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[ToBepxHEBi MIa3MOHH Ta EKCUTOHH IIHPOKO AOCIIKEHI EKCIICPUMEHTAIBHO Ta TEOPETUYHO AJIS PI3HUX CHCTEM MaTepiajiB, OZHAK
HH3Ka acIeKTiB IOTpeOye MOJabIIOro rIHOIIOr0 BUBYCHHS Ta PO3YMIHHS, CEpell SIKUX 3B S30K Ha3BaHUX KBa3i-4aCTHHOK IIOcCiiae
BaxiiBe Micue. HoBi ¢i3nuHi eekTr BUHUKAIOTH, KOJIM IJIA3MOHH Ta EKCUTOHH Y HAHOCTPYKTYpax IOYHHAIOTH JIOKAi30ByBaTHCS Ha
MEBHUX MallMX BiJJaisiX, BHACTIZOK YOrO MOXKHA TOBOPHTH MpO iXxHe 3B’si3yBaHHs. CKIaJHI CHCTEMH, IO MICTATH 30y/DKCHHS
[UIa3MOHIB Ta €KCHTOHIB, @ TAKOX 1X B3a€EMHHIA 3B'SI30K, JICMOHCTPYIOTh IiKaBi ONTHYHI BJIACTHBOCTI, 5IKi OKPEMO BOHH NpOSBJISATH HE
MOXYTb. Y TaKOMY THIIi B3a€MOJIl IJIA3MOH ITi/ICHJIIOE 3B’SI3KOK MK CHCTEMOIO Ta 30BHIILIHIM I0JIEM, a €KCHTOH KOHTPOJIIOE HEeBHI
CIHEKTpaJIbHI BJIACTHBOCTI, LIO BiIKpPUBA€ HOBI MOXJIMBOCTI KepyBaHHs iXHIM ontHyHuM Biarykom. Komu pesonancHa wacrora
JIOKaJIi30BaHOTO [UIA3MOHA JIy)Ke OJIM3bKa J0 YaCTOTH MOJICKYJISIPHOTO €HEPreTHYHOTO MIEPEXOy, BAXKIUBUM (HaKTOPOM, 1110 BIUTHBAE
Ha IXHIO B3a€EMOJIiI0, CTa€ OOMiHHA €HEPTis MK IIa3MOHAMH Ta EKCUTOHAMU. B 3aJ1€)KHOCTI BiJl CIiBBiTHOMIEHHS MK CHJIOIO 3B'SI3KY
Ta BTpaTaMH €Heprii OKPEMHUMH CKJIaJIHUKaMH B CHCTEMi, MOXKE BUHHKATHU JIBa THIIH 3B'3KY — CHIIbHUH Ta cnabkuil. Ha nonatok 1o
B3a€EMHOTO 3B’SI3KYy MDX IUIa3MOHOM 1 €KCHTOHOM, IXHsS pi3Ha IIMpUHA JIHIA 1 34aTHICT 3’€[HyBaTHCS i3 30BHINIHIM IOJIEM
3a0e3MeuyIoTh PI3HOMAaHITHI 3acO0M [UIsl HAJAIUTYBaHHS ONTHYHUX BIACTHUBOCTEH riOpHAHHMX cucTeM. TakuM YHHOM, Ii¢ JO3BOJISE
TOYHO KEPYBATH CBITJIOM Yy HAHOMETPOBOMY MaciiTali, BiIKpHBAIOYX MOXJIMBOCTI JJIsl HOBUX HMPHUCTPOIB EIIEKTPOHIKU Ta (POTOHIKH.
VY naHoMy OrJIsi/li MM BUCBITIIIOEMO OCOOJIMBOCTI CIIA0KOTO Ta CHIIBHOTO PEXXUMIB IIa3MOH-EKCUTOHHOTO 3B'13KY, Cy4acHI TeHJICHLIT Ta
MEePCIEKTHBH B JOCTI/DKCHHI TeTepOo-CHCTEM HamiBIPOBIAHHUK—MeTal, Meran—2D-maTepian, HamiBIPOBiIHUK—MOJIEKYyIa TOLIO.
['iOpuaHi HAHOCTPYKTYpH HAIliBIPOBIIHUK-METal BIAKPHBAIOTH 3aXOIUIIOIOYI MOXJIMBOCTI JJIS JOCHTI/DKCHHS KBAaHTOBUX SIBHILL,
ONTHUYHUX MPOLECIB, 0araTOYaCTHHKOBUX B3a€MO/Iiil Ta BIIEBHEHO MPSMYIOTH 10 3aCTOCYBaHHS Y HOBUX MpHiIafaX (GOTOHIKH.
Ku1r040Bi c10Ba: MoBepXHEBi Ta3MOHU, €KCUTOHH, TNIAa3MOH-EKCUTOHHA B3a€EMOTis

PACS: 73.20.Mf

1. BCTYII

TeopeTnyHi Ta eKCIIEPUMEHTAJBHI TOCTIKEHAS B 001aCTi HAHO(POTOHIKY y TEPIIy Yepry IOB'I3aHi 3 PO3yMiHHAM
OINITHYHO IHIYKOBaHMX 30yIDKEHb y HAHOPO3MIpHHX Marepianax Ta TOTO, SK BIACTHBOCTI IUX 30YIDKEHP 3aJIeKaTh Bif
posmipy, ¢opmMm Ta cepemoBMIIA pO3TAallyBaHHA HAaHOCTPYKTYp [l,2]. BmpomoBk OCTaHHBOTO AECATHIITTS
CTIOCTEpIraeThcsl IHTEHCUBHHUM PICT YHCNa JOCIIKCHHb JABOX OCHOBHHUX THINIB 30Y/DKEHHS: I€ TUIA3MOHH Y METAJICBHX
HAHOCTPYKTypax [3] Ta eKCUTOHU Y MOJEKYJISIPHUX YX HAIIBIPOBITHUKOBHUX CTPYKTypax [4]. [InazMoHu — 11e KOJIEeKTHBHI
KOJIMBaHHS BUTBHHX 3apsiIiB (30KpeMa eNeKTPOHIB MPOBITHOCTI B MeTanax), i 3B's130K CBITIa 3 TUIA3MOHHUMH PE30HAHCAMHA
B METAJIEBUX HAaHOCTPYKTypax IPHBEPHYB yBary Hacamriepell 4epe3 iXHIO 3/1aTHICTh KOHIIEHTPYBATH ONTHYHI MOJIS 10
pO3MipiB, 3HAYHO MeEHIMX 3a AudpaxuiiHy Mmexy [S5]. IcHye nBa BHIM NMOBEpXHEBUX IUIA3MOHIB, SKi HAa3WBAIOTh
JIOKaJIi30BaHMMH ToBepxHeBUMH TutasMoHamu (JIITIT) Ta moBexHeBi IUIa3MOHM, IO MOIIMPIOOTHCS [6]. JlokasizoBaHi
TIOBEPXHEBI IIa3MOHM — LI€ y CBOIO YEpry KOJIMBAHHS TYCTUHHU 3apsily, SKHH JIOKAJII30BaHWH Ha IOBEPXHI MeTayeBOl
YaCTUHKH. SIKIIO PO3MIpM YacTHMHKM € HabaraTo MEHIIMMH BiJI JOBKMHH XBHJII IaJal040ro BUIIPOMIHIOBaHHS, TO
3MIIIEHHsI €JIeKTPOHIB B METaJeBili HAHOYACTHHIII TPU3BOINUTH JIO YTBOPEHHS IHITON, i BIAMIOBITHO CHJIH, SIKa 3MYIIYE
CJICKTPOHHU TOBEPHYTHUCS /IO CTaHy piBHOBaru. BemwuwHa Iii€l CHiIM € TPONOpIiiHA 10 3MIIIEHHS, 0 € HeOoOXiJIHOI0
YMOBOIO TSI TapMOHIYHOI'O OCLIJIATOPA, 1 TOMYy MOXKHa TOBOPHTH TPO BIAacHI YacTOTH KOJEKTHBHHX KOJHMBAaHb
eJIeKTpOHIB B yacThHI. OTXe, SKIIO YacToTa KOJNHWBAaHb IAal0Y0TO BHIPOMIHEHHS CITIIBIAJAa€ 3 BIACHOIO YacCTOTOIO
BUIPHHX €JIEKTPOHIB, TO BHHHKA€ IIOBEPXHEBHH IDIa3MOHHWI pe3oHanc [7]. Taki mI1a3MOHH B yMOBaxX pe30HAHCY
TIPU3BOAATG /O 3HAYHOTO IIJICHIICHHS JIOKAJi30BaHOTO eENEKTpOMarHiTHoro mois. Lle y cBoro dWepry mae 3mory
peanizyBaTH MeXaHI3MH TOBEPXHEBO-TIICHIICHOI criekTpockomii (surface-enhanced spectroscopy) [8]. IloBepxHesi
[UIA3MOHM Y TO€NHAHHI 3 (OTOHAMHU MOXYTb JISTH SIK KOJEKTHBHE 30Y/KEHHs €JEeKTPOHIB MpPOBIAHOCTI, SKi
XBHJICTIONIOHO MOLIMPIOIOTHCS B3IOBX MEXKI MK METAJIOM Ta JIIEJIEKTPUKOM, TOJI iX Ha3WBaIOTh MOBEPXHEBUMH IL1a3MOH-
nosisiputoHamu [9]. [ToBepXHeBi MI1a3MOH-TIOJISIPUTOHM JIOKAJII3YIOTHCS TTOOJIM3Y MEXI PO3JLTY 1 MOXKYTh MOIIMPIOBATHCS
B3/IOBXK TIOBEPXHI METally JI0 TOTO 4acy, MIOKH €HEpris He PO3CIEThCS y BUIBHHUN MPOCTIp ab0 3 JIONIOMOTOI0 TEIUIOBUX
BTpar, abo 3 nonomoroto BumpoMintoBanHs [10]. ITomre 3acTocyBaHb I1a3MOHHUX €(EKTIB 0OMEKYEThCS THM (PaKTOM, 110
Yac JKUTTS IUIa3MOHIB cTaHOBUTH jume 10 —100 ¢c, micis 9oro BOHM MEpeTBOPIOIOTHCS ad0 B CBITJIOBY XBWIIO, a00 B
KOJMBaHHS aroMiB. OfHUM 3 pillleHb JaHOi MPOOJEMH MOKE CTAaTH MiJICKJIEHHS IUIa3MOHHOTO CHUTHATY 3a JIOIOMOTOI0
Jo/1aBaHHA (DOTOHIB, IIO BHITYCKAIOTHCS B PE3YNBTAaTI KOHTAKTy MeTal-HAIiBOPOBIAHHUK. CBITIOBI IMITyIECH MOXYTh

