIO MOBAaMH IPOTpAaMyBaHHs, LIO ITiJBHIIY€E
npodeciifHuil piBeHb JOCTiTHUKA.
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METHODOLOGY FOR CREATING AN INTEGRATED RESEARCH
ENVIRONMENT BASED ON JUPYTER NOTEBOOK
USING NEURAL NETWORKS
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This paper presents a methodology for creating an integrated research environment for experimental data processing based on
Jupyter Notebook with the use of artificial intelligence tools, particularly generative neural networks. Jupyter Notebook is a leading
platform among researchers due to its flexibility, broad library ecosystem, and ease of integration with various analytical tools. Its
primary purpose is to enable researchers to create customized software solutions by writing code in more than 40 programming
languages.

Traditionally, the development of research tools in Jupyter Notebook requires coding in the Python programming language.
However, this can pose challenges for specialists who lack deep programming skills. With the rapid development of generative neural
networks, a unique opportunity has emerged to create small, specialized programs for personal use without significant immersion in
coding. Moreover, this approach not only simplifies the creation of applied software but also significantly accelerates the acquisition
of programming skills, lowering the entry barrier into the development profession.The paper reviews the key capabilities of Jupyter
Notebook, provides a brief overview of its interface, and offers basic explanations of the principles of program creation using neural
networks. A crucial step in building research tools is the formulation of software functionality and interface design. Given that code
generation is performed using neural networks, particular attention is paid to prompt engineering principles for effective code
generation and the creation of applications for automating the processing of data in various formats. Specific examples of functional
module development are presented, demonstrating the adaptability of neural network models to address typical experimental data
processing tasks. The article is intended for experimental researchers seeking to enhance their analytical capabilities using modern
neural network technologies while avoiding complex programming.

Keywords: Jupyter Notebook, neural networks, Python.
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This article deals with the urgent problem of introducing modern information technologies into the physics workshop, which
increases the efficiency of the educational process and contributes to the formation of students' research competencies. The aim of the
study is to analyze the capabilities of the Wolfram Mathematica software environment for processing and visualizing the results of
interference experiments on the example of the laboratory work “Newton's Rings”. The research methods include theoretical analysis
of interference phenomena, computer modeling in the Wolfram Mathematica software environment, and the use of interactive
demonstrations of the Wolfram Demonstrations Project. An algorithm for processing experimental data is proposed, which allows the
automation of calculations and improves their accuracy. The results of the study are presented in the form of a mathematical model of
Newton's rings, which provides a visualization of the interference pattern and allows studying the dependence of its characteristics on
various physical parameters of the system. Methodical recommendations for integrating Wolfram Mathematica software environment
into a laboratory physics workshop have been developed. It is proved that the use of this software contributes to the development of
skills in working with modern software tools, stimulates students' research activities, and provides interdisciplinary links between
physics, mathematics, and computer science. The implementation of the proposed methodology allows the preparation of future
specialists for professional activities in the context of the digital transformation of science and education. The paper highlights the
pedagogical value of the Wolfram Demonstrations Project as an accessible and interactive supplement to theoretical instruction and
physical experimentation. The results confirm that incorporating Wolfram Mathematica into the laboratory framework supports the
development of digital competencies, critical thinking, and a research-oriented mindset. Ultimately, the implementation of this
methodology prepares students for professional scientific work in an era of digital transformation in science and education.

Keywords: Newton's rings, Wolfram Mathematica, interference, experimental data processing, physics workshop, Wolfram
Demonstrations Project, computer modeling, optics.
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Using wolfram mathematica software environment to process the results
of the laboratory work “newton's ring”

INTRODUCTION

The modern system of higher education is actively
introducing advanced information technologies that
significantly enrich the methodological arsenal of the
teacher and expand the opportunities for students to acquire
professional competencies [1]. This is especially important
in the study of physics, where the experimental component
plays a fundamental role in shaping the scientific outlook
and practical skills of future professionals. A laboratory
workshop in physics requires not only high-quality
experiments, but also the correct processing of the results,
their interpretation, and formulation of conclusions [2].

The Wolfram software environment, which includes
Wolfram Mathematica and the Wolfram Demonstrations
Project, is a powerful tool for implementing computational,
analytical, and visualization tasks in physics. It allows you
to automate routine calculations, improve their accuracy,
and provide a clear presentation of data [3]. This is
especially important in the study of wave optics and, in
particular, interference phenomena, the visualization of
which is often difficult using traditional methods.

The purpose of this article is to analyze the possibilities
and features of using the Wolfram software environment
for processing the results of laboratory work in physics on
the example of an experiment on the study of Newton's
rings. Attention is also paid to the methodological aspects
of using Wolfram in the educational process and its
integration into the laboratory workshop on physics in
higher education institutions.

THEORETICAL FOUNDATIONS OF THE
NEWTON RINGS PHENOMENON

Newton's rings are a classical interference phenomenon
observed when light is reflected from two surfaces forming
a thin air gap of variable thickness [4]. A typical
experimental setup consists of a flat-convex lens with a
large radius of curvature located on a flat glass plate. When
such a system 1is illuminated with monochromatic light, a
characteristic interference pattern in the form of concentric
light and dark rings is observed.

The intensity of the reflected light at the point
corresponding to the distance r from the center of contact
between the lens and the plate is determined by the formula

(1):

4R, R,sin?(5/2)
—
(1-/RsR,)

where I; - is the intensity of the incident light, R; and R ,,
— are the reflection coefficients from the upper and lower
surfaces, § — is the phase difference between the rays,
defined as (2):

1) =1, )

_4n 2
6= 1 d(r).

The thickness of the air gap d(r) at a distance r from
the contact point for a spherical surface of radius R is
defined as (3):

2 3
dr) = o @

For dark rings, the condition is satisfied:

d (7") — mTA: (4)

where m — is an integer (interference order), 4 — is the
wavelength of light.
The radius of dark rings determined by the formula:
Ty = VMAR. (5)
Thus, measuring the radius of the rings allows you to

determine the radius of curvature of the lens or the
wavelength of light [4].

MODELING OF NEWTON RINGS IN WOLFRAM
ENVIRONMENT
Wolfram Mathematica provides ample opportunities
for modeling physical processes and phenomena thanks to
its powerful mathematical apparatus and flexible
visualization tools. Let's consider the main stages of
modeling Newton's rings in this environment.

Stage 1: Defining input parameters
It is necessary to set the physical parameters of the
system: the radius of curvature of the lens R, the
wavelength of light A, the reflection coefficients R; and R,.

Stage 2: Defining the intensity function
Based on theoretical formulas, we create a function to
calculate the intensity of the reflected light depending on
the distance from the center.

Stage 3: Visualization of results

Several approaches can be used to visualize the
interference pattern. The figures show the results of
computer modeling of the classical optical phenomenon of
Newton's rings observed in reflected monochromatic light.
The modeling was performed using the following
parameters: radius of curvature of a flat-convex lens
R =105 cm and wavelength of incident light 2 = 650 nm.

1. A two-dimensional image of the interference
pattern.  Figure 1  visualizes the two-dimensional
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interference pattern. It consists of a system of concentric
rings, where the bright fringes correspond to interference
maxima, and the dark fringes correspond to minima. A
characteristic feature of the pattern in reflected light is the
presence of a dark spot at the center (» = 0). This is due to
the additional phase shift of @ upon the reflection of the
light wave from the boundary with an optically denser
medium (the surface of the flat glass plate). It is observed
that as the radius increases, the rings become narrower and
the distance between them decreases.
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Fig. 1. The interference pattern of Newton's rings,
depending on the back wavelength and radius of
curvature of the lens.

2. One-dimensional graph of intensity versus distance.
Figure 2 shows a quantitative plot of the light intensity / (in
arbitrary units) versus the radius 7 (in cm). The dashed line
represents the calculated intensity profile. The plot
confirms that the intensity at the center of the system
(r=0) is zero. Subsequently, the intensity oscillates,
reaching a normalized maximum value at the positions
corresponding to the bright rings. With increasing radius,
the frequency of these oscillations increases, which
correlates with the densification of the rings observed in
Figure 1. This plot allows for the precise determination of
the radii of the bright and dark rings and the analysis of the
change in their width.

For a more realistic display of Newton's rings, you can
use the RevolutionPlot3D function, which creates a three-
dimensional image based on the rotation of the function
around the axis.
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Fig. 2. Dependence of light intensity on the radius of

Newton's rings.

0.05

Stage 4: Analyze experimental data

Wolfram Mathematica allows you to efficiently process
experimental data for comparison with the theoretical
model. Suppose we have a set of experimental values of
dark ring radii 1, for different interference orders m:

To determine the radius of curvature of the lens, we can
use the least-squares method. According to the theoretical
formula, the square of the ring radius is directly
proportional to the interference order.

USING WOLFRAM DEMONSTRATIONS
PROJECT IN THE EDUCATIONAL PROCESS
The Wolfram Demonstrations Project is an open
platform for interactive demonstrations created in the
Wolfram Mathematica environment [5]. The project
contains thousands of demonstrations from various fields
of knowledge, including physics. Particularly noteworthy
is the demonstration “Intensity Profiles for Newton's
Rings” [6], which allows visualizing the interference
pattern of Newton's rings and studying the dependence of
its characteristics on various parameters.

This demonstration allows you to dynamically change
these parameters:

. the radius of curvature of the lens;

. wavelength of light;

. refractive indices of media.

Using such interactive demonstrations in the learning
process has a number of advantages:

1. Visibility - students can directly observe the effect
of changing parameters on the interference pattern.

2. Interactivity - the ability to experiment with
parameters in real time stimulates research activity.
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3. Accessibility - to view the demonstrations, it is
enough to have Wolfram Player, which is distributed free
of charge [7].

4. Integrated approach - the combination of theory,
experiment and computer modeling provides a deeper
understanding of physical phenomena.

To effectively use the Wolfram Demonstrations Project
in a laboratory workshop, we recommend the following
approach:

1. Familiarizing students with the theoretical
foundations of the phenomenon of Newton's rings.

2. Conducting a traditional experiment by measuring
the radii of rings.

3. Processing the results using Wolfram Mathematica.

4. Comparison of experimental data with a theoretical

model and a demonstration from the Wolfram
Demonstrations Project.
5. Analysis of possible sources of errors and

discussion of results.

GUIDELINES FOR IMPLEMENTING
WOLFRAM IN THE LABORATORY WORKSHOP

Based on the study, we can formulate the following
methodological recommendations for the implementation
of the Wolfram software environment in a laboratory
physics workshop:

1. The preparatory stage is the development of
methodological materials that contain basic information
about working in Wolfram Mathematica and describe the
data processing algorithm for a particular experiment [8].

2. Integration with traditional methods - Wolfram
should be considered as a complement to traditional
methods of conducting and processing experimental
results, not as a replacement.

3. Gradual introduction - start with simple tasks with
gradual complication so that students can master the basic
principles of working with the software environment.

4. Individual approach - tasks can be adapted to
different levels of students' training, which contributes to
the implementation of the principle of individualized
learning.

5. Interdisciplinary connections - the use of
Wolfram helps to strengthen interdisciplinary connections
between physics, mathematics and computer science [9].

CONCLUSIONS

The use of the Wolfram software environment to
process the results of physics laboratory work, in particular
when studying Newton's rings, has significant didactic
potential and opens up new opportunities to improve the
efficiency of the educational process.

The main advantages of this approach are:

1. Improving the accuracy of experimental data
processing through the use of powerful mathematical

methods.

2. Improving the visualization of physical phenomena
contributes to a deeper understanding of the essence of
processes.

3. Development of students' skills in working with
modern software tools that are widely used in scientific and
engineering practice.

4. Stimulation of students' research activities through
the opportunity to experiment with model parameters.

5. Saving time on routine calculations, allows you to
focus on analyzing and interpreting the results.

The integration of Wolfram into the laboratory
workshop should be carried out with due regard to didactic
principles and with appropriate methodological support.
This will ensure that students develop a holistic view of
scientific research methods and prepare them for
professional activities in the context of the digital
transformation of science and education.
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BUKOPUCTAHHA NPOrPAMHOIO CEPEAOBULLA WOLFRAM
MATHEMATICA ONA OBPOBKU PE3YJIbTATIB JIABOPATOPHOI
POBOTHU "KIJNibLUA HBIOTOHA™
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VY cTaTTi po3riIaeThes akTyalabHa MpobiieMa BIPOBaKEHHS CyJacHHUX iHGOpMaIifHIX TeXHOJOTIH y (i3UYHHI MPAKTHKYM, IO
migBuIIye e(eKTHBHICTh HABYAJIBHOTO IIpOIecy Ta cHpusie (GOpMyBaHHIO IOCHITHHUIBKHX KOMIIETEHNIH CTyneHTiB. Meroio
JIOCIIJDKEHHS € aHajli3 MOJIMBOCTeH mporpaMHoro cepenosumia Wolfram Mathematica st o6poOku Ta Bisyamizamii pe3yibrartiB
eKCIIepUMEHTIB Ha Tpukiaangi gabopatopHoi po6oru "Kinbist Herorona". MeToay AOCHIIKEHHs BMIIIYIOTh TEOPSTHUHHN aHaui3
iHTepdepeHIiiHIX SBUI, KOMITIOTEpHEe MojeioBaHHs y cepemoBuili Wolfram Mathematica Ta BUKOPHCTaHHS iHTEPAKTHBHHX
nemoHcrpainiin Wolfram Demonstrations Project. 3anpornoHoBaHO OpHTiHANBHUI anropuT™M 0OpPOOKM eKCIIepUMEHTAIbHUX TaHUX,
SIKHH JIO3BOJISIE aBTOMATH3YBaTH PO3PAaXyHKH Ta MiABUIIMUTH IX TOYHICTh. Pe3ymbTatu nOCii[KeHHS HpeAcTaBieHi y ¢opmi
MareMaTHIHOI Mojeni Kirens HproToHa, mo 3a0e3nedye Hao4Hy Bisyali3amito iHTep(epeHIIHHOT KapTHHH Ta J03BOJSE BUBYATH
3aIEKHICTh 11 XapaKTEepUCTHUK BiJ Pi3HUX (I3MYHMX HapaMeTpiB CHCTeMH (pajiiyc KPHBU3HHM JIH3H, JOBKXHHA XBWIi). Po3pobieHo
JIeTIbHI METOIUYHI PEKOMEHIAIIT 010 iHTerpalii mporpaMuoro cepepoBuia Wolfram Mathematica y cTpykTypy 1a60paTopHOTO
MIPaKTHKYMYy 3 (izuku. JloBeseHo, 110 BUKOPHUCTAHHS IporpaMHoro 3abdesnedeHnss Wolfram Mathematica cripusie pO3BUTKY HaBHIOK
po0OTH 13 Cy4yacHUMH NPOTPAMHUMH 3aC00aMH, CTUMYJIIOE JOCIHIAHUIBKY AiSUIBHICTD CTYACHTIB Ta 3a0e3mnedye MDKINCHUILTIHAPHI
3BI3KM MiX (Di3MKOIO, MaTeMaTUKOI Ta iH(OPMATHKOK. BHpoBa/ykKeHHS 3amponOHOBAaHOI METOOMKH JO3BOJISE MiATOTYBaTH
MaiiOyTHiX (axiBLiB 10 mpodeciiiHoi AisnpHOCTI B yMoBax IudpoBoi TpaHcdopmamii Hayku Ta ocBiTH. [ligkpecieHo meaaroriyHy
LiHHICTh IHTEPAKTUBHHUX AeMoHcTpamii Wolfram Demonstrations Project sik goctymHoro Ta e(eKTHBHOTO I1HCTPYMEHTY Ui
TIOTTIMONICHHST PO3yMIiHHS Matepiany. Pe3ynbratu miaTBep/uKyroTh, o BKIoYeHHs cucremu Wolfram Mathematica y naboparopsi
po6oTH 3 Gi3NKH € MOTYKHUM KaTaIi3aTOpOM Ul PO3BUTKY HU(PPOBHX KOMIIETEHTHOCTEH, KpHTHYHOTO MUCIIEHHS Ta JOCTiTHUIIEKOTO
MUCJICHHS CTYAEHTIB, III0 € OCHOBHIM BHCHOBKOM POOOTH.