7 Cite as: N. Ohon, T. Bulavinets, I. Yaremchuk, and R. Lesyuk, East Eur. J. Phys. 4, 6 (2022), (in Ukrainian). https://doi.org/10.26565/2312-4334-2022-4-01
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30y/DKYBaTH €JICKTPOHM B HAIlBIPOBITHHUKY, CTBOPIOIOYM EKCHTOHH, IO IOTIM IMOBEPTAIOTHCS B IMOYATKOBHHA CTaH
(pekoMOIHYI0Tb) 3 BUITyCKaHHSIM (OTOHIB. EKCHTOHH, Y CBOIO Uepry, — Lie 3B's13aHi eIeKTPOHHO-/1IPKOBI ITapu B MOJIEKYJIax
a0o HamiBIpoBiHMKaX. EKCUTOHM ICHYIOTh y HaIlIBIIPOBITHUKAX, 130JI9TOPaX Ta JISSIKUX PiAMHAX, SKi MOXYTh IlepejaBaTh
eHeprito 0e3 mepeHeceHHs enekTpudHoro 3apsmy [11, 12]. EkcuToHM B HAaMiBIPOBITHUKOBHX HAHOKpHCTAalaX abo
KBaHTOBUX TOYKaX IPHBEPHYJM OCOONMBY yBary udepe3 iXHi 4acTOTH MEpexoiy, L0 3aleXaTb BiJ po3Mipy i MOXYTb
TpocTsATaTHCS Bif yabTpadionery mo iHppadepBoHOi obmacti criektpy.[13]. OnTryni 30ymKeHHs B HABIIPOBI THIKOBUX
HAHOCTPYKTYpaxX BU3HAYAIOTHCS €ICKTPOHHUMH PIiBHSAMH B 30HI IPOBITHOCTI Ta BaJCHTHIH 30HI. B pe3ymbraTi KBAaHTOBOTO
KOH(aHHMEHTY eNICKTPOHHI PiBHI € TUCKPETHUMHU B OTHOMY a00 JIEKITPKOX HAPsMKAX Ta MOXKYTh OYTH PETYIbOBAaHUMH
B 3aJICXKHOCTI 1 Biff po3Mipy, 1 Bix popmu HaHOUACTHHKH [ 14, 15]. OCHOBHIME ONTHYHIMU 30y KEHHIMH € TIEPEXOIH MK
OUMH JUCKPEeTHUMH pPIiBHSMH B 30HaX TMPOBIAHOCTI Ta BaJ€HTHOCTi, IO IPHU3BOIUTH [0 YTBOPEHHS 3B’S3aHUX
EIIEKTPOHHO-IIPKOBUX Tap (EKCHTOHIB). PekoMOiHaIlisl eKCHTOHYy OOMEXYEThCS CTaOlmi3amiero pe30HaHCYy depes
NEPEKPUTTS XBWILOBUX (PYHKIIH TIPKH Ta eIEKTPOHA, 1[0 MPU3BOAUTH JI0 301UIBIICHHS Yacy KUTTS €KCUTOHY.

HoBi ¢i3uyHi edexkth MOXYTh BHUHUKATH, KOJNHM IUIA&3MOHM Ta €KCHTOHM Yy HAHOCTPYKTYpax IOYHMHAIOThH
JIOKAJII30BYBaTUCS Ha TEBHUX MaJMX BIJJaNsX, BHACTIJOK YOrO MOXKHA TOBOPUTH MpO ixHE 3B’s3yBanHA. CkiajHi
CHCTEMH, 1110 MICTATh 30y/XKEHHS IUIa3MOHIB Ta €KCHTOHIB, a TAaKOX iX B3a€EMHHUI 3B'I30K, MPOSBISIOTH IIKaBl ONTHYHI
BJIACTUBOCTI, IKi OKPEMO BOHM TMPOSIBISITA HE MOXKYTh. Y HaHOpO3MipHOMY MaciiTali icHye rmpoOiiemMa HEeBiAMOBIIHOCTI B
pO3Mipax MiX ITOBXKHHOIO XBIJII CBITJIA Ta CHEPri€I0 CKCUTOHIB, IO BHKIUKA€E CJIA0Ky B3aEMOJII0 MK CBITJIOM i
PEUYOBHHOIO, ITIEPEIIKOKAIOYN BHCOKOE(hEKTUBHOMY IIEpETBOPEHHIO eHeprii [16]. ¥V Toi ke yac, Iiia3MOHH MOXYTb
CHJIBHO 3B’SI3YBaTHCS 13 30BHIIIHIM TIOJIEM Ta OTPHUMYBATH BEIUKE MiICHICHHS OMmmkHBbOro mous [17]. Taki migcumeHi
JIOKaJIbHI TIOJISI MOXKYTh CHJIBHO B3a€MOMISATH 3 CYCIJHIM €KCHTOHHHMM MaTepiasioM. Po3ramryBaHHS €KCHTOHHA IOOJIM3Y
TTOJIS TUTa3MOHA CYTTEBO BIUIMBAE HA ONTHYHI BIACTHBOCTI 000X MatepiaiiB [18]. Takum urmHOM, KOMOIHAILILS ITA3MOHIB Ta
eKCHTOHIB BiJKpHWBa€ HOBI MOXIMBOCTI 3aCTOCYBaHHSM MeETaJ-HAIMIBIPOBITHUKOBUX cTpykTtyp [19,20]. B Takmx
ribpuaHNX cHCTeMaX IUIa3MOH CTPIMKO IiJCHIIIOE 3B'SI30K MK CHCTEMOIO i 30BHIIIHIM IOJIEM, a €KCUTOH Y CBOIO Yepry
Jla€ MOXKJIMBICTh HANAIITOBYBATH ONTHYHI BIACTUBOCTI, IO HE MOXIIMBO JOCATTH 3aCTOCOBYIOUHM IIi KOMIIOHEHTH
noomuHIi [21]. OTxe, BcebiuHe pO3yMiHHS IIa3MOH-EKCUTOHHOTO 3B’SI3KY Y MEPCIEKTUBHUX TeTePO-CUCTEMaX, TAKHX SIK
HaIpUKIIa] HAIBIIPOBIHUK-METall, € HEOOXIAHMM JJIsl TTOJIAJIBIIOrO iX BUCOKOS(EKTHBHOTO MPAKTHYHOTO 3aCTOCYBAaHHSL.
VY naHiit poOOTI PO3IISTHYTO OCOOJIMBOCTI CINAOKOr0 Ta CHUIIBHOTO PEXHMIB IUIA3MOH-€KCUTOHHOTO 3B'SI3KY, CyYacHi
TeHAEHII] Ta MEePCHEeKTHBU B JOCIHIKEHHI B3a€EMOJii METaJeBUX HAHOYACTMHOK 3 HAITIBIIPOBIJHUKOBUMU KBaHTOBUMH
TOYKaMH, METAJIEBUX HAHOYACTHHOK 13 MOJIEKYyJIaMH OapBHHKIB Ta METAJIEBUX HAHOUACTHHOK i3 2D Marepianamu.

2. OCOBJIMBOCTI CJABKOT'O TA CUJIBbHOI'O PEKUMIB IIJIASMOH-EKCUTOHHOI'O 3B'SI3KY

Komu pesonancna wactora JIITII ny»xe 6113bKa 10 4aCTOTH MOJIEKYJISIPHOTO €HEPTeTUYHOTO MEPEX0.Ty, BaXKIUBIM
(hakTOpOM, 110 BIUTMBAE HA IXHIO B3a€MOIiT0, cTae oOMiHHa eHepris Mixk JIIIII Ta ekcuroHaMu. 3aIeKHO BiJ TOTO, YA €
30ypeHHsI MK XBWIBOBUMH (YHKIISIMH, TOOTO B 3aJIS)KHOCTI BiJl CIIBBiIHOIIGHHS MIX CHJIOIO 3B'A3Ky Ta BTpaTaMu
€Heprii OKpEeMIMH CKIIQJHUKaMHU B CHCTEMi, MO>Ke BHUHUKATH JBa THITH 3B'SI3Ky — CHIBHHUN Ta ciaabkuit [22]. ¥V pexumi
CHJIBHOTO EKCHTOH-TIa3MOHHOTO 3B'si3ky Monu IIII MOXyTh KOTEpeHTHO TiOpHAM3YBaTH 3 MOJICKYISIPHUMH
eKCHUTOHAMH, 1 TIeHl 3B'SI30K MPHUAYIIYE BCi BTPATH i MPU3BOIUTH O JIBOX HOBHX 3MIIIAHUX CTaHiB CBiTNIA. PesoHaHcHa
B3a€EMOJIiSl MXK €KCHTOHAMH Ta IUTa3MOHAMHU 3MIHIOE XBHJIbOBI (DYHKIIIT €KCUTOHA Ta BiOYBAa€THCS 3MiHA PE30HAHCHOT
eHeprii excurona ta [II, sika € GiNbIIOI 3a iXHIO MPUPOAHY IMUPUHY JiHII. Y HBOMY pEXUMI eHepris 30YIKeHHs
JIUIATBCS. MK IIJIA3MOHHOKO Ta €KCUTOHHOK cucTeMamu. CrocTepiraeThCsl Tak 3BaHEe po3uieiuicHHs Pabi. SIBuiie
PO3LICIUICHHSI € PE3YJIbTATOM 3BOPOTHOTO OOMIHY EHEpri€l0 MiX [BOMa OCHWIISITOPaMH 3 YacTOTOK TaK 3BaHUX
ocumisiiid Pa6i [23-25]. Takum 4uHOM, ISl CHIIBHOTO 3B'SI3KY YacTOTH MalOTh OyTH OUIBIIMMH, HDK LIMPHHA JIHIH.
Bapro 3a3HaunTH, 10 Y HBOMY PEXHMi YTBOPIOETHCS HOBa KBa3i4aCTHHKA 3 OCOOJMBHMH BIIACTHBOCTSIMHM, SKHX HE
MaJla JKOJHA BHXiJHAa dYacTWHKa [26]. CWIBHMH IUIa3MOH-SKCHTOHHUH 3B'A30K MOXKe OyTH 3acTrocoBaHMH y cdepi
KBaHTOBOI iH(popmauii [27], mis 3MIHM MOPOTY XIMIYHHX peaklii Ta KOHTpomo ix mBuakocTi [28], B ONTHYHHUX
nepemukauax [29], nerexkropax ¢ortonis [30] Toro.

B3aemopito, 3a SKOI eJNEeKTPOMAarHiTHI MOJIY Ta XBWJIbOBI (PyHKIIi IJIa3MOHIB Ta E€KCHTOHIB HE 30ypIOIOTHCS,
Ha3HMBaIOTh CJIA0KUM IIa3MOH-EKCUTOHHHUM 3B's13k0oM [31]. 3aranom, y pexumi ciabKoro 3B's3Ky 100pe MpOosIBISIOTHCS
Taki SBWINA, SK IIJBUIICHA IIBUAKICTh BHUIPOMIHIOBAaHHS [32] (3MCHIICHHS 4Yacy JKUTTA 30YDKCHHX CTaHiB),
30UIBIICHHS TIEpepi3y MOTIMHAHHS Ta OOMIH CHEpPTi€I0 MK CKCHTOHOM Ta IurasmoHoM [33]. IlpukmagoM ciaGkoro
3B'13Ky ciyrye edekr [lapcenma. Binm momsarae y 30inblIeHHI INIBWAKOCTI BHIIPOMIHEHHS OCHWJIATOPOM, IO € B
pe3oHaTopi, y TIOpPIBHSAHHI 31 MIBUAKICTIO BUIPOMIHEHHS THM CaMHM OCIHJISTOPOM Y BUIBHOMY IIPOCTOPI.
XapaKTepUCTUKOI IBOT0 edekTy € koedimieHT [lapcema, sIKMif mokasye, y CKIJIbKH pa3iB 30UTBIIYETHCS IIBUAKICTH
BHUIIPOMIHECHHS B pe3oHaTopi [34].

KorepeHTHy IuIonpHy B3a€MOJII0 MK €KCHTOHOM Ta €JIEKTPOMArHITHHM IOJIEM MOXKHA OIMCATH KBaHTOBO-
ontu4HOI0 Mopeto JIxeiiHca-KamMmiHrca sIK JBOPIBHEBY CHCTEMY, IO B3a€MOJi€ 3 KBAaHTOBHM T'apMOHIYHUM
ocuuisitopoM [35, 36]. B yMoBax pe3oHaHCy AnHaMika IMOBIpHOCTI 3HaXo/pkeHHs1 ekcuToHy (P,) y 30ymmkeHoMy (e) Ta
OCHOBHOMY (g) cTanax BusHauaeTbes PE(t) = cos?(Qgvn + 1t) Ta P (t) = sin?(Qgvn + 1t), nie n — uncno dotonis
B PEXKHUMI eJeKTpoMarditHoro mojs. Tyt Qp = uE 1ie BakyymHa yactota Pabi, a (4 11e eKCUTOHHUI TUTIOIBHUNA MOMEHT,
E BiamoBigae HarpyKe€HOCTI BaKyyMHOT'O II0JISI, III0 aCOLIIOETHCS 13 3B's13aHOI0 MoJo10 [37]. Cucrema 3HaXOIUTHCS B
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PpeXUMI ci1abKoro 3B's13Ky, KO (1 MEHIIA 3a MIMPUHY JiHi OKpeMoi He3B's13aHO1 mijcucTeMn abo MIBHIKOCTI, 3 KOO
SHEPTisl TepelacThCsl HeIepepBHOMY CEepeloBHINY (KOHTUHYYMY). fkmo (), Oimpma abo cmiBMipHa i3 IIHpHHAMHU
HE3B'SI3aHMX JIHIH, TO E€KCHUTOHM Ta MOAM EJICKTPOMAarHiTHOIO MOJIs CHJIBbHO 3B's3aHi. OcoOJNMBOCTI ciabkoro Tta
CHIIHOTO PEXHMIB IIPEJICTAaBIICHI B Tabwmii 1, ananToBaHiii i3 podortu [37].

JUii OTpUMaHHA CHCTEM 13 CHJIBHAM 3B'SI3KOM EKCHTOH-TUTAa3MOHHOI B3a€MOJIii BHKOPHCTOBYETHCS HH3Ka
TUTa3MOHHHUX CHCTEM Ta GKCHTOHHHMX KBAaHTOBHX BHIPOMiHIOBadiB. B SIKOCTI MIa3MOHHOI CHCTEMM XapaKTEpPHUM €
BUKOPHCTaHHSA OJIATOPOJHUX METaliB (30J0Ta Ta cpibia), a TAKOX MiMdi, OCKITBKA BOHH BOJIOMIIOTH IHTCHCUBHHMU
IUTa3MOHHUMH PE30HAHCAMH Y BHIMMIH 00JIacTi criekTpy Ta ciabkumu mikamu B Y@ obxacti [38-40]. 3 iHmoro 6oky,
PEe30HAHCHI BIACTUBOCTI EKCHTOHIB TaKO)X MOXKHA PEryIIOBATH MUIIXOM 3MiHH PO3MIpPYy HAIiBIPOBIIHHKOBOTO
Mmarepiany (Hanpukiaa y ¢opmi kBantoBoi Touku, KT) Ta rycrum momexyn [41]. OuikyBaHO cuila €KCHTOH-
IUIA3MOHHOTO 3B'SI3KYy MOXe OyTH HallallITOBaHa IUISXOM 3MIHM BiJICTaHI MK JBOMa MaTepiajaMu Ta MOJsIpHu3aiil
30ymkenns [42]. o npukiamy, y poOoTi [42] po3risgaeThCst CHCTEMa 13 CHIIBHHUM 3B'S3KOM EKCHTOH-IIJIa3MOHHOT
B3a€EMOJIi «HaHOYACTHMHKA 30JI0Ta—J-arperar». ABTOpH ONWCYIOTh BUHHMKHEHHS! TiOPHIHHMX CTaHIB HaliBpeuOBHHA-
HAITIBCBITJIO 1 HAa3WBAIOTh iX IieKcuToHaMu [43]. TakuM 4MHOM, MiJl TUIEKCUTOHOM PO3YMIIOTh KBa3i4aCTHHKY-HOCIH
TIa3MOH-EKCUHHOTO 30Y/I)KCHHS.

Ta6muus 1. [TopiBHSIHHS peXXnUMiB CI1a0KOT0 Ta CHIBHOTO INIA3MOH-EKCUTOHHOTO 3B'SI3KY

3MIiHH B pe30HAHCHIH

Oiznunmii edexT Ta

Pexxum B3aemonii | Ymosu 3MiHH B MHaMiLi
TIO3HUIii 3aCTOCYBAaHHS
Ciabknit 3B’5130K 2 yZ y? - Majie 3MIIeHHs IpH Pe3onancue Edexr ITapcena.
Qk < 2 + 2 pe3oHaHCi MMiACWIEHHS Ta [IBuaki Ta eeKTUBHI
Yx — edexTuBHHI 3CYyB HEPE30HaHCHE JDKepena CBiTIa,
1o (a3i eKCUTOHa; - ribpunHuil cTaH He 3aTyXaHHS MIBUIKOCTI HalnpasJieHe
¥ — e(heKTHBHUIA 3CyB YTBOPIOETHCS BUTPOMIHIOBAHHS BUIPOMIHIOBAHH,
1o (ha3i MOJI OIS, HIKPOKOCMYTOBA
(oroBonbTaika,
MIOKpAIlleHEe TIOBEPXHEBE
paMaHiBCBbKe

PO3CitOBaHHSI

CuIIbHHM 3B’ 130K

2 2

Yx |V

02 >4
the R>2+2

IcToTHMii 3cyB.
YTBOpEHHS BEPXHBOTO
Ta HIDKHBOTO
TIOJISIPUTOHIB

IMepenecenns eneprii
MK BHITPOMiIHIOBa4eM
Ta pe30HATOPOM

KepyBanHs 3aracanusm
KOJINBaHb
BHIIPOMIHIOBaYa Ta
pe3oHaTopa

Ocuunsauii Pa6i.