Knruoei cnosa: xinvys Hotomona, Wolfram Mathematica, inmepghepenyis, odpobxa excnepumeHmanbHux 0auux, Qisuunuil
npaxmukym, Wolfram Demonstrations Project, kKomn 1omepHe MOOeno8anHts, ONMuKa.
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KABIHETIB | NABOPATOPIN XAPKIBCbKOIO | OOECbKOIO
YHIBEPCUTETIB TA XAPKIBCbKOIO TEXHOJNOIMN4YHOIO IHCTUTYTY
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V crarti y3aransHeHi Bigomocti npo gisuibHicTe M. [I. ITunpunkoBa, copsMoBaHy Ha po3poOKy HOBUX (i3UYHMX MPUIAAIB, a
TaKOX Ha IOTIOBHEHHs KOJEKIiH MpUiaaiB, SKi BUKOPHCTOBYBAIHCh Y (Di3MYHHMX KaOiHETax, y HaBYAJIBHHUX 1 B JIOCIITHHIBKUX
naboparopisx XapkiBcbkoro i OJ1ecbKOro YHIBEPCUTETIB Ta XapKiBCHKOT0 TEXHOJIOTIUHOTrO iHCTUTYTY. M. [I. [THIbuHKOB JIMCTYBaBCS
13 KepiBHHKaMH (ipMm, SKi BUTOTOBIISUTM HaBYaJbHE 1 HAYKOBE OOJIaIHAHHS, 3MIHCHIOBAB Y HUX 3aKYIIiBJIIO TPHUJIa B Ta 3aMOBJISB IS
BUTOTOBJIEHHS pUJIaau BiIacHoi KoHCcTpykuii. M. /1. IInipunkoB po3poOHB HU3KY HOBUX IPHJIAIB TA BIOCKOHAIIMB JIESKi 3 ICHYIOUHX.
Bin 3po0uB 3HaYHMI BHECOK y MOMOBHEHHS KOJeKii (i3nyHOro kabineTy XapKiBCbKOTO YHIBEPCUTETY NPHIIAIaMH Ta 00TaqHAHHIM.
VY 1891 poui 3a Horo iHiIiaTHBOIO B XapKiBCEKOMY YHIBEpCHTETI Oy/IM CTBOPEHI Ta OCHAIIEH] MpUJIaJaMi MarHiTHO-METEOPOJIOTidHe
BizinenHs ¢isuynoro kabinery i mereoposnoriuna cranuis. Y Onecekuii nepiox coei aisibHocti M. [, [TunburkoB opranizyBaB mpu
OpecbkOMy yHIBEpCHTETI BHMIipIOBalbHY Jaboparopito. 3a wac, mporsroM skoro M. [l. [ImnpumkoB mparioBaB y XapKiBCEKOMY
TEXHOJIOTIYHOMY 1HCTHTYTI, (i3uuHUil KabiHeT, (i3uuHa JabopaToOpis Ta METEOPOJIOriyHa 0OCEepBaTOPis IHCTUTYTY OYJIH CYTTEBO
MOTIOBHEH] TMpWJaJaMd Ta HOBITHIM HAyKOBHM OOJIQIHAHHAM. Y CTaTTi NpOaHANi30BaHi JaHi, OTPHMaHi B pe3yJbTari
LJIECTIPSIMOBAHOTO TONIYKY, BUBYEHHS, ineHTH(ikanii Ta pectaBpanii HU3KM (i3MYHHX NpuiafiB, sKi BiporizHo Oymm mpupabaHi
M. A. [MunpuukoBuM utd $i3ndHUX KaOiHeTiB 1 1abopaTopili Ta SIKUMHU BiH MIiI KOPHUCTYBABCS IPH MPOBEACHH] 3aHATH 1 JOCTIIKEHb.

Knwuoei cnoea: icmopia ¢izuxu, icmopia ¢hisuunoi oceimu, @isuuni npuiaou, €8ponelicoKi SUPOOHUKU QI3UYHUX ma
MemeopoNoSiUHUX NPULAOi6, HAYKO8A, Nedda202iutd, 6UHAXIOHUYbKA MA OP2aHi3ayilina OisLIbHICMb.
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PO3POOKY HOBUX (Di3uuHUX Npunadié ma 6 NONOGHEHHs KONeKYil npunadie isuynux xabinemie i nabopamopii XapKiecbkozo i
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B. I1. Iloiioa, B. 1. bineyvxuii, K. 1. batipamosa, O. M. Menvwosa, I1. JI. Beliyman

BCTYII

Muxkona JimurpoBrd [TunbunkoB (puc. 1) — BUgaTHHA
¢i3uK CBITOBOTO piBHA. Y TBOPYOMY JOPOOKY I[OTO
BUCHOTO HANIYyeThCcI 0arato IMIOHEPCHKUX HAYKOBUX
BIIKpUTTIB 1 BUHAXO/iB, PO3pOOOK HOBITHIX Ha TOH Yac
¢GI3UYHNX ~ [pWIagiB  Ta  OPUTIHAIBHUX  METOIUK
EKCTIIEPUMEHTAIBHUX JOCIHIKeHb 13 PpI3HUX PpO3.LUIIB
¢izukun Ta Mereoposorii. Bin mHapomuBcs B IlonTaBi
21.05.1857 poky. 3akiHunB XapKiBCHbKUH YHIBEPCHUTET Y
1880 pomi, nme ¥ mnpamroBaB Ha Kadeapi ¢i3ukd 10
1894 poxy (3 1889 poky — Ha mocanmi mpodecopa). Y
1894 — 1902 pokax M. JI. [lunpunkoB TmpamioBaB Ha
nocazi npogecopa OnecbKOro yHiBepCUTETY, SKUI Ha TOW
yac MaB Ha3By HoBopociiickkuii yHiBepcuteT, a B
1902 — 1908 pokax BiH o0iliMaB mocagy mnpodecopa
XapKiBCbKOT'O TEXHOJIOTTYHOTO IHCTUTYTY. byB nilicHMUM
YJICHOM HayKOBHX TOBapHCTB, siKi Aistiau B Pocii, ®dpanuii,
ABctpii, benprii, Himeuuuni [1-9].

MeTor0 AOCHTiIKEHD, Pe3yIbTaTH SKUX BUKIIAJCHI B IiH
OTJILAOBIHM CTaTTi, € y3araJbHEHHs HasBHHUX JAHHUX IIPO
BHecok M. JI. [InnpunkoBa B po3poOKy HOBHX (Di3WIHHX
MpUJIATiB, a TakKoX Yy IiJeCIpsIMOBaHE TOIIOBHEHHS
KOJICKIII TpUIIaiB, SKi BUKOPHCTOBYBAINCH y (Di3WYHUX
kabiHeTaX, a TaKOXK Yy HAaBYANBHHUX 1 B JOCIHIIHHUIBKUX
nmabopaTopisx BKa3aHUX BUILE YHIBEPCUTETIB.

NPEAMETH, OB’€EKTU TA METOHU
JOCJIIXKEHb

IIpeamerom mocmipkeHb 1€l cTaTTi Oyia AisSUTbHICTD
M. JI. [lnnpunkoBa, copsiMOBaHa Ha pO3POOKY HOBHX
¢i3MYHMX TpUIaniB BIacHO! KOHCTPYKIIi, a TaKOX HOTro
oprasizamiina po6oTta, TOB’s3aHa i3 TIOMOBHEHHIM
¢bi3nuHIMU ITprTagaMy (i3NYHUX KaOlHETIB 1 HaBYAIBHUX
nmabopaTopiii Ta CTBOPEHHX HHUM  JOCHITHHIIEKHX
(BuMiproBanbHHX) Jaboparopiii B  XapkiBCbKOMY 1
HogopociiicbkoMy yHIBEpcHTETaX Ta B XapKiBCBKOMY
TexHonoriuHomy iHetutyTi (XTI).

O06’ekTOoM JoCTiKeHb Oyna KepenbHa 0asza, sKa
CKJIa[aJIach: 13 KHAT Ta CTaTEH 3a TEMATHKOIO JOCIIIKEHD
[1-8, 10-11]; «Ommcy HOKyMEHTAIBHHX MarepialiB
ocobucroro ¢ouny M. [I. [Tunpunkosay [12]; «Omucy
6i0morekun mpodecopa M. JI. [Tunpuukoa» [13] Ta
JeSIKUX KHUT 1 cTaTed i3 miei 6i0mioTekH, sika 30epiraeTbes
B IIHBP XapkiBcbKOro HamioOHAIBHOTO YHIBEPCHUTETY
imeni B. H. Kapa3ina; HU3KH HayKOBUX nparlp,
omyosikoBanux M. JI. [IMIpYNKOBHM Ta HOTO YYHIMHU 1
criBpoOiTHUKamu; aesskux [Ipane ta [IpoTokomis 3acizanp
¢bizuko-ximiuHOi cekiii ToBaprcTBa TOCTITHUX HAYK NPU
XapkiBcbkoMy  yHiBepcuteri; [lpamp Tux  3’131iB
POCIHCHKUX MPUPOAOAOCIITHHKIB 1 JTIKapiB, y pOOOTI SKUX
Opas y4acTb M. [. [Tunpyukos; «BimomocTeit
XapKiBCHKOTO TEXHOJIOTIYHOTO I1HCTHTYTY»; KaTaJoTiB
¢ismaanx npunamgie, suroropineHnx y XIX cromitri. by
MPOBEACHUH MOMYK (i3WYHUX TPWIAB, SKi PO3pOOHB

abo, BiporigHo, TpUIOaB YM  BHUKOPHUCTOBYBaB
M. [. [lunpunkoB mig 9ac poOOTH B XapKiBCBKOMY
yHIBepcHUTETI Ta B XapKiBCBKOMY TEXHOJOTiYHOMY
iHcTuTyTi. Byna 3niiicHeHa ineHTudikalis Ta pecTaBpaiis
JesKUX npuiaiB. LmoctpaTuBHUiT MaTepian, HaBeIeHUI Y
i OIIAIOBINA CTarTi, OTpUMaHUH [UIIXOM
(dororpadysanns (i3MIHUX MPHIAIIB, SKi 30€piral0ThCs B
KOJIeKIIi{ ¢bizuuHOTO KaliHeTy XapKiBChKOTO
HaIlioHaNEHOTO YyHiBepcuTeTy iMmeHi B. H. Kapaszina ta B
konekmii  kadempu  izmkm  HTY  «XapkiBchkuit
nomitexHiuHui yHiBepcurer» (HTY «XI1l»), BuKOoHaHOTO
3 BHKOpHCTaHHAM wLudpoBoi ¢oTtokamepu Canon
PowerShot S5 IS, ckanyBaHHS CTOpiHOK KHUT i cTaTeil Ta
3aBISKA BHUBYCHHS iH(POpMAILi 32 TEMOK IOCIIHKECHHS,
po3MilleHoi B Mepexi [HTepHeT.

PE3YJIBTATH JJOCJIIKEHHSA TA iX
OBI'OBOPEHHSI

Puc. 1. DoTonoptpet

M. . llunpunkoBa
O. M. IBanurpkoro (e mizuimre 1905 poky) [3].

pobotu

Fig. 1. Photo  portrait of M. D. Pylchykov by
O. M. Ivanitsky (not later than 1905) [3].

3azHaunmo, mwo M. JI. ITmipyukoB, SK NpUPOIHKEHUN
BUHAXiTHUK Ta PO3POOHHK HOBUX (I3WYHHAX TIPHIATIB i
HayKOBOTO OOJIaJIHAHHS, WI€ I Yac HaBYaHHA B

TTonraBchKiil riMHA311 JETAIRHO 03HAMOMUBCS 13 OITMCAMU
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Pi3HOMaHITHHX MPUJIAJIiB, HABSICHUMH Y BITYM3HIHUX 1 B
3apyODKHUX MApYYHHKaX i3 (i3wky Ta 3MiHCHUB mepii
cpoOM po3poOMTH Ta BUTOTOBHUTH TIPHJIAaId BIIACHOI
koHCTpykmii [1, 2]. V momanpmoMy TpPOTITOM BCHOTO
CBOTO KHTTS BiH INOCTIHHO CIiJKyBaB 32 HOBHHKaMH B
rajy3i HayKOBOTO IIpHJIaIo0yyBaHHs, PO SKi Ti3HaBaBCs
MepeBaXHO 13 3apyObKHHMX JoKeped Ta Tijg  dac
3aKOPJIOHHUX TOI37I0K HA HAyKOBi opymu. Bimomo Takox
mo M. /. ITunpunkoB Oye momirmotoMm [1, 2, 4, 5]. Bin
BIJIBHO BOJIOZIB YKpaiHCBKOIO, pociiicbkoro,
(hpaHIy3pK0F0, HIMEIILKOIO 1 TTOJILCHKOI0 MOBAMH, a TAKOXK
3HaB aHIJIHCBKY Ta ITaJiHCBKYy MOBH. 3aBISKH I[OMY
M. [I. [Iunp4ukoB JOCKOHAIO BHUBUUB XapaKTEPUCTHKU
HayKOBOTO O0JIaAHAHHA Ta (QI3WIHUX MPUIIATIB, SKi OyIn
BHECEHI B KaTaJIOTH Pi3HUX (ipM Ta BiIOMUX MaHCTpiB-
BUPOOHMKIB, OMyOJIKOBaHMX 1HO3eMHMMH MoBamH. lle
Jalo0 HOMy MOJKIMBICTD IIPOTSTOM BCHOTO  IKUTTA
JHUCTYBaTHCh 13 KEpPIBHUKAaMHU Ta NPEICTaBHUKAMH LUX
¢bipm, 1iIecnpsMOBaHO 31HCHIOBATH 3aKyIiBIIIO IPHUIIA B
y TOMY YHCII 1 3a BIacHI KOIITH I (Pi3MYHUX KaOiHETiB,
HaBYAJIbHHUX Ta BHMIiPIOBAJIEHUX nmabopaTopiit
XapkiBcbkoro i OJechKOro YHIBEPCHUTETIB, a TaKOX
XapKiBCBKOTO TEXHOJOTIYHOTO 1HCTHTYTY. Y «Ommuci
JMOKYMEHTaJbHUX MatrepiayiB ocobuctoro ¢oumy 783
M. [I. IunpunxoBa» [12] € ©Oararo BimomocTel Tpo
3MIIACHEHI HMM 3aMOBJICHHSA Ha TpUAOaHHA abo K Ha
BHTOTOBJICHHSA PI3HOMAaHITHUX (I3UUHUX NOpWIALB Y
MaNCTEepHAX TPOBIAHMUX 3aKOPAOHHHX (ipM, SKUMH
KepyBaJld BiJJOMi IHXEHEpPH, MaWCTPH Ta MiANPHEMIII.
BuBueHHs oOmmMCiB HasABHMX apxiBHUX JOKYMEHTIB
MoKa3ao, mo Ie Oy Taki BigoMi GpipMu Ta BUPOOHHKH:
¢ipma XKyns [drobocka i @Dpancya @Pimibepa [lemmina
«Duboscq-Pellin» (ITapmx); Exxena rokpere «Ducretet»
(ITapmx); Enyapma Jlytma «E. Lutz)» (ITapmx); Bparis
Pimap (ITapmx); I'eopra Cexperana «G. SEKRETAN»
(ITapmx); «’KeHeBchbKOTO TOBAapUCTBA 3 KOHCTPYIOBAHHS
ONTUYHUX Ta (Pi3ndHuX iHCTpyMeHTIB» (JKenera); XKyuns
Kapmnantse «Jules Carpentier» (ITapux); «MixHapO HOTO
61opo wmip 1 Bar» (Cesp); P. Kenira (ITapux); A. Momena
(*Kenesa); Exxena Mimens; Kapna Laiica (€na), I'peitnepa
i @pinpixca (lrotnenbax); «E. Kpayca i Koy (ITapmx);
«Siemens & Halske»» (bepmin); «Hartmann & Braun A.
G.» (bepmnin); bparis Anbepnia (ITapmx)» «Max Kohl A.
G.» (Xewmwin); Bperera (Ilapmxk); «Optische Werke C.
Reichert»; «Georg Bartels»; «Dr. Rudolf Franke & Co» Ta
THIITNX.

Bupuenns «Omnmcy 6i6miorekn M. 1. IIniapunkoBa»
[13] mokazano, mo B Hil, KpiM KaTajoriB NPHIALIIB i
MpeHCKypaHTiB (TIpaifc-IHUCTIB) Ha HUX, € 0arato KHUT,
HallMCaHUX NEPEeBa)KHO IHO3EMHUMH MOBaMH, NIEpEKIIa/liB
JESKUX 13 IMX KHHT, JKYpHAJIbHHX CTaTed, B SKUX
PO3TIINAETHCSA MPUHLIUN Aii Pi3HUX (I3WYHUX HPUITALB,
METO/MKA TPOBEICHHSA JTa0OpaTOPHUX IOCIKEHb 13

¢izuky, XxiMii Ta MeTeopoJorii, a TakoX HaBeIeHI

ICTOpUYHI [aHi NpO IisUTBHICTh BHIATHUX BYCHHX. Y
0araTb0X KHHTAX 13 BJIACHOI 010JIIOTEKH BYCHOTO, MPO IO
CBiTUaTh HOTro eKciiOpucu Ta aBTorpadu, HAHECCHI Ha
OOKJIaIMHKaX Ta Ha TUTYJIBHUX CTOpPIHKax
30epermucs TOMITKM Ha MOJSIX Ta CTHCHI KOMEHTapi,
3po6ieni M. JI. [TmpunkoBuM rpadiTHUM OIiBIEM, 200 XK
OJIBLIEM CHHBOTO KOJbOpy (puc.2). Ile € cBoepigHuM

KHHUT,

CBIUCHHS MPO HOrO TMOCTIHHY IHTEHCHBHY pPO3yMOBY
Mparo, COpPsSMOBaHY HAa BUBUYCHHS Ta OCMHUCIICHHS
iHpopMaIlii, HaBeJJeHOT B INX KHUTAX.
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Puc. 2. TutynpHa cTOpiHKa migpydHuka @Dpigpixa
Kombpaymra Tta mepeaMoBa [0 HBOTO 13 HAIKCOM,

3poosienum M. . [TunpurkoBuMm.

Fig. 2. Title page of Friedrich Kohlrausch's textbook and
its preface with an inscription made by M. D. Pylchykov.