IBuaxi Ta epexTuBHI
TIOBHICTIO ONTHYHI
TPUCTPOi, OTHOPOTOHHUH
TPAH3HUCTOP, a/IaITamis
(hi3MIHAX Ta XIMIYHAX
BJIACTUBOCTEH,
HOJIIPUTOHHA

TeHepallisi/KOHICHC AIlis

3. B3AEMOJISA METAJIEBUX HAHOYACTHUHOK 3 HAINIBITPOBIJTHUKOBUMH
KBAHTOBUMHU TOYKAMMU

JlocmipKeHHs! 0/10 TUIa3MOHHO-EKCUTOHHOT B3a€MOJIii MOKHA MpocTexuTH 3 70-X — moyarky 80-X pOKiB MHUHYJIOTO
CTOJIITTS, KOJU BIIEpIIEC OyJI0 MPOJCMOHCTPOBAHO, IO METAJCBI IUIIBKM Ta METAlIEBI YACTUHKH MOXYTh IIiICHIFOBATH
ONTHYHE TOIIMHAHHA Ta BWIPOMIHIOBaHHS Yy CYCIOHIX Mosekynax OapBHuka [31,44]. JlocmipkeHHS IUIa3MOH-
€KCUTOHHOTO 3B'SI3KY TPHCKOPWIINCS TIifl 4ac 3araJIbHOTO BiJPOKEHHS IIa3MOHIKM HanpHKiHIi 1990-X pokiB, OCKUIBKU
TIOKpAIeHI METOAM BUTOTOBJICHHS TA BU3HAYCHHS XapaKTEPUCTHK JO3BOJNWIIM CHCTEMAaTHYHO BHUBYATH Ta ONTHMI3yBaTH
3B'A3aHI CTPYKTYpPHU METAI-MOJIEKyJla Ta METal-HamiBIPOBIMHUK [45]. [y crocTepekeHHsS Ta BHBYCHHS 3B°SI3KY MiK
IUTA3MOHAMH Ta €KCHTOHAaMH BHKOPHCTOBYBAJACs IUIOCKA METalleBa IMOBEPXHS 3 OJHOTO OOKy Ta Mojekynaa abo miap
HAMIBIIPOBIMHUKA 3 iHIIOTO [46,47]. 3aBOSKH yIOCKOHAIEHHIO TEXHOJOTi BHTOTOBIICHHS BHPOOHHIITBA METAIECBUX
HAHOCTPYKTYp 3 iHAWBIAyabHAIMH po3MipaMu, (JOPMOIO Ta XIMIYHHUM CKJIQJIOM B JaHUH Yac € MOXITUBICTH BUTOTOBIISITH
MaTepiand, SKi MITPUMYIOTH JOKalli30BaHI IUTa3MOHM, — I PI3HOMaHITHI HaHOCTEPKHI, HaHOc(epr, HaHOOOOJIOHKH,
HAaHONPH3MH TOLIO. Y TOH XK€ 4Yac BEAYThCS JOCIIJDKEHHS €KCUTOHHHUX CHCTEM PI3HOI IPUPOIM — MOJIEKY) OapBHHKIB,
HamiBrIpoBiqHUKOBUX KBaHTOBUX To4oK (KT), kBaHTOBMX siM Tomio. CrHekTp MOTVIMHAHHS HamiBOpoBiaHMKOBUX KT
3HaXOAUTHCS y LIMPOKOMY Jliala3oHi, TOMy HOro MOXHA JIETKO IMEPEKPHUTH CIIEKTPOM IUIA3MOHIB PI3HHX PO3MIpIB Ta
pi3HuX cucteM MarepianiB. CHeKTpy BHUIPOMIHIOBaHHS, HaBIIaKHM, € BY3bKMMH 1 JOOpE BiJUIJICHUMHU Bl CIEKTPY
TIOTJIMHAHHA HAa BEJMYMHY Tak 3BaHOr0 CTOKCOBOrO 3CyBy. (DaKTWYHO, CIIEKTPHU BUIPOMIHIOBAHHS € BYXXYHMH, HDK
IUIa3MOHHI CMyTH 1 ToMy, obupatoun KT pisHMX po3MipiB, MO’KHA HAJIAIITOBYBAaTH BUIPOMIHIOBaHHS €KCHUTOHA 4Yepe3
IJIa3MOHHUM pe3oHaHc [48, 49].

IcHye psin SIK eKCTIepUMEHTAIbHUX, TaK i TEOPETHYHMX JOCIIJDKEHb, SIKi IIOKA3yIOTh ICHYBaHHS CHIIBHOTO 3B’SI3KY
MIDXK JIOKaJIi30BaHOIO MapoOI0 eNeKTPOH-ZIipKa B HamiBnpoBigHuKoBuX KT i joKanmi30BaHUM MOBEPXHEBUM ILIa3MOHOM B
METaJIeBUX HAHOYACTHUHKAX, IO MPU3BOIUTH IO PE30HAHCHOI mepenadi eneprii mixk Humu [50, 51]. Taka pe3oHaHcHa
repesiavya eHeprii € eJIEKTPOJMHAMIYHUM SIBUILEM, KOJIM JBa OCLIUIIOIOYMX JHUIIOJNI B3a€MOMAIIOTh OJWH 3 OJHUM 1 3a
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JIOTIOMOT'OI0 SIKOTO €HEprisi NepelacThesi 0e3BUIPOMIHIOBAJIBHO Bi JOHOpAa y 30Y[)KEHOMY CTaHl /0 akienTopa B
OCHOBHOMY cTaHi [52]. Haiibinbm edekTuBHa nepeiada eHeprii Bii0OyBaeThCs KOJIM iCHYE 3HAYHE MEPEKPUTTS CIIEKTPY
BUIPOMIHIOBAaHHS JIOHOPA 1 CHIEKTPY MOTJIMHAHHS aKIENTopa, a BIJICTaHb MiXX HUMH CTaHOBHUTH MeHIe 10 HM. 3okpema
y po0Oori [53] aBTOpH pO3MISLIAIOTE peKOMOiHAMi0 eneKTpoHHO-AipkoBoi mapu B KT SiC i KOJEKTHBHE KOJMBAaHHS
BiJIbHUX enekTpoHiB y HY Ag sk ocumumiorodi JuIofi y nepiroMy HaOJIM)KEHHI 3 KITacHYHOI TOYKH 30py. Bimomo, mio
pe3onancHa nepenava eHeprii Mk KT SiC i HY Ag BinOyBaTHMETHCS B TOMY BHITAKY, SKIIO 1X €KCHTOH-TIA3MOHHUIA
3B 30K JOCUTh cribHUH. [1IBHIKiCTE TIepesadi eHeprii MiXk KBAHTOBOIO TOYKOIO (JOHOP) 1 HAHOYACTHHKOKO (AKIEITOP)
Rp., 0 3HAXOAATHCS HA BifcTaHi 7 Oy/e piBHa:

4

Rps = 64—17:57:367-'spD fOOO (%) 9o () oa(v) dv M
€ Tspp — YaC )KUTTS CHOHTAHHOTO BUITPOMIHIOBaHHS JOHOPA, /1 — ITOKAa3HUK 3JIOMJICHHS HAaBKOJIMIIHHOTO CEPEAOBHIIIA,
2p(v) Ta o4(v) — QyHKIIs popMmu NiHIT TOHOPA Ta TIepepi3 MOTIMHAHHS aKIENTOpa BiqnoBigHO [54].

Komu KT ta mnasmonni HY 3Haxomstbes B OesmocepenHiii OIM3BKOCTI, EHEPreTHIHNH 0OMIH MK HHUMH MOXE
CHIIFHO BIUTMBATH HA MOBEIHKY IIOTJIMHAHHS Ta BHIIPOMIHIOBAHHS TAaKOi TIOPHOHOI CTPYKTYpH, IOPIBHSHO i3
MTOBEIIHKOIO IBOX KOMIIOHEHTIiB OKpeMO. [HTEHCHBHICTD 3B 3Ky MiX IBOMa YaCTWHKaMH Oyne CHIBHO 3aJieKaTH BiJl
OyznoBu riOpuaHOi CTPYKTYpH. B pesynprari BUHNMKae cnaOkuil 9 cHiIbHHAN 3B°5130K. [losBa pi3HOI MOBENIHKU 3B’ SI3KY
Moke KoHTpoiroBarucss kKomOiHamissmu KT 1 mmasmomamx HY, a TakoX TPOCTOPOBHM pPO3TAIIyBAHHSAM OKPEMHX
KOMITOHEHTIB [55]. OTpumaru onTUMalibHE MiJACUICHHS BUIPOMIHIOBaHHSI MOYKHA PETEIbHO HANAIITYBABIIHU sl YMOB,
30KpeMa 3MiHY CKJIaay ab0 CTPYKTYpH IUIa3MOHHOI HAHOYACTHHKH, BIJICTaHI Ta MPOCTOPOBOro po3ramryBanHs Mix KT
ta HY, a Takox moBxuHM XBUii 30ymkeHHs. Cepel ycix (akTopiB NEPEKPUTTS CIIEKTPIB € TEPIINM MapaMeTpoM, SIKHIA
CJIiZI BpaxOBYBaTH, OCKUIBKH BiH 3a0e3Meuye TOCTATHIO Mepeiady eHepril MiX IUIa3MOHOM Ta €KCUTOHOM.

ABTOpH [56] mocmipKyBaaM CHIBHHUN 3B’SI30K MK MOBEPXHEBUMHM IUIA3MOHAMM Ha TOHKHX CPiOHMX ILTIBKax Ta
HaiiHwkunM 30ypkeHnM cranoM y KT CdSe. KT CdSe posnoninsunch nmo cpiOHiM IUTiBIi TOBIIMHOIO ~53 HM, siKa
HaHOCWJIAach Ha ckiio. Ha puc.la mokazaHuii iX CrieKTp NMOTJIMHAHHA HAa CKIi, a Ha puc.lb — crextp BinOuBanHs. Ha
BKJIQJIIII pHc.la BUAHO, SIK p-NIONSIPU30BaHE CBITIIO Najga€ Ha CKILHY IPU3MY, [0 SIKOI MPHUKPIIJICHI HAHOYaCTHHK Ag Ta
KT CdSe na ckmaniit miaxkmaami. I1I1 30ymKyBaarcs B CHCTEMI JIMINE TOMI, KOJU MPOCKI[iS XBHJIBOBOTO BEKTOpa K,
najarounx (OTOHIB 30iranacs 3 NMPOEKIISIMU TIOBEPXHEBHX IOJSIPUTOHIB Ha Mexi po3niry Ag/CdSe. Bemnuuna k,
Bu3Havanacs 3a popmynoro (2m/A)ny, sin(f;pe), ae A — nOBKMHA XBIIIi CBIT/IA y BaKyyMi, N, — HOKA3HUK 3aJIOMJICHHS
Marepiaiy npusmu, 0, — KyT HaJiHHS, BUMIpSHUN Oinsi ocHOBU npu3MH. OCKUNbKK k, 3aJIeKUTh SIK Bifl JOBXKUHU
XBWII, TaK 1 BiI KyTa MaJgiHHA CBiTJIa, yMOBa pe3oHaHCY mis 30ymxenHs [II1 moxe OyTH OOCATHYTa Ha Pi3HHX
JOBXKMHAX XBWJIi, 3MIHOIO KyTa MaJiHH, 32a0e3Medyoun iHCTPYMEHT AJIsl JOCHIKSHHS TIa3MOH-EKCUTOHHOI B3a€MOIIi
HUISIXOM BBeJIeHHS 30y keHH I111 B pe3oHaHC Ta BUBEICHHS 3 HHOTO.

(a) - 800 2500 (¢)
0.09 i ' b)
a) Yot 2.40
0.08 750
White light
_ 2.30)
o.o7 . E 700
';:* 0.06 < 650 <220
< 0.05 l 2 2
@ Glass 2 a0l 52.10 >
% 004 \ T— $ 5 3
e & W2 00) =
0.03 \\ /\ = 550 o
0.02 \/‘j \ 500! 1.90) g
0.15 0.20 0.25
oot L 450 189 (Absorl)ance)”2
0.00 400 500 600 700 800 ) 1.7¢
ext :
Wavelength (nm) 35 40 0 45 50

ext

Pucynok 1. (a) Crextp mornuHaaHs wiiBka CdSe TOBIMMHOIO NpUOIH3HO 25 HM, HAHECCHOI Ha CKJIO (TOBIIWHA BHMIipIOBanacs
MMOBEPXHEBUM TMPOQLITOMETPOM). 3 MOJIOKEHHS MEPIIOr0 eKCUTOHHOTO mepexony omineHuid miamerp KT (~3,4 mm). Ha Bxmaami
nokaszana cxema ATR excniepumenty!. (b) Cuekrp Binbusanus (Rp) sk (QyHKIisS KyTa NajiHHA Mydyka OUIOro CBiTJa HA NPU3IMY
(Bext). bini miHii — e mo3uMii MiHIMyMiB BiIOMBaHHS (YITKO BUAHO PO3PUB KPHUBOI MPH KyTax B OKOJI fext ~40° Ta JOBXKHHI XBHIIL
~570 am). (c¢) ExciepumentanbHi aucnepciiiHi kpuBi. Touku BiAmoBinaroTh MiHIMyMaM BiZOMBaHHS P-TIOJSPHU30BAHOTO OiJIOTO
CcBiTxIa, BuMipstHOTO ITix Kyramu 38, 40, 40,5, 41 1 45° [56]. I'opuzonTansHa niHist — enepris ekcurony KT. 3enena kpuBa Bianosinae
eHeprii He3B’sI3aHMX IUIA3MOHIB, a MOMapaHUeBa KpUBa OIMCY€ MOJSIPUTOHHI TLNKU i3 posmemsieHHsM Pa6i piBaum 112 meB.
AnantoBaHo 3 [56]. [lepedpykosano 3 dozeony American Chemical Society (ACS).

st po3paxyHky ontudHux BiactuBoctedl Ag/CdSe aBropu [56] cnoyatky po3poOwiM Mojeib i3 IIapiB CKia,
cpibna, CdSe B cepemoBuili mnoBiTps. OCKUIBKK JOCITIJPKYBaBCS JIMIIE EKCUTOHHMH Tepexil, TO MHieleKTpU4Ha
nponukHicTe CdSe MozenoBaiacs 3a JOMOMOT0 oaHOro ociuiiaropa Jloperia. OfHak OTprMaHa 3a I[IEF0 MOJICILIIO
JieIeKTpUYHA IPOHUKHICTH He Binmopinana KT CdSe. 3nauenns mienekrpuanoi nporuknocti CdSe (~ 6.8 x 10* cm™),
SIKe Y3TOJDKYIOTRCSL 13 paHilie omnyOigikoBaHMMHU fgaHumu [57] mis 00’€MHOTO KpHCTaly BAANOCS OTPUMATH,

! ATR - attenuated total reflectance — oc;abseHe MOBHe BHYTpIlIHE BiAOUBaHHS
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BUKOpHCTaBIIM Monesib MakcBeita-I'apHerta [58]. 3B's30k excuroniB B KT 3 III1 BinOyBaeTbcsi uepe3 QUIOIbHY
B3a€EMOJIIIO, SIKa ICHYE MIX EJNIEKTpUYHHM IojieM, cTBopeHuM B CdSe cycimHiMKM ITOBEpXHEBUMH ILIa3MOHaMH 1
CJICKTPUYHUM JMIOJIBHUM MOMEHTOM EKCHTOHHOTrO mepexoay. L[io B3aemoniro Haiikpamie MOXKHa OIMCATH,
PO3MIISHYBIIN CHCTEMY 3 JBOX 3B'si3aHMX ocumisitopi [59]. [IpoBeneHi po3paxyHKH 3a LI€I0 MOJEIUIIO JO3BOJIMIH
BHU3HAUUTH BENWYWHY po3nieruieHHs Pabi, ske ckiano 112 meB (puc.lc). s mozmens penponykye pesynbTat
BHUMIPIOBaHHSA CHEPTrEeTHYHUYHOTO TIOJIOKEHHS Ta CHaJ ONTHYHOTO BiNOWBaHHSA SK (PyHKIIO KyTa MamiHHA (TOOTO
eHeprii (OTOHIB), i CBITYATH MPO CHIIbHY B3aEMOMI0 MiXK ITOJISIMH IUTa3MOHIB Ta €KCHUTOHIB. baunmMo, mo BenmmdnHa
posmerureHHs Pabi miHiiHO 3pocTae 13 3pOCTaHHAM ITOTITHHAHHS.

ABropu [60] posrmsmanu THYYKy cuctemy Koioigaux HY, gki MOXyTh yTBOpIoBaTH TiOpuaHi KomOiHarii
po3TanIyBaHHS Ha MiAKIAALI NUIIXOM camooprasizamii. CucTemMa J03BOJSUIa aBTOpaM HAJIAIITOBYBATH BIICTaHB MiXK
YaCTHHKAMH Ta 00'€JHYBaTH HAHOYACTHUHKH PIi3HUX PO3MIpIB i, TAKUM YHHOM, AOCIHIDKYBaTH €KCHUTOH-TUTA3MOHHHN
3B'I30K METOJAMU ONTHYHOI CHEKTPOCKOII Ta KBaHTOBOT onTuku. CrioctepiraBcsi ciabKuii pexxuM 3B’SI3Ky B paMKax
edekty Ilapcena. KT (CdSe) momimmanucs y >KOpCTKi moJiiMepHi 000JIOHKH, SKi MOXYTh 3'eqnyBatucs 3 HU 3omota
(Au) Ta YTBOPIOIOTH TIOpHIHI YAaCTHHKM IIUIAXOM caMmooprasizamii y BoaHoMy pozuuHi. [TomimMepna oOosoHka
JI03BOJIsJIa KOHTPOJIIOBATH BIICTaHb MIXK YaCTHHKAMH y HAHOMETPOBIH IIKayli Ta peryioBath edekt [lapcena.