M. J. [InnpuynkoB OyB BUAATHAM BHHAXITHUKOM [ 1, 2].
[potsirom cBoei pobotu B XapkiBcbkomy Ta B O1eCbkoMy
yHiBepcuTeTaX, a Takok y XTI BiH po3poOuB HH3KY
(GI3MYHUX BUMIpPIOBANBHUX 1 JEMOHCTPAIMHUX MPUIaiB
Ta BIOCKOHAIIUB JiesiKi 3 icHytouunx [1-10, 15-18]. Lle Taki
npunaau: QonHoasrorpad; mUdepeHUiHu apeoMeTp;
TEpPMOCTAT; TEPMOCTAT JUI1 TOBITPSHOTO OapoMeTpa;
AaBTOMATHYHHH  PETYNATOp  EINEKTPHUIHOTO  CTPYMY;
OpucTpid  aias  (OTOENEKTPUYHOTO  PEryJIIOBaHHS
TOAMHHMWKA 3 BHUKOPHCTaHHSIM CEJICHOBOTO MpHiiMaya;
OJHOHHTKOBHUH celicMorpad; pedpakTomMeTp; puia s
BU3HAYCHHS WIBUAKOCTI 3BYKY B ra3ax, 3aCHOBaHMH Ha
ONTUYHOMY METOl; IHKJIIHATOP, MAarHITHUH TEOMOJIIT;
aHemMorpad; TpHIag AN CIIOCTEPE)XEHHS  SBHINA
€JISKTPOMArHiTHOI IHAYKIII1; OTHOHUTKOBUH EIEKTPOMETP;
iOHOMeTp;  peHTreHiBcbka  TpyOka  (dokyc-TpyOka
[unpunkosa); pedpakToCKOIT; ¢dortoteneckon;
CIIEKTPOIOJIIPUMETP;  ABTOPEECTPYIOUMH  BiUTidyBay
aTMOc(epHHX  EJEKTPUYHUX pO3psNiB; pele; PpisHi
MIPOTEKTOPH ISl CEJIEKTUBHOTO NPHHOMY paliOXBHIIb,
3axucTy iH(opMmanii i 3MEHIIEHHS BIUIMBY CTOPOHHIX
paniomnepenko y panionpuiimMauis, SIKI

BHUKOPUCTOBYBAJIUCh B ICKpOBIi tenerpadii;
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Buecox M. J]. [lunvuuxosa 6 po3podxy Hosux gizuunux npuiadis...

TIOPTaepPOHABT — CIellialbHa TePMETH30BaHa aTIOMiHIE€Ba
kKabiHa 3 UIIOMIHATOpaMu AUl TPOBEAEHHS BUCOTHHUX
CIOCTEpEXXEHb 13 BUKOPHCTaHHSAM TOBITPSHOI  KyJIi;
BIIIEHTPOBAa MaIlMHA; KaTONTPUYHUK (oTorpadiunuit
TEJIECKOI; MPUCTPIil IS 3aKpilUICHHS CBITIOQUIBTPIB Ha
noisspumeTpi KopHro Ta ixmi. Ha sxans, Oinpmicts nux
npuiafgiB  OyjJa  BUTOTOBJIIEHA B OJHOMY-JBOX
ex3eMInIIpax. Uepes 11e o Haloro 4acy 30eperiuch JIUIe
okpemi mpwiany, ckoHcrpyioBani M. /1. [TMapYMKOBUM.
[puniun aii 0araTbox HPUIAIIB, 30KpeMa THX, SIKI BiH
TaEMHO PO3pOOJISIB 1 BAOCKOHAIIOBAB IS MOTPed apMii i
¢G0Ty, B TOMY YHCII HPHUCTPOIB Ul PajiOKepyBaHHS,
MIHHOTO 3aXHCTy Ta icKpoBoi pamioTenerpadii, BiporiaHo,
OyB ONHMCaHWH BYEHUM B HOro TaeMHUX HOTaTKax, a
KOHCTPYKIIisSI IpuiaaiB Oyia 300pakeHa Ha KpecIeHHIX 4u
Ha TEXHIYHHUX pucyHKax. Ha sxans, Bci i Matepianu Oyin
BTpayeHi MICJs TpariyHoi cMepTi BUCHOTO [2] 1 10 bOTO
4acy He BUSBJICHI.

M. . [IunpunkoB ~ HaB4aBcS B  XapKiBCBKOMY
yHiBepcureTi B 1876 — 1880 poxkax [1-7]. ¥V cryneHTchbKi
POKH BiH, SK BKa3aHO B [2, 5], mornn0iIeHO BUBYAB BHUIILY
MaTeMaTuKy, XiMilo, METEOpOJoTilo, MJOCHiIHY Ta
TeopeTHuHy (i3uKy. PerenbHO BHKOHYBaB HaBYaJbHI
nabopaTopHi  poOOTH, JomoMaraB  BHKJIagadaMm Y
HaJIaTO/DKEHHI MPWIafiB 1 J1abopaTopHOro 00JaJgHAHHS,
po3MimmeHux y ¢(isudHOMy KaOiHeTI Ta B HaBYaJbHIN

nabopatopii. BiH  Takox  caMmocTiiiHO  3aliMaBcA
KOHCTPYIOBAaHHSM 1 BIOCKOHAJICHHAM (PI3SMUHUX IMPHIIAMTIB.
IMepmmm  mpuiagom, sikuii  OyB  CKOHCTpYHOBaHWM

M. J. [InnpunkoBUM Wi 4ac HaBYaHHS B XapKiBCHKOMY
yHiBepcureTi, 0yB ponoasrorpad [1, 2]. Sk Bkazano B [2],
BIZIMIHHICTh ¢onoastorpada KOHCTPYKIIT
M. . [unbunkoBa Bix ¢onoastorpada,
cKkoHCTpyioBanoro Tomacom Exiconom, mossirana B ToMy,
0 B Horo mpmiaai At audeperniioBanoro rpagigHoro
3amucy  3BYKOBMX  KOJMBaHb  BHMKOPHCTOBYBAaBCS
CJICKTPUYHHUN CTPYM.

Buctynu M. JI. [TwisurkoBa Ha 3acigaHHAX (i3UKO-
ximiuaoi  cekmii  ToBapmcTBa  JOCHITHHX — HAyK
XapKiBCHKOTO YHIBEPCUTETY OYyIIH MPUCBIUCHI BAXKITUBUM
i akTyansHuM Temam. Voro nepimii BUCTY, SIK 3a3HAYEHO
B [1, 2], BinOyBcs 14 nmuctomama 1879 poky. Ha npomy
3aciganHi Pi3uKo-XiMigHOI cekuii ToBapuCTBa TOCIITHUX
HayK CTyAEHT 4 Kypcy (Qi3MKO-XiMIYHOTO BiIAiICHHS
¢izuko-mareMaTudHOro  (pakynbreTy — XapKiBChKOTO
yHiBepcutery M. /1. [TmpunkoB BUromocuB pedepar Ha
temy «Jlocmimkenns Kpykcea, 1110 cTocyoThest 4eTBEpTOTO
cTaHy Matepii». Y 1pomy pedeparti BiH y3araJbHHB JIaHi,
orpumani B 1879 poui Bimesmom Kpykcom mpu
JOCIIJKEHH] KaTOHIX MPOMEHIB (ITOTOKY E€JICKTPOHIB) i3
BUKOPDHUCTAHHSIM TpPyOOK 13 3HA4YHUM PO3PiHKEHHIM
MOBITps, SIKI Temep Ha3uBalwoThcs KpykcoBumu abo
KaTOZHUMH. [l cIlocTepe)KeHHS CBIYEHHS Ha ILIAXY
KaTOAHUX MPOMEHIB BCEPEAMHI KAaTOIHHX TPYyOOK

3a3BUYail MOMINIYIOTh MeETaJieBl MpeaMeTH (METeIHKH,
JMUCTKH, OyKeTH KBITiB Tomo). BoHM mokpuTi comsmu
PI3HHX METalliB, SAKi CBITATHCS PI3HUMH KOIBOPAMH IIiJ|

i i3 0] KaTOIHUX MIPOMEHIB. vy MOIaJIbIIOMY
M. J. [Tunpuukos, [paliolyd B nabopaTopisix
XapKiBCHKOTO YHIBEpCUTETY Ta XapKiBCBKOTO
TEXHOJIOTIYHOTO IHCTUTYTY, BIPOTiIHO CIpHUsB

NpUAOAHHIO UX MPUIAIB IS X Qi3uYHMX KaOiHeTiB, a B
npani «Paniii Ta ioro mpomeHi» [19], Ky BiH ommyOiKyBaB
y 1900 pomi, mpamtoroun B OIeChbKOMY YHIBEpPCHTETI,
BUYCHUI OMHCAB IOCTIAM 3 KaTOMHMMU mpoMeHsmu. Ha
puc. 3 mokasasi neski 3 Tpyook Kpykcea, siki 30epiratotecs
B KOJICKIIAX TPIIAAiB Pi3ugHOro KabiHeTy XapKiBCHKOTO
yHiBepcuteTy Ta Kadeapu dizuku HTY «XI1D».

KOJIEKLIIT

Kpykca. I3
(hisnyHOro KabiHeTy XapKiBCHKOTO YHIBEpCHTETY (a) Ta
3 kosrekuii npmraniB kapenpu dizuxua HTY «XIII» (0).

Puc. 3. TpyOku MpUJIaIiB

Fig. 3. Crookes tubes. From the collection of instruments
of the physics department of Kharkiv University (a) and
from the collection of instruments of the physics
department of NTU «KhPI» (b).

[pamtorounn B ¢izuuHoMy KabiHeTi XapKiBCHKOTO
yHiBepcurety, M. /1. [TunbuuKkoB 311 CHIOBAB TiITOTOBKY
HOBHX JNEMOHCTpaIliif, po3po0yIsAiB  Ta
BIIPOBA)KyBaB METOIUKH EKCIIEpUMEHTAIbHUX
JOCITIJKeHb, $Ki 3aCTOCOBYBaB y XOZi IPOBEICHHS
BJIACHHUX HAYKOBHX JOCJI/PKEHb Ta MiJl Yac J1abopaTOpHUX
3aHATH 31 CTyIEHTaMH JIBOX CTapIIuX Kypcis [1-5].

Ipotsrom yciei coei misitbHOCTI M. . ITHmpunkoB

JIEKLIMHUX
HOBI

HAMOLIBII TUTITHO CHiBIpalfoBaB i3 ¢ipmoro «Duboscq-
Pellin». Kynp  J{robock — ppaHIy3bKuil  ONTHK,
BHHAXIiJHUK 1 OWH 3 mepmux ¢GoTtorpadis, yueHb ONTHKA
Xana-baricra Comes [20]. 3a copok pokiB cBO€I
nisttbHOCTi JKynb [I1000CK CTBOPUB BEJHMKY KUIBKICTH
PI3HOMAaHITHHX TIPWIAAiB, SKi BiI3HAYANHCS BHCOKOIO
SKICTIO 1 KOPUCTYBAJIMCS MOMUTOM Y NPOBIAHUX BYCHUX
BCBOT'O CBITY. Y CIIMCOK HpHJIaiB, CTBOpeHUX J1000cKoM
i3 BUKOPUCTaHHSM BHMHAaXOJIB PI3HUX BUEHMX, 30KpeMa

The journal of V. N. Karazin Kharkiv National University. Series Physics. Iss. 42, 2025
BicHuk XHY imeHi B. H. Kapasina, cepis «®isuka». Bun. 42, 2025 83



B. I1. Iloiioa, B. 1. bineyvxuii, K. 1. batipamosa, O. M. Menvwosa, I1. JI. Beliyman

BXOJISITh: EJEKTPOMArHiTHHH peryisTop; KaJopuMeTp;
reiocTaT; yrosa jJaMIa; MpoeKNiiHi («JapiBHI») JIiXTapi;
MOJIAPHUCKOIL; ITyKPOMETp; CTEPEOCKOIIYHAa Kamepa, sKa
€KCITOHYBAJIaCh 3a CIAJIAXOM ICKpH Bijl €IEKTPUYHOT TyTH.
3a cBoi BupoOHM Ta BUHaXOoau J[000CK OyB BiI3HAUCHUIA
Menamo Ha BeecitHil BucTaii B JIormoni B 1851 pori
i Ha BcecBiTHi#t Buctagii B [1apmki B 1855 1 1857 pokax.
Y 1863 pomi BiH cTaB KaBajiepoMm opzecHa I[lodecHOro
neriony. Ilicns cmepti [lroGocka #oro mianpueMcTBO
smusiocst 3 gipmoto «Pelliny ®pancya dinibepa [lemrtina
(imomi ioro nazmBaroTh Pimimmom Ilemminom) i Ha3Ba
¢ipmu 3MmiHmnace Ha «Duboscg-Pelliny, a mortim Ha
«Pelliny [20].

M. JI. [TunpuukoB  3poOUB
MTOTIOBHEHHS KOJIEKIIii (i3naHOTO KabiHeTy XapKiBChKOTO
YHIBEpPCUTETY Pi3HOMaHITHUMHU npuIagaMu Ta
o0JaHAHHAM, BHUTOTOBJICHUMH TpAIlliBHUKAMHU  ITi€l
¢ipmu. Ilpo me, 30kpeMa, CBITYWTH iHGOpPMAIlS TPO
HasIBHICTb y HOTo apXiBi BEIHMKOI KUIBKOCTI YEPHETOK
JUCTIB, MO OyNW HaJiclaHi BYCHUM JO TMPEICTABHHUKIB
¢ipmu «Duboscq-Pelliny y meit mepioa, a TakoxX JHUCTIB i
(iHAaHCOBUX TOKYMEHTIB, OTPUMAaHUX HHUM BiJ i€l (ipMu
[14]. 3okpema cepex NOKyMEHTIB, SIKi 30epiraioThCsi B
apxiBi JTOKYMEHTaJbHHX MaTepianiB ocoOucToro (HoHIy

3HAYHUM BHECOK B

M. JI. [Tunbuukosa [20], € MOBiqOMIIEHHS BiJI MpaIliBHUKIB
¢ipmu «Duboscq-Pelliny npo Te, mo B 1889 pomi Ha
XapKiBCbKY TaMOKHIO HUIMU OYJIM HAJIICJIaHi J1Ba SIIIUKH 3
npuiagamu, 3amosiieHuMu M. J1. [TunbunkoBuM.

VY npyriid momoBuHi XIX CTONITTS AJisi MPOBEACHHS
6araTboX JOCIi/iB 3 ONTHKK HEOOXiJHO OYJI0 MpOIyCcKaTh
MMy490K TIPOMEHIB COHSYHOTO CBiTNA, BIIOWTHI Bif
J3epKaia,  depe3  Kilbka  NpWIAliB,  PETENBHO
BCTaHOBJICHUX OJIUH 33 OJTHUM Ha TOPH30HTAIHLHOMY CTOJI
abo >x Ha onTtuuHili naBi. Ane x CoHie 3IHCHIOE
HETMepepBHUN PyX IMiJ 4ac CBOTO BHUIUMOTO JOOOBOTO
obOepranns. [emiocrtar —me mpwian, SKUH —3TaTHHHA
MMOBEPTATH IUIOCKE J3EPKANI0 TaK, MI00 HAIMpPaBISATH
BiIOWTI COHSYHI MPOMEHI MOCTIHO B OHOMY HampsMKY,
HE3BaXXAOUM Ha BUIuMHA 1000Buit pyx CoHus. VY
re;mocTaTi TOAWHHUKOBHH MEXaHI3M TakK IIOBEpTa€e
J3epKajio, Mo BiIOUTHH BiX HBOTO MPOMiHB TPHUBAIIUH Yac
30epirae  oTpumane BUXiIHE  TOJIO)KECHHS,
HEe3BaXXKaI0OUM Ha BUIuUMe noOoBe obepramns CoHms. I3
0araThbOX TeNioCTariB, sKi Aal0Th 3MOTY OTPUMATH MY4YOK

HUM

COHSYHUX  IMPOMEHIB,  BiAOMTUX 32  OyIb-SIKHM
TOPU30HTABHIM a00 TOXWIMM HANPSIMKOM, HaHOUTBII
MIPaKTHYHUM BUSIBUBCS TPHJIa] KOHCTPYKIii 3UibOepMana,
AKUH 300pakeHu Ha puc. 3 a.

Bin OyB BurorosneHuii ¢pipmoro «Duboscq-Pelliny i,
BiporimHo, mpuaOaHWil s (QismuHOrO  KabiHETY
XapKiBChKOTO YHIBEpCHTETY 3a 3aMOBJICHHIM
M. J. ITunpunkosa.

= = e ] ==

Puc. 4. Tenioctar 3inpbepmana (a), mpusma (0) Ta
m3epkaino (B) BupoOHunTBa Qipmu «Duboscq-Pelliny i3
KOJICKIIi mpmiafgiB ¢izudHoro kabiHery XapKiBCHKOTO
YHIBEPCHUTETY.

Fig. 4. Silbermann heliostat (a), prism (b) and mirror (c)
manufactured by Duboscq-Pellin company from the
collection of instruments of the physics department of
Kharkiv University.

et TpuIIa OyB HENIOJIaBHO YCHINIHO
BipecTaBpoBaHuil. BiH Oe3moraHHo i€ i JO IBOTO Yacy
Tak, SK [e Oyno Toai, KOIM 3 HHM MpaIfOBaIN
M. JI. [IunpurkoB Ta iHII BUKIJIAAA4i 1 CTyieHTH (i3nuko-
MaTeMaTU4HOro (aKyIbTeTy XapKiBCbKOTO YHIBEPCUTETY.
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AL d
Puc. 5. lpwnan qyis neMoHcTpartii kiens HproToHa (a),
miHza (0) BupoOHuuTBa ¢ipmu «Duboscq-Pelliny i3
KoJyiekuii npuiaaiB ¢isuuHOro kadiHeTy XapKiBCHKOTO
YHIBEpCHTETY.