VY nopansmiomy Oynu nocmimpkeni kommiekcn KT-HY, siki rpyHTytoThest Ha camoopranizanii HY 3omora ta KT
CdSe/ZnS (snpo/obornonka) [61] , a Bimmans KT-HY 3o0m0Ta y KOMIUIeKcax BH3HAYalaCh NMPOMIKHOIO MOJIEKYJIOO
JHK. Ie#t meTon a€ MOXIMBICTH (POPMYBATH KOMIUIEKCH 3 BiTHOCHO JOOPHM KOHTPOJIEM CKIIaLy Ta CTPYKTYpH, SIKi
MOJKHA BHKOPHCTOBYBATH IJIsl IeTanbHOrO BUBUeHHS B3aemonii KT-HY 3omora. ABTropu [61] BU3Ha9any 1ura3sMOHHHN
edext Ha mormuHaHHg KT Ta Bimaimsmm #oro Bin 3MiH, BUKIIMKaHUX BUTIPOMIHIOBAaHHSM. BUSABIICHO, IO MPH 3MiHI KyTa
nagaroyoro cBitTia nmormuHaHES KT Moke cTpiMKo 3MiHIOBaTHCS, Maibke Ha 2 mopsaku B cTpykrypax HU-KT-HUY, a e
y CBOIO Yepry CTBOPIOE IHCTPYMEHT [UII KEpyBaHHS BHUIPOMIHIOBAHHSAM LUX 00’€kTiB. CxXeMaTW4yHa CTPYKTypa
nociimkyBanux komiuiekciB KT-HY npencrasiena Ha puc.2

(a) (b)

50 nm 50 nm 50 nm

Pucynok 2. Kommnexe KT-HY. KT (6nakutHi cdepr) oToueHi MOeKyIaMu CTPENTaBeANHY Ta 3B’s3aHi NPOMDKHUMH MOJIEKyJIaMU
6iotun-J{HK-Tiony 3 HY 30mota po3mipom 80 um (xoBTta cdepa). (a) barato KT npukpimnenux no oxniei HU 3omo0ta (b) ogna KT
npukpimieHa 1o oxxiei HY 3omora ta (c) ogna KT, mo mae nea JHK 3B’s13ku mix KT 3omota (mkana 50 um). [lepedpykosano 3
0ozeony American Chemical Society (ACS) [61].

Hnsa 38’s3ky KT ta HY 30mota aBTOpM BHUKOpUCTOBYBamM MoJekynu Tion-/I{HK-Giotuny. TiomoBoro rpymoro
MOJIeKyJla KOBaJECHTHO 3B’s3yBayiacsi i3 moBepxHeto HY 3omota, a kimemps OiotmHy — i3 cTpenTaBeguHoM Ha KT.
Konrpomtoroun cmiBeignomenns: KT no HY ¢opmyBanucst pizHi cTpykTypu, B sikux aekiipka KT 3’eanyBasnmcs 3
onuiero HY (puc. 2 a—c). KitouoBrM acmekToM I0CTiKeHb 0yJI0 Te, M0 B SKOCTI METOAy BU3Ha4YeHHs norauHanHsI KT
ABTOPU BUKOPHCTOBYBAJIH CIIEKTPOCKOIIIO (POTONOMIHCIEHIIT NPy 3MIHHIA JOBXUHI XBWIi 30y okeHHs. Lleit meron
JI03BOJISIB 1301t0BaTH cnektp nornuHands KT Bin iHmMX mporiecis, ski BigOyBalOThCS B PO3UHUHI, B IEpIIy Yepry Binx
pe3oHancHoro poscitoBanHs. Ilpu nopiBasHHI HOpMoBanux crekTpiB HU+KT i3 cnekrpamu okpemux KT (puc. 3a)
BCTaHOBJIEHO [61], m0 y mHUpoKoMy criekTpanbHoMy Aiana3oHi (350-480 HM) 1Ba CrieKTpH Maibke CIiBIIAJAI0Th, a 3
HAOJVDKEHHSIM eHepril 30y KSHHS 10 TOBXKUHH XBUIII TNIA3MOHHOTO pe30HaHCY (560 HM) IMOCTYTIOBO PO3XOISATHCS.

UYitko BumHO mincwineHHs norinuHanHs KT B mmasMoHHOMYy pe3oHaHci, B okomi 560 HM. I1[o0 Bu3HAa4YWTH
koedimient miacmienns, crektp KT-HY noxinero Ha criektp urctoi KT ( puc. 3b). Kpim Toro, xoedilieHT miacuieHHs
JIOKAJIBHOTO TOJISL SIK (PYHKIIIIO JOBKHHU XBHJI 30YKEHHS Ul JaHOI TeoMeTpii, ycepetHeHy IpH pi3Hii mossipu3anii
[aIal04oro cBiTiIa OyJIO pPO3paxOoBaHO METOAOM TpaHMYHHMX eleMeHTiB [62] (puc. 3c). Bapro 3asmaumrtH, mo
po3paxoBaHa 3aleKHICTh IIICHJICHHS BiJ TOBXHHH XBHII IyXe I00pe Y3TOMKYEThCS 3 EKCIEPHUMEHTAIEHUMH
pesynsTatamu [61]. Ha puc. 4d mopiBHIOETRCS yac xutTs BunpomintoBanHs ynctux KT Ta po3umniB KT-HY 3 mikom
BunpominioBanHs Ha 605 uM. Yac sxurts ynctux KT cranoButs 17 He, a yac sxutts po3unHiB KT-HY 3HauHO MeHIIMA.
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Pucynoxk 3. 30ymxeHHs (HOTONIOMIHECHCHIIIT Ta BUMIPIOBAHHS Yacy JKUTTS BOJHUX PO3YMHIB, IO MICTATh KOMIUIEKCH 3 JEKIITBKOX
KT, npuxpimienux no oxmHounux HY 3omota. a) mopiBHsHHS crekTpiB ¢oTomominectenuii ctpykryp KT-HY ta okpemoi KT
(iHTeHCHBHICTH (DOTONMOMIHECLCHIIIT BUMIpIOBaIach Ha JOBXKHUHI XBHI 655 HM). b) Criektpu miacunenss pizaux crpykryp HT-HY,
10 BUMPOMIHIOIOTE Ha JOBXKHUHAX XBHIIb 565, 585, 605, 655 ta 705 HM (c) Po3paxyHkoBuil crieKTp miaCHICHHS ONMMKHBOTO TOJS IS
crpykrypu KT-HY (5 um KT, 80 um HY, Bimmane 10 mm). d) Yac 3aryxamns KT (cuwmiif) Ta riopunHoi crpykrypu (KT-HY)
(3eneHmit), BIITyK BUMIpIOBAIBHOI CHCTEMH — YepBOHUM. [lepedpykosano 3 003gony American Chemical Society (ACS) [61]

Taxox aBTopamu [61] mpoBeseHO AOCIIKEHHS Yy TIMBOCTI (POTOIFOMIHICIEHIIT 10 MOJIsIpr3alii nasaodoi XBHIIi.
JJIs IbOTO TIPOBOIMIIMCH BUMIPIOBaHHS OKPEMHX 00’ €KTiB, 0 ckiIanaroTbes 3 HY 3omoTta, mpukpimnernx a0 ogHoi KT
CdSe/ZnS (puc. 2b). O6’€kTH HAHOCHIUCS Ha CKJIO Ta 3aHYPIOBAIKCH y BOJY, IICIS YOTO OMPOMIHIOBAINCH JTa3epOM 3
JMOBXUHOIO XBHII 532 HM, CPOKYCOBaHHM Y BY3bKYy IUIIMY (2 MKM). [HTCHCHBHICTH CBiTJa BHMipIOBamacs 3a
nonomoroto cnekrpomerpa. CEM 300pakeHHs MiATBEPAWIIM, IIO CepelHs BiJJanb MDK 00’€KTaMu € Habarato
OinmpmIoro, HiX msiMa 30ymkeHHs. Ha puc. 4a mokasaHuit THIOBHE ciiekTp BumpoMiHioBaHHSA okpemoi KT (uepBona
niHist). BugHo, mo el cuekTp € 3Ha9HO BYXKUHH, HIXK CIEKTP, OTpUMaHHUK [IPH BUMIPIOBaHHI PO3UMHY (Cipa JiHifA), 0
BigoOpaxae mucrnepcito po3mipis KT B po3uuHi.