Fig. 5. A device for demonstrating Newton's rings (a), a
lens (b) manufactured by the Duboscg-Pellin company
from the collection of devices of the physics department
of Kharkiv University.

lemioctar 3inpbepmana misHimEe OyB TpUAOAHMIA
M. J. IInnpunkoBuM i uist disnunoro kabinety XTI, mpo
110 caM BYECHHUH NMOBioMHB y «BigomocTsix XapKiBCbKOTO
TEXHOJIOTIYHOTO THCTUTYTY» [15]. ¥ Kkomekmii ¢izuanux

npunaniB kadhenpu ¢pizuku HTY «XT1D» neit npunag HaMu
He OyB BUSIBJICHUIA.

Ha puc. 4 6,8 Ta Ha puc. 5 300pakeHi iHII ONTHYHI
npuiIagy 3 Kojekiii ¢izuanoro kabinety XapKiBCBKOTO
YHIBEpCUTETY, siKi Oyiu BUroTOBIEHi ¢ipmoro «Duboscq-
Pelliny.

TicHa ¢bipmu
«Duboscq-Pelliny gana moxmmBicte M. JI. [TunpunkoBy
HE JIMIIe MOCTIHHO 3aKyNoBYBaTW B HUX PI3HOMAHITHI
npwiaan, SKi CepiiiHO BHITyCKaIWCh, ane W poOuTn
3aMOBJICHHSI HA BHIOTOBJICHHS BJIACHUX OPHTIHAJIbHUX
npwianis. Y [1, 2] 3a3HadeHo mpo Te, MO Ha 3acillaHHi
¢izuxo-ximiuHOI cexuii ToBapucTBa TOCITITHUX HAYK NPU
XapKiBCBKOMY YHIBEpCHUTETi, siKke BimOymocs 14 ciung

cmiBmpamns i3  NpeACTaBHUKAMH

1881 poxy, M. /I. IInIpuMKOB BHCTYNHUB i3 JOMOBIIJIIO
«IIpo HOBHIi cI10CiO BU3HAYECHHS MMOKA3HUKA 3aJIOMJICHHS
pimua» [21] Ta mpo mpuHOEN Al JiH30BOTO
pedpakTomerpa AN PiAMH 1 JETKOIDIABKUX TiJI BIACHOL
KOHCTpyKuii. BiH mposeMoHCcTpyBaB el npuiiaz, nepumi
BapiaHT sKOro OyB BHIOTOBJICHMH B MalCTepHIi
yHiBepcuteTy. Pinnna, fka BHKOPHCTOBYBalach s
aHalizy, BMIIyBalach y I[bOMY INpWIafi MK JBOMa
cheprUYHIMU TIOBEPXHAMH i BHACHIJOK IBOTO Ha0yBaja
dbopmy couesuili. IlokazHWK 3aJOMIICHHS BH3HAYABCS
IUIAXOM BHMIpIOBaHHA (DOKYCHOi BiACTaHI COYCBHIII.
OCHOBH HOBOT'O METOy pedpakToMeTpii, 3aCHOBaHOTO Ha
BHUKOPHCTAHHI COYEBHITI, Oymnu onucaHi
M. JI. I[TuibuyuKkoBUM y CTAaTTi, sika Buinuia B «OKypHami
Pociiicekoro ¢i3nko-xiMi4HOTO TOBapucTBa» B 1983 pori
[22]. Le#t mpuman, KOHCTPYKIS SKOTO Oylla CYTTEBO
BIOCKOHAJICHA 3aBJSKW IPOBEICHHS KOHCYJbTAllld 3
MpaniBHUKAMHI Gbipmu «Duboscq-Pelliny,
M. JI. IInnpYuKOB 3aMOBHB JJIS BUTOTOBJCHHS B 1988
poui mig yac nepeOyBaHHSA B HAYKOBOMY BiAPS/DKCHHI B
[Mapmxi [2].

ToToBuit pedpakromerp, sIKUi OyB BUTOTOBICHUH Ha
moyatky 1889 poky, M. /1. [lunpunkoB ommcaB y mpaii
[23]. Bin ycmimHO NpOIEMOHCTPYBaB MOro Ha TaKUX
3acijaHHAX 1 Qopymax: Ha 3acimaHHi DpaHITy3BKOTO
¢ismanoro TtoBapuctBa 1 Oepesns 1889 poky, Ha
ITapuspkoMy koHrpeci @paHiy3pkoi acoriamii Hayk 14
cepmas 1889 poky; Ha 8 3’13mi  pOCIHCHKHX
MIPUPOJOIOCTITHUKIB 1 JikapiB 29 rpynas 1889 poky; Ha
3aciganHi (i3UKO-XIMIYHOT CEKIlii TOBAPHUCTBA IOCIIAHUX
Hayk 21 umotoro 1890 poky [2]. Pedpakromerp
M. [. lunpunkoBa BumyckaBcs dipmoro  «Duboscq-
Pellin» i3 1889 poky npotsarom TpuBasoro 4acy. [Ipo 1e
CBITYNTHh HAsIBHICTHL HOro 300pakeHHs B KaTajorax
BupoOiB ¢ipmu «Duboscq-Pelliny [24], axi mig Ha3BONO
«Appareils de mesure», Oynam BHOaHI B pi3HI POKHU
(puc. 6 a). Pedppaxromerp M. JI. [Tunpunkosa (puc. 6 6),
SIK BKa3aHO B [bOMYy KaTanosi [24], xomrtyBaB 240
¢parkiB. lLleit mnpumax HaOyB TOIIMPEHHS cepexn
JIOCITIIHUKIB, OCKIJIbKM MaB HH3Ky mepeBar. BiH naBaB
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MOXITHBICTh IIBUJKO Ta 3 BUCOKOIO TOYHICTIO MPOBOIUTH
XIMIYHUH 1 aHATITHKO-TCXHIYHUH aHalli3 IESKUX CITHPTIB,
BOIH, edipy, MIIEPUHY, IyKPOBUX PO3YMHIB 1 TEXHIYHUX
Macejl TOLIO, BHUKOPHCTOBYIOUH [UIs aHalizy Maiy
KUTBKICTH piauHU. [2, 23].
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Puc. 6. TutynpHa CTOpiHKa KaTajory IpWIadiB, SKi
Bumyckana ¢ipma «Duboscq-Pelliny (a) Ta cropinka
KaTajory, Ha fKiH 300paxeHH#l pedpakToMeTrp
M. . [Munpunkosa (0).

Fig. 6. The title page of the catalog of instruments
produced by the Duboscq-Pellin company (a) and the
catalog page showing M. D. Pylchykov's refractometer
(b).

Y  xonekuisx mnpuiamgiB  ¢isudHOrOo  KabiHeTy
XapkiBcbkoro yHiBepcutery Ta Kadenpu o¢izukun HTY
«XTIl» pedpakromerp M. JI. IlunpunkoBa BHUABHTH HE
Branocs. OIHAaK B KOJIEKIIii IpritaiB Gpi3sHIHOTO KaOiHeTy
XapKiBCBKOTO YyHIBEpcUTETy € pedpakromerp Epncra
A606e BupobuuiTBa dipmu Kapma Iaiica (puc. 7), skuii B
kiHoi 80-x pokiB XIX croniTrss HaOyBaB NOIYJISIPHOCTI
cepen mocmimHukiB. Lleit mnpwmax, BiporimHo, OyB
npunbanuii M. JI. [TunpyukoBUM ISl TIPOBENICHHS
pedbpakTOMETpUYHNAX JTOCHIKEHb Ta TIOPIBHSAHHS iX

pe3yibTariB i3 pe3ysibTaTaMu, OTPUMaHHUMH HHM i3
BHUKOPUCTAHHAM pedpakToMeTpa BIACHOI KOHCTPYKINI 3
METOI0 BU3HAYCHHS TIepeBar Ta HEAOMIKIB 000X MPUIIAIIB.
Pedpakromerp kouctpykmii M. JI. [lunpurikoBa  Ta
pedpakromerp Epucra  A0GOe Oynm  ommcaHi
O. . XBosibcoHOM Yy 2 ToMi #oro «Kypcy ¢isuxm» [24].

Puc. 7. 3aranpauii  Burisig - pedppakromerpa EpHcta
A66e BupoOHuuTBa Qipmm Kapna I[laiica 3 komexmii
npwianis  (QismuHoro  kabiHery — XapKiBCHKOTO
YHIBEPCHUTETY.

Fig. 7. General view of the Ernst Abbe refractometer
manufactured by Carl Zeiss from the collection of
instruments of the physics department of Kharkiv
University.

M. J. [InnpunkoB, npamioodn B Gpi3sHdHOMY KaOiHeTi
Ta B HaBYAJIbHIN Taboparopii kadenpu ¢izuku Ta GpizuaHOT
reorpadii  XapKiBCBKOTO  YHIBEPCHUTETY, IPOBOIMB
OCTIKCHHS, IKi MOTPeOyBaId €TATIOHHUX PE3UCTOPIB i
KOTYIIOK iHIYKTHBHOCTi, TOYHHX MarasuHiB OIOpY, a
TaKO)XK YyTJIIMBUX 1 TOYHHX EJICKTPOBUMIPIOBAIbHHUX
npwianiB. TakuMu npuIagamMu B APyTid mojgoBuHi B XIX
CTONITTI Ta HA MOYaTKy XX CTOJITTA OyJNM KBaJpaHTHI
CJICKTPOMETPH Ta J3€pKajJbHI TraJbBaHOMETPH Pi3HUX
Moaudikarrii [26-28].

KsagpanTHi
€JIEKTPOBHUMIPIOBAIIBHI

CIIEKTPOMETPH - e
OpUIaad  eJIEeKTPOCTATUYHOI
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cucteMd. BOHU CKJIaialOThCd 3 PyXOMOi YacTUHU Y
BUIUISIAI TOHKOI 1 JIErKoi MeTajeBOi INIACTMHKA —
OicexTopa, SKMH NPUHHATO Ha3UBAaTH «OICKBITOM» Ta
TIPUKPITUIEHOTO IO HBOTO I3EPKANbISI, MiABINICHUX Ha
KBapuoBid HutHi. Hepyxomolo dYacTuHOIO mpuiangy €
MeTaneBa IMIIHIPUYHA KOpoOKa, po3pi3aHa Ha YOTHPH
PiBHI YaCTHHH, SKi HA3UBAIOTh KBaJpaHTaMu. 32 HAsIBHOCTI
pI3HMIN TOTEHITIANIB Ha KBagpaHTaX MiX HHUMH Ta
0iCEKTOPOM BHHHUKAIOTh €IEKTPOCTATHYHI CHIIN B3a€EMOII,
110 BIAXWISIOTH PYXJIMBY YaCTHHY €JIEKTPOMETPA B TOHM 4K
B iHIMI Oik. 3a BETUYMHOIO KyTa BiIXWICHHS OicekTopa
npu HOTrO BiZOMOMY MOTEHLIaNi CyISITh PO BEIWYHHY
PI3HUII NOTEHIATIB KBapaHTIB. SIKII0 X BOHA BiioMa, TO
MO’XKHA BU3HAYHTH MOTEHIan Oicexkropa. Teopis mpunamy
[OKa3zye, 10 KyT MOBOPOTY pyXOMOi YacTUHH
NIPOTIOPIIIHHIIA BUMIPIOBaHil eNeKTpUUHIA Harpysi [26—
28].

[MpuHnmn aii A3€pKaNbHOTO TajdbBaHOMETPA, SKUU €
€JIEKTPOBHUMIPIOBAIEHIM TIPUIIAI0M MarHiTHO-
€JIEKTPUYHOI ~ CHCTEMH, TIPYHTYEThCS Ha  B3aEMOJil
MAarHiTHOTO TIOJIS, CTBOPEHOTO IOCTIHHMUM MarHiToMm, i3
MarHiTHUM MOJIEM, SIK€ CTBOPIOE CTPYM, IO HPOTIKa€e MO
00MOTKax paMKd. BHacnmimok miei B3aeMoJii BHUHHKA€E
o0epTanbHUil MOMEHT, SIKUH BIIXWIISIE PYXOMY HacTHHY
npuiaay. KyT moBopoTy paMKu 3ajieXXdTh Bill BEUYUHU
CHII CTPYMYy, SIKHM MPOXOJMTH 10 oOMmormi pamku. Ha
paMili  YyTIMBOrO  JI3€PKaJbHOTO  TajbBaHOMETpa
3aKpimieHe JIeTKe I3epKaliblle, Ha SKe Majac CBITIO Bil
OCBITJIIOBAILHOTO NPHUCTPOI0. Bimburtuii Bin a3epkana
NPOMiHb TOTpaIsie Ha IMIKATy, SKa 3HAXOAWTHCS Ha
MEeBHINM BiJICTaHi Bil J3epKambllsd. BenwunHa 3MimIeHHsS
CBITJIOBOTO BKa3iBHHKA IO IIKaJi HPUCTPOIO JUIS BIAJIKY
IIOKa3iB € MipOI0 BUMIpIOBaHOI BeIMUMHHU [26—28].

VY npyriii nonouHi XIX Ta Ha movatky XX CTONITTS B
GbiznuHuX KabiHeTax i naboparopist TaKOX
BUKOPUCTOBYBAJIUCh 1 IHIOI  EICKTPOBUMIPIOBAJIbHI
NpWIAAN Pi3HUX CHCTEM, B SIKUX BHUMIpPIOBaHI BEJIMYUHU
BH3HAYAJH 32 BIAXWICHHAM CTPIIKH a00 IHIIMM YHHOM
[26-28].

Bimomo [2], mo 22 mcromama 1888 poky
M. [I. [lunpynkoB, mnepedyBalouyd B  3aKOPAOHHOMY
BigpamkeHHI B @panmii i mpamoroun B JabopaTopii
¢izmuanx  pocmiykenb — CopOoHHHM, — crocTepiras
KOJIMBaHHS CHJIM CTPYMY IIiJl 4ac €JIeKTPOIIi3y B 6araThox
CJNIEKTPOJITUYHUX CUCTEMax, BUKOPUCTOBYIOUM  JUIsI
BUMIpiB Yy TJINBHH TansBaHoMeTp ToMcoHa.

[TizHimre, B 1995 poi, B JOMOBIHIH 3aMUCIi KypaTOpy
O1ecbKOr0 HaBYaJBHOTO OKPYTY LIOAO CTaHy (i3uyHOl
naboparopii Oneckkoro yHiBepcutery M. [I. ITunpunkoB
BKa3yBaB Ha Te, IO B Hiii HeMae TalbBaHOMETpa Ta
enekTpoMeTpa ToOMCOHa, a TakoX IHIIMX TOYHHUX
€JICKTPOBUMIPIOBAIbHUX TPUJIadiB, 3 SKAMU BUYCHUH
«mo3HaiiomuBcs 20 pOKiB TOMY, KO OYB CTYICHTOM
XapkiBcbKOro yHiBepcutery» [2].

Puc. 8. TaneBanometp TomcoHa 3 KOJIEKIIi IMpHIaIiB
¢ismgHOTO KabiHeTY XapKiBCHKOTO YHIBEPCHUTETY.

Fig. 8. Thomson galvanometer from the collection of
instruments of the physics department of Kharkiv
University.

Puc. 9. KBafpanTHuil raJbBaHOMETP, BHUIOTOBICHUI
B. JI. ®panuenom (a) Ta KBaApaHTHHUI eIEKTPOMETP

BupoOHuTBa GQipmu «Georg Bartels» (0) i3 xomekmii

mpuinanis  ¢QismuHOrOo  KabiHeTy  XapKiBCHKOTO
YHIBEPCHUTETY.
Fig. 9. Quadrant galvanometer —manufactured by

V.L.Franzen (a) and quadrant electrometer
manufactured by Georg Bartels company (b) from the
collection of instruments of the physics department of
Kharkiv University. [6].

Ha puc. 8 MmokazaHo 3arajJbHHI BUTJIAA I'aJIbBAHOMETpPA

Tomcona, BurotoBieHoro B 1869 pori, mpo mo CBiAYUTH
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Hamuc Ha Horo kopmyci. BiporimHo, i3 BHKOpPHCTaHHIM
came IbOTO MPWIANy Ta KBaIPaHTHOTO TajbBAHOMETpA,
BUTOTOBIICHOTO  MexaHikom  Cankr-IletepOyp3pKkoro
yHiBepcurery B.JI. ®pannenom (puc. 9a) mpoBOIUB
BuMiproBanHs M. /1. [IWIpYnKOB TiJ dYac HABYAHHS B
XapKiBCbKOMY YHIBEPCHUTETI.

Ha puc. 9, puc. 10 ta puc. 11 mokaszani iHII TOYHI
€JICKTPOBUMIPIOBANIGHI TIpHUJIaaH, 5Ki 30epiraroThCcs B

KOJIEKIIi{ ¢iznaHoOTO KabiHeTy XapKiBCHKOTO
yHiBepcutety. Ha puc. 10 a nokazanuii 3araqbHAN BUTIIST
J[3EPKaIbHOTO rajJbBaHOMETpa, BUTOTOBJICHOTO
XapKiBCBKUM ~ MEXaHIKOM, 1H)KEHEpOM 1  ONTHKOM
O. M. Enensbeprom, SIKMH oyB odiniitanm
OCTAaYaIbHUKOM TIpUIAIiB TS XapKiBChKOTO

yHiBepcurery [2, 34, 12], a Ha puc. 106 300paxeHmid
rajJpBaHoMeTp BHpoOHHUTBa Qipmu «Hartmann & Braun
A. Go.

a 1] 6

BUT'OTOBJICHHI1
TaJbBaHOMETD,

Puc. 10. [I3epkanbHuil  raabBaHOMETD,
0. M. Egens6eprom (a) Ta
BurorosiieHu# ¢ipmoro «Hartmann & Braun A. G.» (0)
13 Konekuii npwiaaiB ¢gizuyHoTo KabiHeTy XapKiBChKOTo
YHIBEpCHUTETY.

Fig. 10. Mirror galvanometer made by O. M. Edelberg
(a) and galvanometer made by Hartmann & Braun A. G.
(b) from the collection of instruments of the physics
department of Kharkiv University.

Ha puc. 11a 300paxxeHO KBaJIpaHTHUN EIEKTPOMETP
BupoOHuuTBa QipMu «Max Kohl A. G.», a Ha puc. 110
MIOKa3aHO  TajbBaHOMETP, BUTOTOBJICHUH  (ipMoIO
«Siemens & Halske».

M. 1. [lunp4ukoB, mpalioodn B Gi3udHOMY KaOiHeTi
XapKiBCBKOTO YHIBEPCHUTETY pa3oM i3 HOro 3aBimyBayem
npogecopom Ilumkosum A. I1. [2, 3, 7, 9, 30], moctiiiHO

NparHyB ITOMOBHUTH KOJEKLil0 (izuyHoro xabiHeTy He
TUTBKM ~ BHUCOKOYYTIMBMMH 1 TOYHHMH Cy4YaCHUMH
BUMIPIOBAIbHUMU ~TIpWJIafaMH, ajle W eTaJOHHUMH
NpUJIaiaMy, SKi BUKOPUCTOBYBAJIUCH JUIS BHUMIPIOBaHHS
JOBKHHH, BarW, TEMOEPATYpH i €JICKTPUYHUX Ta IHIIUX
(i3MIHAUX BEITMYUH.

a
g

BUPOOHHMIITBA

Puc. 11. KBagpanTHuit
¢ipmu «Max Kohl A. G.» (a) Ta rambpBaHOMETD,
BurorosneHnit ¢ipmoro «Siemens & Halske» (0) i3
KOJIeKIii npunaaiB ¢izuuHoro kabiHeTy XapKiBChKOTO

EIMEKTPOMETP

YHIBEPCHUTETY.

Fig. 11. Quadrant electrometer manufactured by the
company ‘“Max Kohl A. G.” (a) and galvanometer
manufactured by the company “Siemens & Halske” (b)
from the collection of instruments of the physics
department of Kharkiv University.

Ha puc. 12a noka3zano 3aragpHUil BUIJISI €TAIOHHOTO
pesuctopa ¢ipmu «Siemens & Halske», skuit Oys
npunbanuii M. J1. [TunsurkoBuM y smctomani 1885 poky,
BipOTi/IHO, 32 BJIACHI KOIITH Ta 5K MMOJAPYHOK TepeIaHmi
10 (hiznuHOTO KabiHeTy XapKiBCHKOTO YHIBEPCHUTETY, PO
10 3aCBiTYEHO HAINMHCOM, SIKUil OyB BUKOHAHWI BUCHHM
Ha BHYTpIIIHIH CTOPOHI KPWIIKH I[hOTO TpPHUIIATY
(puc. 126). Ha puc. 13 300pakeHa eTajJoOHHa KOTYILIKa
IHIYKTHUBHOCTI, BUroToBJIeHa (hipmoro «Dr. Rudolf Franke
& Cop, sika 30epiraeTbcsi B KOJEKIT Qi3MIHUX MPUIAIiB
XapKiBCBKOT'O YHIBEPCHTETY.

Onnum i3 YHIBEPCUTETCHKUX BUHTEIIB
M. JI. [TuneuukoBa OyB mpodecop HO. I. Mopo3zos [2-5].
Moro HaykoBi mpaii CTOCYBaIHCh IMHTAaHb ralbBaHI3MY,
CJNIEKTPUKH 1 MAarHeTu3My, CIIEKTPOCKOII, JpOTOBOI
Tenerpadii, MeTeoposorii Ta BUBYCHHS (DI3UIHHUX SBUII,
10 BiAOyBaIKMCh Ha TIOBEPXHi Ta BCEPEIrHI 3eMITi, a TAKOXK
B 11 atMocdepi. FO. I. Mopo3oB OpaB yuacTs y npoBeJeHHI
rabBaHIYHUX HOCIHIIIB, SKi BiIOymucs B XapKiBCBKOMY
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yHiBepcuteTi B 1856 pomi mig KepiBHUIITBOM mpodecopa
B. I. Jlammmuaa. Y 1869 poui FO. I. Mopo3oB nepummm y
CBITI pO3pOOMB TNPHCTPiil, BUKOPUCTAHHS SKOTO JaBajio
MOJJIMBICTP OJHOYACHO TI€pelaBaTH IO ONHIM miHii
3B 513Ky KiJbKa TeJerpaM CHIHaJlaMH 3MIHHOTO CTPyMY
HU3pKkoi uactotu [31]. BiporigHo, mo mig BIUIHBOM
1O. I. Mopo3oBa Ta i3 BpaxyBaHHIM 3MiCTy HOT'O HAyKOBUX
JIOCSITHEHb 3@ BKA3aHOIO BUINE TEMATHUKOK JOCIIIKEHb,
M. 1. [IunpbynkoB 3aI[iKaBUBCS BHUBYCHHSM MPUHIIAITY
poOOTH HPHUCTPOIB, SIKi BUKOPHCTOBYBAINCH y JPOTOBIN

tenerpagii:  TemerpadHHX  KIIOYiB  (MaHIITYJIATOPIB)
Mop3e; raibBaHI9YHUX €JIEMEHTIB; TeJlerpadHIX anaparis i
TesierpadHuX pene; KOTYILIOK IHXYKTHBHOCTI,

PE30HAHCHUX EJEKTPOMArHITIiB Ta TpaHchopmaropiB. Bin
TaKOXX pO3IOYaB TPOBOAWTH BIACHI JOCHIPKEHHS 3
reodisuku Ta Mmereopouorii [ 1-9].

Puc. 12. Eranonnuii pesucrop BupoOHHMITBA (ipmu
«Siemens & Halske» (a) Ta ioro kpumka (0) 3 Konexuii
pUIaIiB (hizmaHOTO KabiHeTy XapKiBCHKOTO
YHIBEpCHUTETY.

Fig. 12. A reference resistor manufactured by Siemens &
Halske (a) and its cover (b) from the collection of
instruments of the physics department of Kharkiv
University.

I3 amamizy indopmanii, ska € B JiTepaTypHHX
JUKepenax, a TaKkoX Y MAESKMX apXiBHUX JOKYMEHTax
BYEHOTO, MOXKHa 3POOMTH INPHUIYIIEHHS IpO Te, IO
M. JI. [TuibuukoB mpu po3poOJICHHI OJHOTO i3 BapiaHTIB
CBOTO IIPOTEKTOpA, SIKUM BIH CTBOPHUB JUIA 3axXHCTY
npuiiMadya Bif eJNEKTPHYHUX IIEPEIIKOJ CTOPOHHBOTO
NOXO/DKeHHsT Ta JUIA  3amo0iraHHs — IepeXOIUICHHS
iHpopMarii, meperaHoi 3 BHKOPUCTAHHSAM 0€3IpOTOBOT
tesierpagii, 3acTOCyBaB PE30HAHCHMH METOA, SIKMH
IPYHTYBaBCS Ha 3MiHI 1HIYKTHBHOCTI MPOTEKTOpA, IO
BUKOPUCTOBYBaBCA IS  HaJAalITyBaHHA  NpHiiMaya
tesierpam. Taki mpuctpoi, mo Oynu cTBOpeHi Habararto
ITi3HIIIE IHIIMMHU BUCHUM, Tia HazBamu «Loose Coupler» i
«JDKMTHTEp»,  HaOyau  HOIIMPEHHS 3  IOYaTKy
BIIPOBAPKCHHS I€TEKTOPHUX MPUIMadiB 1 MPUOIU3HO 110
1920-x pokiB [32]. OmuH i3 NMPOTEKTOPIB PO3POOICHUX
M. [I. [IunbYuKOBUM, SK 1 Il IPUCTPOI, BIPOTIAHO, TEXK
CKJIaZaBcsl 3 ABOX KOTYIIOK: INEPBHHHOI Ta BTOPHHHOI.

IlepBunHa KOTyIIkKa Oyia Hepyxomoro. Jlms 3miHm il
IHIYKTHBHOCTI, 3aJIGKHO BiJl KOHCTPYKIi, Y IPUCTPOI
«Loose Coupler» 3acTocoByrOTECS oauH abo Ba
«MOB3yHKM» a00 mepemukadi. s 3MiHH 3B’S3Ky MiX
KOTYIIKAMHM BTOPMHHA KOTYIIKA, SKa 3aKpilUieHa Ha
wiaTGopMi y BUINIAII «CaHOK», MOXE BIIBHO KOB3aTH

BCECPEOMHI  TMEPBHHHOI  KOTYHIKHA.  |HAYKTHUBHICTB
BTOPHHHOI KOTYIIKH 3MIHIOETBCS 3 BHKOPHCTAHHIM
BCTAHOBJICHOTO MPSAMO HAa KOTYIIIl M[epeMHKadya.

IepBuHHA KOTYIIKA MiAKIOYAETECS [0 AaHTCHH Ta
3a3emiicHHA (iHOII Yepe3 KOHICHCATOp). BTopuHHA
KOTyIIKa Oya 3’€HaHa i3 IpHiiMaueMm.

Puc. 13. Etanonna IHAYKTUBHOCTI,

KOTYIIIKa
BurorosieHa ¢ipmoio «Dr. Rudolf Franke & Co» 3
KOJICKIIIi mpuiaaiB (i3udHoro kabiHeTy XapKiBCHKOTO
YHIBEpCHTETY.

Fig. 13. A reference inductance coil manufactured by Dr.
Rudolf Franke & Co. from the collection of instruments
of the physics department of Kharkiv University.

Ha puc. 14 mnokaszani [eski Opuiagd 3 KOJICKIIi
¢izuuHoro kabiHety XapKiBCHKOTO YHIBEpCHTETY, SKi,
BIPOTiZIHO, BHKOPHCTOBYBAJWCh IPH BHBYECHHI OCHOB
tesierpagii, SABUIIA  €IEKTPUYHOIO  PE30HAHCY 1
€JIeKTPOMAarHeTu3My. Ha puc. 14a MOKa3aHuM
testerpadHU K09 Mop3e, BUTOTOBIICHHH B MalCTEpHI
XKynsa Kapnantse, a Ha puc. 140 npencraBiieHU KOJTOBUHA
peocTaT, SKU BUKOPHCTOBYBABCS JUI TOYHOI 3MIHM
OIOpYy EJNIEKTPUYHOIO KOJIa TP BHBYEHHI sBHINA
eIEKTPUYHOTO pe3oHaHcy. Ha puc. 148 300pakeHHit
NpWJIaja Juiss BUBYEHHS SIBHIIA CAaMOIHIYKII, MPHHIMII

poOOTH SKOTO IPYHTYETHCSA HA OMUCAHOMY BHIIE
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«CaHKOBOMY» METOJiI KOB3aHHS BTOPHMHHOI KOTYIIKH
BiTHOCHO TICPBUHHOI.

KOJOBHI1

Puc. 14. Tenerpapuuit xmou Mop3se (a),
peoctar (0) Ta TpuIam A BUBYSHHS SIBUINA
caMOIHIYKIII 3 Konekuii npunaniB ¢iznaHoro xabiHeTy
XapKiBCHKOTO YHIBEPCHUTETY.

Fig. 14. Morse telegraph key (a), circular rheostat (b) and
a device for studying the phenomenon of self-induction
from the collection of devices of the physics department
of Kharkiv University.

Ha puc. 15 nmokazani Jpkepena eneKTPUIHOTO CTPyMY 3
KOJIEKIIiT puianiB Gi3uuHOTO PaKyIbTeTy XapKiBCHKOTO
yHiBepcutety. e cyxuii raJbBaHiYHUN €JIEMEHT «CTOBID)
3amOo0Hi Ta ranpBaHiuHU eneMeHT ['pere. Y kaurax [1, 2]
BKkazaHo Ha Te, 1o M. /. [lunpunkoB onepxaB y
¢dizmuHOMYy KabiHeTi XapKiBChKOTO YHIBEPCUTETY IITYYHY
KYJIbOBY OJUCKABKY, BUKOPUCTABIIH ISl IIBOTO KOTYIIKY
Pymkopoa Ta kinbka ranepBaHiyHHX eneMeHTiB [ pene, siki
matote  Hampyry  1.5-2.0 B.  TlomiOuumit  mocmin,
CIpsSMOBaHHWN HAa YTBOPCHHS B JabopaTopii KyJIbOBOTO
€JeKTPUYHOTO po3psay, (hpaHiy3pkoMy ¢izuky ['acTony
[TnaHTe BAANOCh 3AIHCHUTH, BUKOPHCTOBYIOUYH JUIS LILOTO
KUIbKA COTCHb BUHAWICHUX HUM CBHHIICBUX aKyMYJISITOPIB

[1,2].

Puc. 15. «CtoBm» 3aM00Hi () 1 raJbBaHIYHUNA €IEeMEHT
I'pene (6) i3 xomexmii mpuianiB ¢izugHOro KabiHETY
XapKiBCHKOTO YHIBEPCHUTETY.

Fig. 15. Zamboni «columny (a) and Grene galvanic cell
(b) from the collection of instruments of the physics
department of Kharkiv University.

Y 1891 poui 3a inimiatuBu M. 1. [IunpumkoBa B
XapKiBCbKOMY YHiBepcHTeTi OyiaM CTBOpPEHI MarHiTHO-
METeopOoJIOTiYHe BinieHHs ¢i3uuHoro kabiHery Ta
MeTteoponoriuaa craHmis [1-4]. [Jna nposeneHHS
HaBYaJIbHUX Ta NOTOYHUX reoi3uIHNX i
METECOPOJIOTIYHHX JOCITIKECHb, SIKi 3IIHCHIOBAIH i HOTO
kepiBHHITBOM Jabopantu [lomos I. I1. i IlemaeB JI. K., a
crynentn Bomxun B.O. Tta Cikopa U. .
BUKOPHUCTOBYBAJIUCh  PI3HOMAHITHI ~ TpWIAgn  Ta
iHCTpyMeHTH. YacTMHy IMX TIpWiIagiB, a TakKoX
PI3HOMaHITHY HaBYalbHy, JOBIJKOBY Ta HAyKOBY
niTeparypy 3 reodizuku i Mmereopoorii M. . ITumpunkoB
mpua0aB 3a BIACHI KOIITH. 3a IIe BiH OTPUMAB MTOJAKY Bij
npaBiiHHs XapkiBcbkoro yHiBepcutety [2]. BuBuenns

TaKOX

npaipe M. J1. [TunbuukoBa 3 MeTeoposiorii Ta reogizux,
OMyOJIIKOBaHMX 3a IIel Tepiofl, MTepaTypHUX HKEpel Ta
«Onucy TOKyMEHTaIbHUX MaTepialiB ocoducToro GoHmy
M. JI. IlunpurkoBa» [2-9] mae mifcTaBy CTBEpIKYBaTH,
o0 Ui MAarHiTHO-METEOPOJIOTIYHOTO  BiIIUICHHS
¢izmgHOTO KabiHETYy Ta MIsI METEOPOJOTIUHOi CTaHIii
XapKiBChbKOTO yHIBEpPCUTETY OyJiM IpUAOaHi, OTpUMaHI SIK
MOJIaPYHOK 200 K B TUMYacCOBE KOPUCTYBaHHS 13 [ 0JI0BHOT
¢izmgHOi  oOcepBaTopii  Taki CU(POHHUIHA
6apomeTp Binppa-®yccea; TEPMOMETPH;
METECOPOJIOTIYHI CaMOITKCII; aKTHHOMETp Piuapacona.
Jns BiIIICHHS  (iI3HIHOTO
kabiHery B 1eit mepiog M. . [IMIpunKOB TaKOXK 3aMOBHB

TpUIIaIH:
pi3Hi

MarHiTHO-MeXaHIYHOIO
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ontuyuHi punaan B Gipmi «E. Lutz» ta B « MixkHapogHOMY
Oropo Mmip i Bar» [2].

Puc. 16. Iuxminatop (a) Ta Tpwiag Uil JTOCIHIHKSHHS
MPOsIBIB 3eMHOT0 MarHeTusMy (0) 3 Koyekuii mpuiamiiB
(hizmaHOTO PaKybTeTy XapKiBChKOTO YHIBEPCHUTETY.

Fig. 16. Inclinator (a) and device for studying the
manifestations of terrestrial magnetism (b) from the
collection of instruments of the Faculty of Physics of
Kharkiv University.