Bcranoeneno, mo ancam6np KT-HYU mae 3HayHo Oulbll MMpmIMKA PO3MOALT IHTEHCHUBHOCTEH, a 3MiHa
IHTEHCHBHOCT] BHITPOMIHIOBaHHS BiZIOYBa€ThCS HE Yepe3 HEOTHOPIHICTh 00 €KTIB, a Yepe3 BUMAIKOBY OPi€HTAIIO0 OCI
cumeTpii pizaux 06’ekriB KT-HY BinHOCHO nonspuzauii iazepa. Ciij BiA3HaYMUTH, 0 NpW BUMipioBaHHi okpemoi KT
CIIOCTEpIraeThcss Ccabka NOJsIpU3aIiiiHa 3aJeKHICTh, IO TOB’s3yeThcst 3 acumerpiero ¢opmu KT [63, 64].
CunycoinanbHa 3anexHicts 00’ extiB KT-HY (puc. 4b) no0Ope y3rokyeTbes 3 O4iKyBaHOO IIJIa3MOHHOIO MTOBE/IHKOIO:
OJIDKHE T10JIe HABKOJIO METAJIEBOI chepy € MAaKCUMAIBHUM B3JIOBXK OCI MOJSIpU3alii i MiHIMaIbHUM TEPIECHIUKYISIPHO
no Hei [65]. [Ipn obepranni moispusanii Jiazepa, MaKCUMyMH Ta MIHIMYMH IepeMimarotscsi HaBkoino HY, i Tomy
3MIHIOETBCS JIOKanbHe Toje, mo Mae KT. IareHcuBHicTh BunpomintoBanHsi KT-HY y makcumymi 30iIbIIyeTHCS B
mopiBHAHHI 3 okpemuMu KT, B TOH dYac K IHTEHCHBHICTH y MiHIMyMi 3MeHmIyeTbcs. llomspusaniiina 9yTiamBicTh
migcumoetbess y Bumaaky HY-KT-HY (puc. 2¢). Ha pue. 4c mokasaHa po3paxyHKOBa IIOJSIpH3amiiHA 3aJeXKHICTH
koedimienra migcuieHHs. lleil po3paxyHOK BH3HAYae JuIle TMiACHICHHs JokaabHoro mois Ha KT. Bumipsna
IHTEHCHBHICTh BHUIIPOMIHIOBAaHHSI € JHOOYTKOM Ili€i KpUBOi MiJCHJICHHS Ta MOIU(IKOBAaHOT KBAHTOBOI €(EeKTHBHOCTI.
HocmimkenHs, mpoBeneHi aBropamu [61], malTh KUIBKICHE YSBICHHS MPO Pi3HI MeXaHI3MH, IO BIUIMBAIOTh Ha
(hOTOJTFOMIHECIICHIIF0, TAKMM YHHOM IMOKA3aHO BHECOK MOJIIPU3AIIIHOIO MiJICHICHHS OJMKHBOTO TOJIS, 30KpeMa JIs
NOTJIMHAHHS Maibke Ha 2 MOPSIIKU, Ta BHECOK EKCUTOHHOI B3a€MOIT 13 TNIa3MOHHUMH MOJIaMH, 11O 3MIHIO€ Yac JKUTTS
€KCHTOHY.

[TpuBepTae yBary BesimMKa KUIBKICTH IHIIMX POOIT, CHPSIMOBaHMX Ha JOCSTHEHHS IMOKPALICHOTO IiJCHICHHS 3a
paxyHOK rniepekpuTTs BunpoMiHtoBanHs KT 31 criekTpamu JIOKaii30BaHHUX IJIa3MOHHUX PE30HAHCIB HAHOYACTHHOK, a,
OTXKe, 301JbIICHHS BHUIPOMIHIOBAaHHS a00 HaBiTh KoMOiHamii 30y/DKEHHS Ta BHIpPOMiHIOBaHHSA. Y poOoti [66]
BHBYAJIACS AWHAMIKa 3aracaHHs ¢oromomiHicueHmii KT cnekTpocKormiero 3 9aCOBUM PO3AUTICHHSIM Ha MacHBi 30JI0THX
IUCKIB. ABTOpW Toka3zamy, mo 3B's3aHa cuctemMa KT-HY cuimbHO po3citoe B HampsIMKy, KA MOJXKHA ITOPIBHATH 3
HAIPSMKOM 1 TIOJISIpU3aLi€to 30yKeHb MOBEPXHEBUX IUIa3MOHIB. OTke, PH Opi€eHTalii KyTa AETEKTYBaHHS B I[bOMY
HanpsAMKY IIBUAKICTH 3aracaHHs (oTomroMiHicieHnii 30impmryBamacsa. Y poboti [67] BuBuammcs KT CdSe/ZnS y
KOHTAKTi 3 MEePiOANYHAM MaCHBOM HAaHOYACTHHOK cpibia. BoHm cmoctepirany 301TbIICHHS OIBUAKOCTI CIIOHTaHHOTO
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BUNpOMiHIOBaHHs y 10 pa3ziB, 10 4epe3 KOHKYpPEHLi0 3 0e3BHIPOMIHIOBAILHUMH KaHajiamu BUnpomiHioBaHHs KT
NPU3BEIIO JI0 301IbIIEHHS IHTeHCHBHOCTI (yopecuenuii 1o ~50 pasiB. KepyBaHHs BunpomiHioBaHHAM aHcamOito KT
JIOCSITAETHCS IIUIAXOM 3B'SI3yBaHHS iX 3 PI3HUMH METAJIEBHUMHU CTPYKTypaMi, TaKMMH SIK IUTIBKH, HAHOCTPYKTYPOBaHi
IUTiBKY, TUTA3MOHHI aHTCHH, IIA3MOHHI KUTBIIS, MeTaMaTepiaii, HaHOIIUIMHY Ta OaraTo iHmoro [68].

a) r b) 6 —— ©) T T T
A single QD ——Bare QD s 7
5 —ap suspension | __ Sr ——QD-NP g
3 3 4 L
S Ll S, S
2 >3 £
e b o
@ c (3] 3
- L2 c
€ 2r = S
/ 1 1
1 1 1 1 1 1 1 N N N N M N " 0 1 ' 1
560 580 600 620 640 00 90 180 270 360 0 45 90 136 180
Emission Wavelength [nm] Polarization Polarization

Pucynok 4. BumiproBanHs inmuBinyansHuX 00’ektiB. (a) ITopiBHsHHS cnekrpy sumpomiHioBaHHs okpemoi KT Ta posumny. (b)
InTencuBHicTs BumnpoMiHioBaHHs okpemoi crpykrypn HU-KT-HY sk ¢ynxuii nonspusauii yazepa. (c) Po3paxyHkoBe mifcHieHHs
6mknboro nost s crpykrypu HY-KT-HY (5 um KT, 80 um HY, 10 um Bixcrans Mk HuMu) [61]. ITepedpyrosaro 3 doseony American
Chemical Society (ACS).

OTXe, CHHEPreTHYHUH Mpolec IUIa3MOH-eKCUTOHHOI B3aemomii Mik KT Tta meramesumum HY mpusBomuths 10
CKJIaTHOTO MO€AHAHHS PI3HUX KOHKYPYIOUHX B3a€MOJIi. 3aBASKH MM B3a€MOZIsIM BiOyBa€eThes Kijibka mpouecis. 11o-
mepiie, IIa3MOHHE TMiAcWiIeHHs depe3 meraneBi HY 306impimrye edexTuBHUII mepepi3 MOTVIMHAHHSA Ta IIBUAKICTH
30y/mkeHHs: kBaHTOBoro BurpomiHtioBaua (KT). Ilo-mpyre, mBuzakicte 3aracanHs ¢oroiroMinecuennii KT
301IbIIyeThes yepe3 edekrt I[Mapcena. I, napemri, sikmo KT po3sramoBana B 6e3nocepeiHiid OIM3bKOCTI (BIICTaHb MiX
yacTiHKamMu 50 HM) 0 IUIa3MOHHHMX HAaHOCTPYKTYD, BIIKPHBAIOTHCS JOJATKOBI PE30HAHCHI KaHaM mepenadi eHeprii,
T0 SIKUX BinOyBaeThes nepenaya eHeprii Bix KT no HY merany.

4. BBAEMOJISA METAJIEBUX HAHOCTPYKTYP 13 MOJIEKYJIAMHU BAPBHUKIB

B3aeMomiss TTa3MOHIB 3 €KCHTOHAMH Y CHENU(IYHUX OPraHO-HEOPTaHIYHWX TiOpUIHHWX CHCTEMax, B SKid
00'eTHaHI HAHOCTPYKTYPOBaHi OIATOPOIHI METANU Ta MOJIECKYIIH, BUKIMKA€E 3HAYHUH IHTEpEC 1 JOCITI THUIBKI 3yCHIDIA 13
CIIO/IBAaHHAM Ha peasi3alilo HOBHX NEpCIEKTHBHUX 3acTocyBaHb [69, 70]. ExcnepuMeHTanbHi Ta TEOpETHYHI
JMOCTIKCHHS MPOAEMOHCTPYBAIM PI3HUHA CTYMiHB CHJIM B3a€EMOIil MK METaJeBIMH HAaHOYACTHHKAMH Ta
excuToHamu [71] y Bemukux cTpykTypax [72, 73], a TakoX OOMHOYHMX HaHO4YacTWHKaxX [74, 75]. Lli ctpykTypu B
HepeBakHil GiTBIIOCTI BUTOTOBISIOTHCA 3HOBY K TakM abo 3i cpibma, abo i3 30710Ta. [XHE BUKOPHCTaHHS O3HAYAE, IO
HIJICHJICHHS TIOJIs1 MOOJIM3Y MOBEPXHI METaleBUX HAHOYACTHHOK JIETKO TEPEBHUIILYE OJUH IMOPSIOK Yy pasi OJUHOYHHX
00'eKTIB Ta OJU3BKO PO3TAIOBAHKX AUMEPIB, 800 MOXKE TOCATATH KiJIbKOX COTCHb Ha IIOPCTKUX MOBEPXHHSX [76].