Ha puc. 16, puc. 17 Ta puc. 18 moka3zani aeski npuiaan
3  koiekmii  ¢ismuHOro - KabiHeTy  XapKiBCBKOTO
YHIBEPCUTETY, SKi 3aCTOCOBYBAIHMCS ISl TPOBEICHHS
reo(i3NIHAX 1 METEOPOJIOTIYHNX BUMIPIOBAaHb, 4 TAKOXK B
HaBYILHOMY TPOIIECI.

Ile inkmiHATOD, BHUKOPHCTOBYBABCS  JUIS
BU3HAYECHHS! MAarHiTHOTO HaxXWJIEHHs, TOOTO KyTa, SIKHH

YTBOPIOE BEKTOP HAIMPY>KEHOCTI MarHiTHOTO MOJIs 3eMii 3

SIKUH

TOPU30HTAIBHOIO IUIOMUHOKO (pHC. 16 a), a TAKOXK MpHUITa
JUIl  JTOCHI/DKEHHSI TPOSIBIB  36MHOTO  MarHeTH3MYy,
BUTOTOBJICHNH y MaiicTepHi MixHapoaHoOro 0ropo Mip i
Bar (puc. 160). Ha puc. 17 300paxkenuit Qmtorep, a Ha
puc. 18 a anemomertp. Lli mprragy 3acTOCOBYBAIIUCH IS
BU3HAYCHHS HAIpsSMY Ta IIBHIKOCTI BiTpy. Ha puc. 18 6
MTOKa3aHUH 1HKIIIHOMETp (KpeHOMETD), AKUI PU3HAYCHUH
JUIA BHUMIPIOBaHHS KyTa HaXWIy DPIi3HHX 00'€KTiB IIOAO
rpasiraniifHoro nojs 3emii KoHCTpyKuii TomcoHa, mio
OyB BHTOTOBJICHHH B MaiicrepHi Bperera, a Ha puc. 180
300pakeHHII TEpPMOMETp, BHTOTOBICHMH B MaiicTepHi
leifcnepa.

Puc. 17. Auemometp i3 Kouiekiii npunamiB ¢izuuHOTrO
(hakympTeTy XapKiBCBKOTO YHIBEPCHUTETY.

Fig. 17. Anemometer from the collection of instruments
of the Faculty of Physics of Kharkiv University.
[Ipamroroun B XapkiBCbKOMY  YHIBEpPCHUTETI,
M. . [Iunb4uKoB po3MOYaB TOCITHKCHHS, CIIPSIMOBaHI Ha
BUBUCHHS PI3HUX NUTaHb aTMOC(EPHOI ONTHKH, 30KpeMa
NOJIAPHU3aLil COHAYHOTO CBITJIA 1 MICSYHUX MPOMEHIB [1—
7]. JAnst iX mpoBeneHHs BiH 3aCTOCOBYBAB HOJISIPUMETP
Kopnro. [lum npuiagoM BiH KOPHCTYBaBCs 0 OCTaHHIX
POKIB CBOTO JKUTTS, TPOBOSTYM JOCIIKSHHS HE JINIIE Ha
METEOPOJIOTIHHUX CTaHIIAX XapKiBCbKOTO i

Hosopociiicekoro yaiBepcutetiB Ta XTI, ane # mig gac
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3akopaoHHUX Toi3nok. Ilomsapumerp KopHio Takox
BUKOPHCTOBYBAJIH CTYAEHTH LHUX YHIBEpCHUTETIB, SKi
BUKOHYBanM JlabopatopHi poOoTu 3 Mereoposorii Ta
ontuku. Ha >kanb, Hi B KoJekmii mpwianiB (i3suaHOTO
KabiHeTy XapKiBCHKOTO YHIBEPCHUTETY, HI B KOJIEKIl
kadenpu ¢isuxku XTI neit npuiag BUSIBUTH HE BIATOCS.
3aranpHUM BUTIsLA mossipuMeTpa KopHro 300pakeHuit B
karano3i BupoOiB ¢ipmu «Duboscq-Pelliny (puc. 19a)
[33]. OnuH i3 ex3eMIUISIpiB HOTO MpUIIAAy 30epiracTecs B
Mmy3ei ¢izuku Jlinecpkoro yHiBepcurety (puc. 190).

Puc. 18. Omorep (a), inkminomeTp (0) Ta TepmMometp (B)

i3 xomekmii mpwiaaiB  (i3u4HOTO  (PAKYNBTETY
XapKiBCHKOTO YHIBEPCUTETY.
Fig. 18. Weather vane (a), inclinometer (b) and

thermometer (c) from the collection of instruments of the
Faculty of Physics of Kharkiv University.

Y 1894 poui M. /l. [lunpunkoB 3BUTBHUBCS i3
XapkiBcbKoro yHiBepcuteTy. OJIHaK y BCi MOJabIli pOKH
CBOTO XHTTS, K CBiAUaTh apxiBHI MaTepianu [2, 14], BiH
CHpUsIB TIONOBHEHHIO KOJIEKWii mpuiaxiB (izn4HOrO
KabiHeTy XapKiBCHKOTO yHiBepcUTeTy. BueHuii 30kpema
HajaBaB KoHCynbTamii mpocdecopy A. Il I'py3unuesy,
SIKMH cTaB 3aBigyBadeM ¢izuanoro xabdinety B 1900 pomi,
I0/10 NpUI0AaHHS Ta BUKOPHCTaHHS HOBHMX IPWIAMIB 1
MarepialiB, 30KpeMa TpWIaNiB I OTPUMaHHS
PEHTIeHIBCHKUX TPOMEHIB Ta IEMOHCTpamii MPHUHITUIIB
paniorenerpadii, XiMIYHIX NpenapariB Ta NpUIaAiB JUIs
JIOCHI/DKEHHST  BJIACTMBOCTEH  pajito. PeHTreHiBchbki
nmocmipkenHs B KiHmi XIX Ta Ha mowatky XX CTONITTS

NpoBOAMIIM B XapKiBCbKOMY YyHiBepcUTETI mpodecop
A.IlI. I'py3unneB, mabopadT (i3u4HOTO  (AKyIBTETY
M. I. Caxapos, npuBat-moueHt M. I1. Kocau (6par Jleci
Vkpainku), a B XTI —  ax’roHKT-TIpodecop
O. K. IToropinko [2-5]. Ha mowarky XX cromiTTs
BJIACTHUBOCTI PaJlito B XapKiBCbKOMY YHIBEPCUTETI BUBYAB
mpodecop A. II. I'py3uniies, a  METEeOpOJIOTIvHI
IOCHIIKEHHS MIPOBOAMIIN M. I1. Kocau,
€. O. Poroscekui, 1. II. [TonoB Tta /. K. Ilemae [2-5].
IIpo pesynpraTé CBOIX MOCHIIPKEHb Ta NPO HOBHHH B
YHIBEpCHUTETI BOHU HepioUIHO TIOBITOMJISUTH
M. JI. ITunpuukosy [2, 14].

Puc. 19. 3aransauit
300paxkeHoro B Karanosi ¢ipmu «Duboscq-Pelliny [33]
(a) Ta Burisi monspuMeTpa KopHro, sikuii 30epiraeTbes
B My3ei JITbchkoro yHiBepcuteTy (0).

Bursin  monsipumerpa  KopHto,

Fig. 19. General view of the Cornu polarimeter depicted
in the Duboscq-Pellin company catalog [33] (a) and the
view of the Cornu polarimeter stored in the museum of
the University of Lille (b).

Haenemo ¢parment usmcra JI. K. [lemaeBa 1o
M. . Munpunkosa Big 29 ciuas 1896 poky. . K. Ilenaes
y cBoeMmy nwmcTi 3Bepratounch g0 M. 1. [Tumpunkosa,
nucaB: «BenpmuianoBuuit nmpodecope! Ilpuiimite Moo
oMpy BISAYHICTH 3a HamiciaHi Bamu 3HIMKH. Y Hac B
yHIBepcHUTeTI Hociian PeHTreHa me He mocTaBleHi depe3
Opak npuaaTHuX TpyOook» [2].

IIpoBeneHi TMONIYKH MOKa3aid, [0 B KOJEKIIi
¢izmgHOTO (PaKyNBTETY 30€pIiraloThCs IBi OpPHUTIHATBHI X-
¢dororpamu, Ha SIKMX 300pa)KCHI PEHTI€HIBCbKI 3HIMKH
KUCTI pyk. PoOuTH Taki 3HIMKH, Hacliayroud Binbreiasma
Pentrena, mparayny B4eHi, sKi MPOBOAWIHM MiOHEPCHKI
JTOCTIIKCHHS BIACTUBOCTEH PEHTTEeHIBCHKUX MMPOMEHIB (X-
mpoMeHiB). MokHa mepeabaduTH, IO OJHA 3 IMX X-
¢dororpam, hparmeHTu sikoi HaBeAcHi Ha puc. 20 a, Oyna
OTpUMaHAa TPH TMPOBEACHHI MEepmHMX MJOCHIIB i3
¢dororpadysanas pyku B OmecbKOMY YHIBEPCHTETI,
BukoHanux M. JI. ITunpuukoBum 1 1. SI. TodigmoBcbKum
21  ciums 1996 poxy [2,33] i HamicmaHa
M. JI. [TunpuukoBuM U1l ii AEMOHCTPYBAHHS CTyAE€HTaM

Journal of V. N. Karazin Kharkiv National University. Series Physics. Iss. 42, 2025
92 BicHuk XapkiBcbkoro HauioHaneHoro yHisepcuteTy imeHi B. H. KapasiHa. Cepis «®isukax». Bun. 42, 2025



Brecox M. J[. [Tunbuuxosa 6 po3apoOxy HOGUX (izuunux npunaiis...

Ta BHKJIamadaMm y ¢i3nuHoMy KaOiHeTi XapKiBCBKOTO
yHiBepcutery. /[lpyra x-¢ororpama (puc.200) Oyna
ozepkaHa ACUCTEHTOM ¢iznaHOTO KabiHeTy
M. 1. CaxapoBum y cigni 1910 poky npu peHTreHiBChKii
3ioMi kucTi pyku yuenuui 7 xiacy T. I1. [lymkoBoi, mpo
0 CBIMYHTH HAIKUC, HABCICHUA HAa 3BOPOTI Mi€l X-
¢dororpamu. Y apxiBHuX JaHuX [12] € MOBIIOMIICHHS PO
Haacwranas M. JI. [TumpunkoBuM B XapKiBCHKUH
yHiBepcuTeT TpyOOK  BIAcHOI  KOHCTPYKWIl  JuIs
IIPOBEJICHHS PEHTICHIBCHKUX JOCIIKEHb.

£ sl

6

Puc. 20. X-potorpamu 3 konekuii QizmaHoro kadiHery
XapKiBCBKOTO YHIBEpCUTETY: a — X-(hororpama, fKa,
BiporinHo, Oyna onepxkana M. JI. ITmnpankoBuMm; 6 — X-
¢otorpama, ogepxana M. I. CaxapoBum.

Z

Fig. 20. X-ray photograms from the collection of the
physics department of Kharkiv University: a — x-ray
photogram, which was probably obtained by
M. D. Pylchykov; b — x-ray photogram obtained by
M. T Sakharov.

Ha puc. 21a 300paxenuii BiOparop (mepenaBajibHa
anreHa) ABrycro Piri, skuii OyB Bumtenem [yibenbmo
MapKoHi, OIHOTO i3 BUHAXITHHUKIB IPUCTPOTB IS ICKPOBOT

tenerpagii.  Lle#t  npwiaxg  OyB  BHIOTOBIEGHHH
npaniBankamu  pipmu «Max  Kohl A. G».  Horo,
BIPOTiZIHO, BHKOPHCTOBYBAJM JUIA IIOKa3zy JOCIiiB

Ienpixa T'epuia Ta mist mpoBeACHHS IOCTIMIB 3 ICKPOBOI
tenerpagii. Ha puc.216 rmnokazaHuid ekpaH Ui
migcwieHHs  ¢ororpadiuyHoi  mii  PEHTrEeHIBCHKUX
IpoMeHiB, a Ha puc.2lB 300paxeHa T1pyOka, sKa
BUKOPHCTOBYBaach Uil ix oxepxanHs. Ha puc. 22a,0
300pakenuit crintapuckon Kpykca, BUHAHACHUH HUM Yy
1903 pomi. Illeit mpwman 3acTocOBYBaBCS Ha IMOYATKY
XX CTONITTS AJIs BI3yaJIbHOTO CIIOCTECPEIKCHHS MIBUIKHX
0-4aCTHHOK, BHUIIPOMIHIOBaHMX OpOMHCTHM  pajieM,
HAHECCHUM Ha CTPUIKY MpUIay.

Tematnka [OOCHIIKEHb Ta  JEMOHCTpAIliil, sKi
MIPOBOJIMIIACH 13 BUKOPUCTAHHAM IPHJIAiB, 300paKeHUX
Ha puc. 21 i Ha puc. 22, Ha TOH Yac BiAMOBiAaga HOBITHIM
po3mimam (i3MKM Ta KOpEIOBalga 13 HampsAMKaMu

JOCTIKEeHB, siKi mpoBoauB M. 1. [THIB4YHMKOB, MPAIOI0YN
B OpecbkoMy yHiBepcHTeTI Ta B  XapKiBCbKOMY
TEXHOJIOTIYHOMY IHCTUTYTI.

Puc. 21. Bibpatop Asrycto Piri BupoOHuuTBa Qipmn
«Max Kohl A.G.» (a), ekpaH miasd MiACHICHHS
dotorpadiunoi mii peHTreHIBCHKUX MpoMeHiB (0) Ta
TpyOKa, 0 MOXKe OyTH BUKOPUCTaHA VIS 1X OJepIKaHHS
(B) 3 xomekuii ¢iznuHoro xkabiHeTy XapKiBCBKOTO
YHIBEPCHTETY.

Fig. 21. Augusto Rigi vibrator manufactured by the
company «Max Kohl A. G.» (), a screen for sending the
photographic action of X-rays (b) and a tube that can be
used to receive them (c) from the collection of the physics
department of Kharkiv University.

VY Onecbkuii epio CBOET AiSIBHOCTI, IKMH TPUBAB 13
27 wuepBHs 1894 poxy go 1 cepmus 1902 poky,
M. 1. [Tunp4uxos MIPOBIB Oararo MOHEPCHKHUX
EKCIIEPUMEHTIB 13 paliOKepyBaHHS,  JIOCIIHKEHHS
BJIACTMBOCTEH PEHTIeHIBCBKUX MPOMEHIB Ta pailo,
eNeKTPOXiMii, enekrpouizy i pororanpBanorpadii [1, 2, 5—
10, 19, 33-36], 3acTtocoBylouu ii [HOTO MPUIAIN
NIPOMHUCIIOBOTO ~ Ta  BJIACHOTO  BUpOOHMITBA. BiH
opranisyBas npu OJ1eCbKOMY YHIBEPCHTETI BUMIPIOBAIbHY
nabopatopito, ska Oyyna OfHi€0 13 HaibaraTmmx Ha
mpuiagyd Ta oONaJHAHHA B TOMINIHIX YHIBEpCHUTETaX, a
TakoX KepyBaB ii pobororo. Y mpami [37] maGopaHt
¢izuuHoro paxynsrery A. @. [Tonb 30kpema 3a3HauaB: «Y
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BUMIpIOBaNIBHINT  maboparopii, skxa mepebyBae y
A0S IKYBaHHI M. J. ITunpurkoBa, CTYJEHTH
03HAWOMITIOIOTECSL 13 JESIKUMH BHOPaHUMH METOJaMHU
BUMIpIOBasbHOI i3ukn y BciX pgeramsax. KiibKicTs
MIOCTAaBJICHUX TYT pOOIT MOXe OyTH HEBEIHMKOIO, aie
MpWiIagd MaloTh OyTH BAANO CKOMIOHOBaHI. [loBUHHI
OyTH BKa3aHi MPUKIAAX MaHITyJIIOBAaHHS HAMH, SIKi O1TBII
MIPUIATHI y MPAaKTUIHOMY BiJHOIIEHHI Ta O1IbII BUTIAHI 3
TOYKM 30py TeopernuHoi. CnemiaspHa J1abopaTopis
MpU3HAYCHA JUIS BUKOHAHHS pOOIT, sSKi HE MAaroTh
3arajIbHO000B’ I3KOBOTO XapakTepy. Sk MpuKiIax MOXKHA
BKazaTH Ti po0OTH, SIKI MOXYTb BHKOHYBAaTHCh
CTyAEHTaMH Ul 3aJliKy ceMecTpy, abo X Ha 3100yTTs
HUMH MeIai».

Puc. 22. Cniarapuckon Kpykca 3 komiexmii ¢i3zngHOro
kabiHeTy XapKiBCHKOTO YHIBEPCHUTETY.

Fig. 22. Crookes spinthariscope from the collection of
the physics department of Kharkiv University.

Sk BkazaHo B [2], ;s BUMiprOBaJIbHOI J1abopaTopii
M. [. [TmipynkoB  30KpemMa TNpHAOaB Taki NPHIAAH:
KaTeTOMeTp 1 MIKpOKaTeTOMETpP, XPOHOMETP, PTYTHHH
€TaJOH OIIOPY, BOJBTMETP Ta aMmIepMeTp Uil 3MIHHUX
TepmocTar  JlopcoHBais, (OTOMONISIPUMETD
Kopato, enextpomerp Kapanantee, mpemnapar,
MICTUB paji€Bi CIONYKH, €JIEKTPOCTATHYHY MAaIIuHY
®occa. L1 MammHa, K CKJIal0Ba YaCTHHA PEHTI€HiBCHKOT
yctanoBku M. JI. [InnpunkoBa, 300pakena Ha hoTorpadii
31 crarti [33] (puc.23a), B SAKili pO3TIATAIOTHCS
pe3yibTaTd MIOHEPCHKUX JIOCHIPKCHb  BJIACTHBOCTEH
PEHTTeHIBCHKHUX IIPOMEHIB, BUKOHAHUX

CTpYMIB,
SIKAN

M. JI. IIunp9ukoBUM Ta 1. 51. TouiamoBCHKUM B

OpecbkoMy — yHiBepcuteri. Ha  pumc. 236 moxaszana
CJNIEKTPOXIMIYHA  YCTaHOBKA,  3aCTOCOBYIOUM  SIKY
M. JI. ITunpunukoB  BUHAHILIOB  METOJ  OTPUMAaHHSA

HETaTUBHOTO 300pa)keHHs (oTorpadoBaHUX MPEIMETIB
i 9ac MPOXOHKEHHS eIeKTpomisy [2, 35, 36]. Leit meTox
B HAyKOBii JTepaTypi NPUHHITO HA3UBAaTH METOJIOM
OTpUMaHHs eNeKTpoHHOI (oTtorpadii, abo x MeTomoM
¢ororanssanorpadii [2, 36]. Came Tak Ha3uBaB Horo i cam
aBTOp B mpartsix [35, 36].

Puc. 23. Pentrenicpka (a) [34] Ta enekrpoximiuHa (0)
[35 ] ycTanoBKw, siki BUKopuctoByBaB M. 1. [TmmbunkoB
UL TPOBEICHHS MAOCHIPKEHb IIiJi Yac po0oTH B
OnecbKOMy YHIBEpPCHTETI.

Fig. 23. X-ray (a) [34] and electrochemical (b) [35]
installations used by M. D. Pylchikov to conduct
research while working at Odessa University.

Posristaemo IISTBHICTE M. [I. ITunpunkoBa,
CHpSIMOBaHy Ha TIIONOBHEHHS (I3MYHAMH IpHIaJaMy
¢izuuHoro xabiHery Ta Jaboparopii XapKiBCHKOTO
TEXHOJIOTIYHOTO YHIBEPCUTETY.

3acHyBanns B XTI ¢izuunoro kabinety i maboparopii,
a TaKOK METEOpOJIOTriyHOI oOcepBaropii 31 iCHUB MaricTp
XapkiBcbkoro yHiBepcutety O. K. IToropinko, skuii K i
M. JI. I[TunbuukoB O0yB yuaneM A. I1. Illumxosa [2, 3, 30].
Bin npamtosa y XTI 3 1885 mo 1903 pix. ITicnst o6panus
O. K. IToropinka XapkiBCbKUM MICEKAM TOJIOBOIO BiH
MOJIaB y BiZICTaBKY 3 MOCaIH aj FOHKT-ipodecopa Hizuku
XTI. ¥V 3B’s3Ky i3 1IUM Ha mocaay npodecopa (i3uku, Mo
3BUIBHMIIACH. 32 peKoMeHanieto HapuansHoro Komirery
XTI 6yB npuzaauenuiit M. JI. [TnnpunkoB.

Y XTI M. /[l [lunpumukoB mpaioBaB i3 | cepmHA
1902 poxy i no 6 TpaBHs 1908 poky. 3a wneil mepion
¢iznganit  kabimer,  ¢ismuna  jabopatopis  Ta
MeTreoposioriuHa obcepBaropist XTI 3a #oro iHiliaTHBOIO
Oyl CYTTEBO IOIIOBHEHI Pi3HOMaHITHUMH HPHJIAIaMH Ta
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obmagaanaaM. [Ipo aeski 3 mpunaais, mo Oynu npumadaHi
3a it mepiox, M. J1. [Tump4rKOB MOBITOMUB Y 3BiTaX, sKi
MicTaThcs B 1-4 ToMax «Bimomocteir XapKiBCHKOTO
TEXHOJIOTIYHOTO iHCTUTYTY» [15—18].

6

Puc. 24. Jliapparma Ta noginpu3mMa BUPOOHUIITBA (ipMHU
«Duboscq-Pelliny i3 konekuii npunanis kadenpu ¢hizuku
HTY «XIII».

Fig. 24. A diaphragm and polyprism manufactured by
Duboscqg-Pellin from the collection of instruments of the
Department of Physics of NTU KhPI.

et xxypran O0yB 3acHoBanuii B XTI y 1903 pori 3a
HOoro iHIMIATHBOK Ta BUIABABCA IiJl HOTO pelakiiero. Y
3pitax M. /1. [InnpumkoB, 30KpeMa, MOBIIOMIISB PO TE,
o0 HUM OyJM 3aMOBIIEHI IJIi BUTOTOBICHHS B (ipmi
«Duboscq-Pelliny Taki mpuiaagu: CHEKTPOIOISIPUMETP
KOHCTpYKIii [InmpunkoBa; pedpakTOCKON KOHCTPYKIIIL

[MunpumMKoBa, SKW BUKOPWUCTOBYBABCS IS JICKIIHHHX
JIEMOHCTpAIIIH SBUINA 3aJJOMIICHHS CBITJIA; PEICKTOCKOI

BomxuHa; 10HOMETp IIunbunkoBa, SIKAA
BHUKOPHCTOBYBABCS JJIsI IMIBHIKOTO BHU3HAYCHHS CTYIEHIO
iOHi3amii  TOBITPsS;  OMHONUCTKOBUH  EICKTPOMET]P

[MunbumkoBa; criekTponoxspumMeTp [ImipunkoBa. ¥ miel s
¢ipmu Oynm npundaHi: TEPMOTATEBAHOMETP 1 TepMidHHUN
amnepmerp  [yanens;  ¢doronomspumerp  Kopaio;
pedpaxromerp IInnpumkoBa; auiaromerp Jlemareinse;
remioctar 3inbOepMaHa; pIZHOMAaHITHI JIH3M; IIPH3MHU;

niadparMu; BENWKHH €NEKTPOMArHIT Ta iHIN MpHiIagu.
Jleski 3 nmx mpuiaagiB i 0 IbOTo 4Yacy 30eperiuch B
npunanis  kadenpu ¢izukn  HTY

KOJIEKIIIT «XTID»

(puc. 24).

Puc. 25. T'anpBanometp dipmu «Hartmann & Braun A.
G.» 13 konekuii npunaais kapeapu dizuku HTY «XIID».

Fig. 25. Galvanometer from the Hartmann & Braun A.
G. company from the collection of instruments of the
Department of Physics of NTU «KhPI».

VY ¢ipmn «Hartmann & Braun A. G.», sk BKazaHO B
3BiTax, 3a 1ed mepioj Oyiu npuadaHi Taki MpUIaAN: Ba
Mara3dHd  OIOPY, CTAJIOHHHHA  PE3UCTOp  OIOPOM
100 000 OM, TOTEHIIOMETP, MIiCTOK YiTCTOHA, MPUIATH
JUTsl BUMIPIOBAHHS CICKTPHYHOI EMHOCTI Ta IEMOHCTpAILii
SIBUIIA €JIEKTPOMArHITHOT IHAYKIII, BOJIBTMETD,
JMEeKIIHUN TanpBaHOMeTp (puC. 25).

Y BigoMoro BHPOOHWKAa ONTHYHUX MPHIAIIB Ta
teneckomiB I'eopra Cekperana OyB 3aMOBICHHH IS
BUPOOHMIITBA KaTONTpUYHUH (hoTorpadiuHmi TerIecKor i3
nmiamMeTpoM a3epkama 125 MM, a Takok Oynmm mpuabaHi
JI3epKaIo i3 (POKYCHOO BIICTAHHIO 8 METPIB Ta IPU3MOBHUIT
oinoksb. Ille oaHe m3epkaio i3 GOKYyCHOIO BiACTAHHIO 2
MeTpu Oyno npundane B pipmu Kapina Iaiica.
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Puc. 26. Tpauchopmarop Tecna (a) BuUpOOHHITBA
¢ipmu «Max Kohl A. G.» Ta mpunan «TepmocToBn
MenoHi» (0) i3 konexuii npunais kapenpu ¢izuxu HTY
«XTII».

Fig. 26. Tesla transformer (a) manufactured by the
company «Max Kohl A. G.» and the device «Thermostol
Meloni» (b) from the collection of devices of the
Department of Physics of NTU «KhPI».

S T—

|
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Puc. 27. Jletinencbka OaHka 13
MOBITpsHUIA ~ KoHIeHcaTtop  (0),
enekTpockon Konbbe (B) Ta mpumajn s IeMOHCTparlii
SBUINA EJIEKTPOMArHiTHOI iHAYKii (T) BUpPOOHHIITBA
¢dipmu «Max Kohl A. G.» i3 konekuii npunanis kadeapu
¢izuxu HTY «XIII».

po3psimHUKOM  (a),
JEMOHCTpauiiHuH

Fig. 27. Leyden jar with a discharger (a), air condenser
(b), Kolbe demonstration electroscope (c) and a device
for demonstrating the phenomenon of electromagnetic
induction (d) manufactured by the company “Max Kohl

A. G.” from the collection of devices of the Department
of Physics of NTU “KhPI”.

Y ¢ipmi «Max KohlA.G.» y 1905 pomi Oys

npuadanuit MacisiHuK TpaHcdopmarop Tecna, sikuii OyB
3MOHTOBaHMH B (ismuHomy kabineti [I. A. KyrHeBuuem,
tanaHoButuM ydHeM M. JI. [TunpumkoBa (puc. 26 a), a
Takox «TepmocToBn MenoHi» (puc. 26 6). Y miei x pipmu
TakoX Oynu mpuadaHi pi3HI JEeMOHCTpauiifHI IpHUiIagy 3
(puc.27) a

CNEKTPUKM Ta  MarHeTH3My
rpo30BiIMITHHK (puc. 28).

TAaKOX

633028 1.5

Puc. 28. I'pozoBiaMiTHHK BHpoOHMITBA ¢ipmm «Max
Kohl A. G.» 13 xonekuii npunanis kadeapu gizuxu HTY
«XTIIl» (a) Ta ¥oro 300pakeHHS B KaTajo3i MPHIIAiB
[38], sixi Bumyckanmucs 1i€ro ¢hipmoro (0).

Fig. 28. Lightning detector manufactured by the
company “Max Kohl A. G.” from the collection of
instruments of the Department of Physics of NTU
“KhPI” (a) and its image in the catalog of instruments
[38] produced by this company (b).

Lleit mpuiaJ; BAKOPUCTOBYBABCSI Ha METEOPOJIOTIUHIN
oOcepBaropii mnsd Qikcamii eIeKTPUIHUX PO3PSMAIB, SKi
BUHHMKaIOTh B arMocdepi mix dvac rpo3u. BiH y
PO3KOMITJICKTOBAHOMY BHIUISAII 30€pircs i 10 1bOTO 4acy
(puc. 28a). Jlnsg mpoBeAeHHS MOCTIIKCHb TPO3, a TaKOX
JUIA TPOBENCHHS IOCHTIAIB 13 BHBYCHHS NPUHIMITY il
pi3HuX mpuianiB i3 Oe3aporoBoi Tenerpadii moOIH3y
¢iznaHOTO KOpITyCy XTI 3a IHIIIaTHBOIO
M. [I. [lunpunkoBa OyB TOOYAOBaHW  CIICI[iabHUMA

Journal of V. N. Karazin Kharkiv National University. Series Physics. Iss. 42, 2025
96 BicHuk XapkiBcbkoro HauioHaneHoro yHisepcuteTy imeHi B. H. KapasiHa. Cepis «®isukax». Bun. 42, 2025



Buecox M. J]. Iunvuuxosa 6 po3podxy HOGUX (PizuyHUX npuLaodis. ..

maBiteiioH. Y 1905 poui B ¢izmunomy xabimeti XTI
. A. KytHeBndeMm OyB 3MOHTOBaHHH KOMIIJIEKT IPHJIAIiB
BupoOHuuTBa QipMu «Max Kohl A. G.», po3pobieHux
mpodecopom  Amombdpom Cmabi s meMOHCTpartii
npuHIUIy Aii 0e3apoToBoi Tenerpadii Ha BifCTaHi IO
30 meTpiB, TOOTO B MeXaxX NPHUMIIIECHHS, B SKOMY BOHH
6ymu po3mimeni. Ha »xanb, i Ipmiaau He 36epermucs. 1x
3arajpHUNA BUTIAA (puc. 29) HaBeACHH B KaTayi03i QipMu
«Max Kohl A. G.» [38]. AHTeny Bin ickpoBoi TenerpadHoi
crannii A. Cnabi MoxHa TOOAQUNTH B TPaBOMY KYTKY
¢doTorpadii, Ha sKii 300parkeHe MPUMILEHHS (i3HIHOTO
kabinety XTI (puc. 30 a). Lle doro, sx i poTo, Ha siKOMY
300pakeHa HaB4aibHa (QismuHa Jaboparopis XTI
(puc. 30 6), Oyno 3pobmene JI. A. KyrHeBuuem st
IOBUICHHOTO (OTOATEOOMY, BUTOTOBIECHOTO HAa YeCTh 25
piunmni 3 a1 ctBopenus XTI [2].

P—

E333B, 1:13

Puc. 29. KoMIutekT mpuiaaiB  BUPOOHHUNTBA  (QipMHU
«Max Kohl A. G.», pospobmenux A.Cnabi mus
JeMOHCTpanii npuHOuIy aii 6e3aporoBoi Tenerpadii
[38].

Fig. 29. A set of devices manufactured by the company
“Max Kohl A.G.”, developed by A.Slaby to
demonstrate the principle of wireless telegraphy [38].

Cepen mpunaniB, sKi 30epiraloTeCsi B KOJCKIIi
kadenpu ¢izuku HTY «XI1l», panime Oynu BussieHi [9]
Taki Tmpwiagu AN ICKpoBOi  Tenerpadii:  perne,
CKOHCTpylOBaHE M. . [TunbuukoBuM; perne,
BHUTOTOBJICHE B MaiicTepHi Exxena Jlrokpere; 2 AUCKU Bix
BiOpatopa cuctemu Binsrensma b’epkreca [31].

[Ipo mpuHOUN mii UX NPHIAAIB, sKi OyJIM BUBYCHI Ta
YCHIMIHO BiJIpeCTaBpOoBaHi, MOXKHA NPOYUTATH B CTAaTTi [9].
V konexuii npunaznis kadeapu ¢izuxku HTY «XIID» Takox
Oynm BusBIEHI mToABiiiHEe TenmerpadguHe peme Ta
@JIEKTPOMATHIT i3 pyXxoMuMm ocepsiM (puc. 31).

naboparopis (6) XTI [2].

Fig. 30. Physics room (a) and educational physics
laboratory (b) of KhTI [2].

Puc. 31. TlonsiiiHe TenerpadHe pere Ta eNCKTPOMAarHiT
i3 pyXOMHUM ocepJsiM 13 KoJeKuil mpuiamiB kadeapu
¢izuku HTY «XTI1I».

Fig. 31. Double telegraph relay and electromagnet with
a moving core from the collection of instruments of the
Department of Physics of NTU “KhPI”.
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TaKOoX BipOTiTHO MOTJIH

M. JI. ITunpunkoBUM pu
po3pobineHi abo BUNMPOOYBaHHI HOro MPOTEKTOPIB JUIs
CENICKTHBHOTO IPUHOMY PafiOXBHIIb Ta 3aXHUCTY IpHiiMayda
Bil  TEpemKox, TOB’A3aHUX i3  aTMocdepHUMHU
SNIEKTPUYHUMH PO3PSIIaMU.

Jlst pizmanoi maboparopii XTI Oynu npundani Tepe3u
i3 gymmBicTio 1 mimirpam (puc. 32). M. [I. [TmmsunkoB
TaK0X PO3poOMB KOMIUIEKT MPHIIAMIIB, SIKUHA CKiIanaBcs i3
BIZIIEHTPOBOI MAIIMHM 1 MPUCTPOIB VIS JeMOHCTpanii Jii
BIIIEHTPOBOT CHJIM iHepHii Ta Ui ii BUMIpIOBaHHS
(puc. 33a, puc. 336). Lli mpwragu Oyau BUTOTOBJICHI B
MaiictepHi ¢isnunoro kabinery XTI. Tam ke Oyno
BUTOTOBJICHO 1 KiJIbKa TPOEKIIHHUX  («YapiBHUXY)
JXTapiB, OCHAIIEHUX JyTOBOIO JIAMIIOKD «Maltok»
(puc. 33B). Ilpo Takmii JjixTap, BUIOTOBJIECHHH i1 1

i TP TN
BHUKOPHCTOBYBATHCH

XapkiBcbkoi  kiHOowoi  rimHazii, M. JI. [TmipunkoB
JIOTIOBiIaB  Ha  3acimaHHi  (i3WKO-XiMiuHOI  CeKIii
ToBapucTBa  JOCHITHMX HayK y  XapKiBCBKOMY

yHiBepeureri [39].

Puc. 32. Tepesu i3 xonekuii npunanis xadeapu ¢izukn
HTY «XIII».

Fig. 32. Scales from the collection of instruments of the
Department of Physics of NTU “KhPI”.

Jnst  mpomomkeHHS ~— poOIT i3 TOCIHIIKESHHS
BIACTUBOCTEH panioaKTHBHUX MaTepiaiiB
M. . [InnpunkoB npunbaB 2 MUIrpaMu  pajieBoro
npemnapaty mnpodecopa . Tlizens, mo MicTUB rigpar
OpomucToro pajiiro. I3 BHUKOPHUCTaHHSIM TakumxX ke
npenapatiB ['i3ens Oynm 3poOsieHI BaKIMBI MIOHEPCHKI
BigkputTs E. Pesepdopaom Ta iHIIMMHU BUCHIMH.

I[Ipo  o0coOaMBOCTI  MOCTAaHOBKH  NPAKTHIHHUX
(;raboparopHux) 3aHATh y (isnuHid nmadopatopii XTI ta
mpo poils B iX oOpradizamii Ta BJOCKOHAJICHHI
M. . ITunpunkoBa aetanbHo Hamucas 1. B. lllenenes y

cTarTi, OmyOJIiKOBaHiil BXKe IIiCis TpariyHoi CcMepTi
BucHOro [40]. AHami3 HaBe[eHil B Hill iHpopMamii gae
mo mg Jaboparopis Oymna
OCHAIIIEHA PI3HOMAHITHUMH CyYaCHHMH IpHiafaMu. Y
TOMY 4YHCII: TirpoMeTpoM JlaHI€Nsd; TICHXPOMETPOM;
KanopuMeTpoM; hotomerpamu Bedepa, Bynsena, Jlromepa
i Bponxyna; mykpomerpom Counernsi;

M/ICTaBy CTBEPIPKYBAaTH,

Puc. 33. BimnentpoBa MamyHa A IEMOHCTpAIil Jil Ta
JUISl BAMIPIOBAHHS BIILEHTPOBOT CHITH 1HEPLIT 1 TPpUCTpiit
mo Hei (a, 0) Ta HpoeKmidHUIA NiXxTap (B) i3 KOJEKIl
npwinanaiB kapenpu ¢izukn HTY «XIIDy».

Fig. 33. Centrifugal machine for demonstrating the
action and for measuring the centrifugal force of inertia
and its device (a, b) and a projection lamp (c) from the
collection of instruments of the Department of Physics of
NTU “KhPI”.
BUMIpIOBAJIbHUMH ~ MicTkamu  YitcroHa, TomcoHa i
Kombpayua; chepoMeTpoM; ralbBAHOMETPOM i3 PyXOMOIO
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KOTYIIKOIO; KBAaJpPaHTHUM eleKTpoMeTpoM ToMCOHa;
a0COJIIOTHUM  €JIEKTPOMETPOM; BEIIMKOIO IHAYKIIHHOIO
cnipayuito  (kotymkoro Pymxopda); ammepmerpamu i
BOJBTMETPaMH;  TOHIOMETpoM;  Tepesamu  Mopa;
CHEKTPOCKOIIOM; CEKYH/IOMIpOM; ONTHYHUM
MIKpPOCKOIIOM, OCHAIIEHUM MIiKpOMETPOM; 0apoMeTpoM;
BomroMeTpoM JlepmanToBa; mpuiaaom Knemana i Jlezopma
ta iHmuMmu. [lepemik  mabopatopHux  poOiT, sKi
BUKOHYBaJIM CTyAeHTH B (izuuHiii maboparopii XTI Ha
noyatky XX CTOJNITTS, a TaKoXX Ha0lp METOIMK, SKi
3aCTOCOBYBAINCH HUMHU IIPU IIPOBEACHHI HaBYaJbHUX
JOCII/KeHb, 3aBASKH  OPraHi3aTOPCBKUM  3yCHIIIAM
M. . [lnnpurkoBa Ta #HOro y4HiB 1 CHIBpOOITHHKIB,
TTOBHICTIO BiIITOBiAaJIN iCHYIOYMM TOTOYaCHUM KPUTEPisM,
onrcannM y kHu3i @pinpixa Konbpayma [41, 42].

BUCHOBKH

1. [IpoananizoBana Ta Yy3arajbHEHa HasBHa B
JTEepaTypHUX JKepenax 1 JoKyMeHTax iHdopmanis moo
OaratorpaHHol JUSTIBHOCTI M. . ITunpurkosa,
CIIPSIMOBAaHOI Ha pPO3pOOKY HOBUX TPHUJIAMAIB BJIACHOI
KOHCTpYKIii, Horo opranizauiiina po6ora, moB’s3aHa i3
TIOTIOBHEHHSIM Pi3HUM 00sajHaHHAM (Pi3MYHUX KaOiHETiB
Ta HAaBYAIBHUX JIa0OpaTopiil, a TaKoX CTBOPEHHX HUM
JOCHITHUIBKUX  (BUMIpIOBadbHMX)  JabopaTopii B
XapkiBcbkoMy 1 OpecbKOMy YHIBEpPCHTETax Ta B
XapKiBCBKOMY TE€XHOJIOTIYHOMY 1HCTUTYTI.

2. [IpoBexeHo momryk, BHBUYEHHS, iACHTHU(]IKAIi0 Ta
pecraBpanilo HU3KH (PI3MYHUX NPHIALIB, SIKI BIpOTiJHO
Oymu mnpunbani M. . [TmnpunkoBuM Uit (i3W4HUX
kabiHeTiB 1 1abopaTopiif Ta IKUMH BiH MIT' KOPHCTYBaBCS
IIPU TIPOBEJCHHI 3aHATH 1 HAYKOBUX JIOCHIIKEHb Y
XapkiBCbKOMY  yHiBepcHTeTi Ta B  XapKiBCbKOMY
TEXHOJIOTIYHOMY 1HCTUTYTI.

3.Onmcano fesiki (i3WM4YHI TpUITATH, BHUTOTOBIICHI
BiJOMHMH  €BPONCHCHKAX BUPOOHWKAMU B JAPYTii
mormoBuHI XIX Ta Ha mowatky XX CTONITTS, IO
30epiraloTbcsi B KOJEKWiAX  (izuyHoro  kabiHeTy
XapKiBCHKOTO  HAIIOHATBFHOTO  YHIBEPCHTETY  IMEHI
B. H. Kapazina Tta xadenpu ¢isukun HarmioHansHOTO
TEXHIYHOTO YHIBEPCHUTETY «XapKiBCHKUM MOMITEXHIYHUH
IHCTHTYT».
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The article summarizes information about the activities of M. D. Pylchykov, aimed at developing of new physical devices, as well
as replenishing of the devices collections that were used in physics cabinets, in educational and research laboratories of Kharkiv and
Odessa Universities and the Kharkiv Institute of Technology. M. D. Pylchykov corresponded with the heads of companies that
manufactured educational and scientific equipment, purchased devices from them, and ordered devices of his own design for
manufacture. M. D. Pylchykov developed a number of new devices and improved some of the existing ones. He made a significant
contribution to replenishing of the collection of the physics department of Kharkiv University with instruments and equipment. In
1891, on his initiative, a magnetic and meteorological department of the physics department and a meteorological station were created
and equipped with instruments at Kharkiv University. During the Odessa period of his activity, M. D. Pylchikov organized a measuring
laboratory at Odessa University. During the time that M. D. Pylchykov worked at the Kharkiv Institute of Technology, the physics
room, physics laboratory, and meteorological observatory of the institute were significantly replenished with instruments and the latest
scientific equipment. The article analyzes the data obtained as a result of a purposeful search, study, identification, and restoration of
a number of physical devices that were probably purchased by M. D. Pylchykov for his physical offices and laboratories and which he
could have used during classes and research.

Keywords: history of physics, history of physical education, physical instruments, European manufacturers of physical and
meteorological instruments, scientific, pedagogical, inventive and organizational activities.
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IHOOPMAILIIA JUIA ABTOPIB CTATEN
KypHaiy "BicHuk XapkiBchKOro HarioHanpHOTo yHiBepcureTy iMeHi B. H. Kapasina. Cepis "®i3uxa"

VY KypHaJi OPYKYIOThCS CTATTi Ta CTHCII 3a 3MICTOM IOBIJIOMJICHHS, B SIKHX HaBEICHI OPHTIHAIBHI PE3ylIbTaTH
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1. Teopetnuna dizuka.
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4. ®i3uKa MarHiTHUX SIBHIIL.
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JIOCIIIPKCHb, MCTOJIMKA BUKJIAMaHHs (DI3MKHU y BHUIIH [IKOJI, TEXHIKA Ta METOAMKA (Di3UYHOTO EKCIICPUMCHTY
TOIIIO.

BUMOTI'M JIO O®OPMJIEHHS PYKOITMCIB CTATEN

3aragpHUR 00CST TEKCTY PYKOIMCY CTATTi TOBHHEH 3aiiMaTH He OijbIie Hik 15 cTOpiHOK.

Pykomuc cTatTTi CKIaaeThCs 3 TUTYJILHOT CTOPIHKH, Ha sIKIM BKa3aHi: Ha3Ba CTaTTi, iHimiany, npizeumia, ORCID,
aBTOPIB, IIOLITOBA aJpeca YCTaHOBH, B sIKii Oyna BUKOHaHa poOoTa, KiacudikamiiHi inaekcu 3a cucremamu PACS ta
VK, enekTpoHHa ajapeca OJHOTO 3 aBTOPIB; aHOTAIil 3 KIIOYOBHUMH CIIOBAaMH, BUKJIQJCHHX YKPaiHCHKOIO Ta
AHTITIMCHKOI0 MOBaMH (QHOTAIIisI MOBOIO CTAaTTi PO3MIIIYETHCS Ha TUTYJBHIN CTOPIHIN, aHOTAIIisI pa30M 3 Ha3BOIO CTaTTi,
iHiIianaM¥ Ta Mpi3BHIIAMH aBTOPIB, MMOIITOBOIO aPECOI0 YCTAaHOBH Ta KIIOYOBHMH CJIIOBAMH, BUKIAJAEHUMU JPYTOIO
MOBOIO, — B KiHII PyKOIIHCY); OCHOBHOTO TEKCTy CTaTTi, SKHH Mae OyTH CTPyKTypOBaHHMM; CIIHCKY JiTepaTypH 3
nocunanHsamu Ha DOI, SKmo BoHM MPHUCBOEHI; MiAMUCIB IMiJ] pUCYHKAaMH; TaOIHUIIh; PUCYHKIB: rpadikiB, HOTO3HIMKIB.

BucHOBKYM HE MOBHHHI MOBTOPIOBATH aHOTaLil0. AHOTalis Mae OyTu 3a odcsrom He MeHII HixX 1800 cumBouis. B
Hill MatoTh OyTH BiOOpaKeHI IOCTAHOBKA 3a/1a4i, METOAH JOCIIPKEHHS, OCHOBHI HAyKOBI PEe3yJIbTAaTH Ta BUCHOBKH.

B ykpaiHOMOBHHX CTAaTTAX MiANHCH A0 PUCYHKIB i TaONHIh AyOIIOIOTHCS aHTIIIHCHKOI0 MOBOIO. 3a HAasBHOCTI B
TEKCTI KUPWIMYHUX a00 HEAHTJIOMOBHHX HUTYBaHb HaNalOThCs crucok jiteparypu i po3ain REFERENCES. 3a ix
BincyTHocTi — TitbkH po3nia REFERENCES.

IIpu odopmienni y REFERENCES kupuindHuX Ta HEAaHTJIOMOBHUX IIUTYBaHb BKAa3ye€ThCS AaBTOPCHKHI
(odimitiamii) aHTIICEKMIA BapiaHT Ha3BHM POOOTH Ta iMEH aBTOPiB. 3a HOTO BiACYTHOCTI HAaBOAWTHCS MeEpeKiIaln
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MOBY IIEpIIODKEPENa, 3 IKOro 3podieHo nepekuan — Hanpukaan, (In Ukrainian).

BUMOI'M 10 EJIEKTPOHHOI'O BAPIAHTY PYKOIIMCY CTATTI

Tekct pykomucy craTTi Mae OyTH HaOpaHuit y ¢opmari MicrosoftWord, mounnaroun 3 Bepcii 2013 y dopmari
*.docx.

®opwmar apkyma — A4. [Tons: 31miBa Ta cripaBa — 2 cM, BepxHe — 2.5 cM, HivkHE — 3 cM. [lIpud T Times New Roman
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Has3ga Ta mia3aronoBKy cTaTTi HAaOMPAIOTHCS BEIMKUMH JITEpaMH, KpalKa B KiHIII 3ar0JIOBKa HE CTaBUTHCSL.

HasBa cratTi, aBTOpH, Ha3Ba OpraHizallii Ta aHOTAIlis PO3TAIIOBYIOTHECSA B OJHY KOJOHKY. OCHOBHHMH TEKCT CTaTTi
PO3TaIOBY€ETHCS Y JBI KOJOHKH, IMUPUHA KOJMOHKH — 8.25 cM, BifcTaHb MiK KoimoHkamu — 0.5 cm. [lomyckaeTbes
pO3TalIyBaHHS TEKCTY B OJHY KOJIOHKY, SIKIIIO B CTATTi BEJIMKI pUCYHKH, TAOIUII Ta 0araTo BEIHKUX (POPMYIL.

Pucynku ta ororpadii MaroTh OyTH BiJICKaHOBaHI 3 JOCUTH BUCOKOIO po3aiibHO0 31aTHICTIO (300 DPI — 600 DPI)
Ta BCTaBJICHI B TeKCT craTTi. HasBHi Ha pucyHkax i ¢oTorpadisx mudpu i HamMCH MOBHHHI 3a3HAYATHCS MOBOIO
OCHOBHOTO TEKCTy CTarTi Ta NoOpe uuTatcs. Yci (i3ndHi BEIMYMHM MOJAIOTHCS B oguHUISX cucTemMu Cl 1 MoBOIO
OCHOBHOTO TEKCTY cTaTTi. JIiTepHi mo3HaUYeHHS (i3MYHUX BEIMIUH TMONAIOTHCS KYPCHBOM.

Jlost 3anucy opMyt i piBHSHB CJIiJl BHKOPUCTOBYBATH BOYIOBaHUI peaKTOP PiBHSIHB.

Marepial cTaTTi pO3TaIIOBYETHCS B HACTYITHOMY ITOPSIIIKY:

Homep ymoBHOI necsitkoBoi knacudikanii (Y/K) ta (PACS): posmip mpudry 10 nT, HakpecieHHs 3BUYaiiHe,



BIJICTYTIIB HEMA€, pO3TAITyBaHHS 3J1iBa.
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po3Mip 9 nT, HaKpecIeHHS KypCUBHUH HAITUC, BIJICTYIIB HEMAE, pO3TALIyBaHHS LIEHTPOBAHE.
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TIPOITYCK IIICJISl CJIOBA Iepe PO3UJIOBUMH 3HAKaMH. TeKCT HaOMpaeThes 3 BXKMBAHHSM TUIBKH 3HaKa M'SKOTO IEPEHOCY
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®opmynu: [Ipudr Times New Roman (Cyr), po3mip 10 T, HakpecneHHs 3BHYaiiHe, pO3TallyBaHHs 10 LIMPHHI.
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Jlirepatypa: Ilpudr Times New Roman (Cyr), posmip 9 nT, HakpeciaeHHs 3BHYalHe, BIACTYIIB HEMae,
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MOBOIO OpHUTIHAITY.
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	2) фазовий перехід із одного стану ВР до іншого.
	1.7. FISHTAIL ЕФЕКТ У ВТНП СПОЛУКАХ
	Наявність другого, високопольового, піку на кривій намагніченості M(B) надпровідних сполук отримало назву “fishtail”-ефект (FE).
	"Fishtail"-ефект спостерігається в широкому спектрі ВТНП матеріалів, таких як: MgB2 [56], DyBa2Cu3O7-δ [57], Bi2Sr2CaCu2O8+δ [58], RBa2Cu3O7-δ (R = Y,Nd,Yb) [59] та ін. Також FE був виявлений у низькотемпературних НП 2H-NbSe2 [60].
	Сполукам YBCO по праву приділяється особлива увага через велике значення Tc (до 93 K) та широкі можливості отримання заданої морфології дефектної структури.
	На сьогодні розглядаються 3 основні сценарії появи FE:
	1) фазові перетворення вихрової ґратки (напр. [60]);
	2) вплив об'ємного піннінгу (напр. [61]);
	3) вплив поверхневих бар'єрів Біна-Лівінгстона.
	Пік-ефект та "fishtail"-ефект мають ряд спільних та відмінних властивостей. Зважаючи на те, що обидва ефекти відображають немонотонну польову залежність сили піннінгу при польових вимірах ВАХ (для ПЕ) та при вимірюванні магнітного моменту (FE), перші ...
	Після появи класичної роботи Біна [63] стало можливим оцінити густину критичного струму для магнітних вимірів [64] відповідно до співвідношення:
	Немонотонна залежність сили піннінгу від магнітного поля (Пік-ефект, ПЕ) пов(язують як із адаптацією ВР до потенціалу піннінгу, тобто розм'якшення пружних модулів ВР, так і з фазовими переходами із одного стану ВР до іншого. Для високопольового піку н...
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