Jlekinpka JMOCHITHMX TpYyN MPOJEMOHCTPYBAIM IiKaBl XapaKTEPUCTHKH KOMIIO3MLIHHMAX  MaTepiaiiB
Meran/6apBHuK. [ mpukiany, CUIBHMK 3B'SI30K MK €KCUTOHaMH Ta TOBEPXHEBHMH IUIa3MOHAMU B MOJIEKyJax
OapBHUKIB 31 CpiOHMMM TOBepxHsiMH crioctepiraB Pockrand 3i cmiBaBrOopamu, me y 80-x pokax MHHYJIOTO
cronitts [77]. Y Takux cucremax cpiOHI moBepxHi OyjM BKPUTI MOHOLIAPOM MAacHBIB MOJIEKYJI OapBHMKIB IEBHOT
opieHTalil, po3TallOBaHMX Ha TEBHIH BijgcTaHi 10 cpiOHOT moBepxHi. [loBepxHeBi MIa3MOHM 30yKyBaJlUCS 4epe3
Mpu3My, a JIOBXKHWHA XBUIII, M0 Biamosinana yactoti [1I1, HamamroByBanacs KyToM maaiHHA cBiTia. Crita 3B'S3Ky Mix
IIIT Ta excuTOHaMH KepyBajacs 3MiHOIO BiJICTaHI MiXK MOJEKyJaMH Ta MeTajeBuM mapoM. LIInsxoM BincTexeHHS
PE30HAHCHUX MiKiB JOCTITHUKN BUBYamM aucriepciiii kpusi [T gepes xoedimieHT BigOWBaHHS. Y TaKMX CHCTEMax
MOOJMHOKI METaleBi HAaHOYACTHHKH MOXXYTh CHJIBHO B3a€MOIISTH 3 TOHKMMH MIapaMHd HABKOJHMIIHIX MOJIEKYI
OapBHUKIB, [0 MPHU3BOANUTEH 0 CHJIBHO BUPAKEHUX CHAJiB MPO30POCTi 1 YTBOPEHHSA PO3UICTUICHHS MIKiB Ha CIIEKTPax
excTHHKIII. Takuii mporec 1oOpe MOsCHIOE PUC.5 A€ TIOKa3aHO B3a€MOIiI0 CPiOHOTO HAHOCTEP KH 13 J-arperaTtom.

YTBOpEeHHSI WX JBOX MKIB y3TOMKYEThCA 3 PO3MICTUICHHAM Pabi A BUPOMKEHHUX IUIA3MOHHUX 1 €eKCHTOHHHX
eHepreTnYHux cMyr. Ha puc.6 nmoka3aHo cxeMy eHepreTHYHHUX CTaHIB, IKi BUHUKAIOTh y Pe3yJbTaTi posuieruieHHs Paoi,
KOJIM EHepris IUIa3MOHa 1 €Hepris eKCHMTOHAa BHPOKECHI OJlHa 3 OJHOI, TOOTO y BHNAIKY, KOJIH OYIKYETHCS
MaKCHMaJIbHE TIEPEKPHUTTS CIEKTPIB.

Eneprist Mixk IBOMa riJIKaMH BBaXKa€eThes eHepriero Paodi, Q. Tlicns 3’ eqHaHHS TUIA3MOHHUHN 1 eKCUTOHHUAN CTaHU
TiOpUAN3YIOThCS, YTBOPIOIOYH JIBa HOBHX CTaHU. EHepris BepXHBOTO 1 HIKHBOTO CTaHIB MOXe OyTH po3paxoBaHa 3a
JOTIOMOT'0}0 MOJIEII 3B'SI3aHOT0 TapMOHIYHOTO OCLMIISTOPA:

hwp+hwe

F @102 (hwp) = . + %J(hﬂR)Z + (r’m)p — hwe)z 2)
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ne hop 1 Ao, — He3B si3aHi eHepril INIa3MOHHMX 1 eKCUTOHHUX CMYT BiINOBiAHO, a AQr — eHepris Pabi, abo enepris
3B’5I3KY, sIKa 3QJIC)KUTh BiJl CIEKTPaJIbHOTO NEPEKPUTTS IUTIOJILHOIO MOMEHTY €KCUTOHHOTO IIEPEX0y Ta 1HIYKOBaHOTO
MTOBEPXHEBOTO IIA3MOHHOTO €JIEKTPUYHOro nosst. CHIIbHHUN 3B’S30K BUHHKAE, KoMK AR MakCHUMaibHe. Y BUNAIKY,
KOJIN €HEpPreTH4Hi CTaHW He BHPOJPKEHi, €HEpris 3B 3Ky MK BEPXHIM 1 HWXKHIM cTaHaMu Oyzae piBHOIO /L) (sK
moka3aHo Ha Puc. 6).

J-aggregate

Ag rod

hybrid

1
600 700
wavelength, nm

]
500

Pucynok 5. CriekTp NOIJIMHAHHS BUTBHOTO J-arperary (YepBOHa KpHBA) i CIIEKTP PO3CISHHS HaHOCTEPXHS Ag (JOpHa KpHBa), SIKi IIpH
B3aeEMOJil MOPOKYIOTh TiOPHIHMIA IIa3MOH-MOJEKYIsipHUil cnektp (¢ioneroBa kpusa) [78]. Ilepedpykosano 3 dossony Springer
Nature.
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Pucynok 6. Cnextpu poscissaast HY cpibna (yopHa kpuBa) Ta s komno3uTiB 6apBHuk/HY (3enena kpusa) (a). CpsHKeHUH CIIEKTP
MICTUTB ABa KN (A1 1 A2), IO BiATIOBIZAIOTH ABOM TiOPUIM30BaHUM CTaHAM, CTBOPEHUM po3IIerieHHaM Pabi. Cxema po3mieruieH s
Pa6i (b), ko eHepris Ia3MOHA Ta €KCHTOHA BHPOJDKEHA, CTBOPIOIOTHCS [1BA TiOPUIHI CTaHM 3 BHINOIO Ta MEHIIOI0 SHEpPrisIMH BiJ
MIOYaTKOBOTO cTaHy [79]. Ilepedpyrosano 3 0ossony American Chemical Society (ACS).

Wiederrecht 31 crmiBaBTOpamMM BHBYaB HAAIBHIAKY IWHaMIKy (GOTO(I3UYHMX TMpPOIECiB Ta 3'ICyBaB, IIO
KOMITO3UTHI Marepiaii J03BOJSIIOTE €(eKTHBHO KEpyBaTH YacoOM JKUTTS EKCHTOHIB Ta 3MIHIOBaTH NpOLECH
niepeposnonity eneprii [80]. Wurtz et al. npogemMoHCcTpyBaB, 110 MOTJIMHAIOYA 3/IaTHICTD TIOPHIIHOTO MaTepialry MoXe
OyTH JIeTKO HaJlalTOBaHA MISIXOM MPOEKTYBaHHS MPOCTOPOBOI KOH(Iryparlii MeTaaeBoi HaHOCTPYKTYpH Ta OapBHUKA
[81]. Bellessa 3i cmiBaBTOpaMH IOCTIKYBaB TiOPHIHY CHCTEMYy 3 KOHIICHTPOBAaHMMH IiaHIHOBUMH OapBHHKAMH B
TONIIMEPHIN MaTpHIli, HaHECeHIH Ha CpiOHY IUTiBKY [82]. ABTOpH CHOCTepiraaM AWUCIEPCiio BiZOWBaHHS 3 BiICTaHHIO
MiX TBOMa PE30HAHCHUMH IikaMu po3mipom 180 meB, mo Habararo Ginbmie, Hix mmpuHa 1111, a e Bkazye Ha CHIBLHUN
ITa3MOH-EKCUTOHHUH 3B'I30K. BOHM Takok crioctepiraiy JiHIAHY 3aJeXHICTh posmierieHHs Pabi Bin BenwdawHU
KBaJIpaTHOTO KOpeHs KoedilieHTa MOTIMHAHHS IIapy OapBHMKA, IO BiAMOBINANO KiJIBKOCTI €KCHTOHIB, SKi Opamn
y4acTh y B3a€MOJII.

Artopu [83] cnocrepiranu mojsiiiHe BakyymHe po3simieruieHHs Pabi 3a paxyHok B3aemonii mix 1T i3 nBoma
€KCUTOHHMMH CTaHaMmu B MoJjiekysiax R6G 3 enepriero posierienns: 230 i 110 meB. ExcriepumenTansbHa yCTaHOBKY
i€l Moieni 1moka3aHa Ha puc. 7, Jie BKOTpe BUKOPHCTaHa MPU3MOBa KOH(ITypallis JUlsl HAIAIITYBaHHS JOBXKUHH XBUIII
30y KCHHS.

Takox mnst 30ymxenHs 111 BUKOPHUCTOBYIOTBCS NMEPIOJMYHO CTPYKTYpOBaHI MeTalIeBl IUIIBKH, HANpHKIan, Y
¢opmi 2D-macuBy mipok abo HaHomiiauH. Taki Habopm rparok He MOTpeOyroTh mpu3Mu uist 30ymkeHus [II1,
LIOCTIPOIIly€e Tpouec BHMiptoBaHHA. [ mpukiany, Dintinger et al. [84] BHrOTOBMB UI1 €KCHEPHMEHTY CpiOHY
MeTaJeBy IUIIBKY 3 MAaCHBOM OTBOPIB 31 CKJIaJ4acTOI0 CTPIYKOBOIO KOHCTpYKLi€o (pHc. 8a), sika Moxe 3a0e3nedyBaTu
OinpIIe oHIET TUTA3MOHHOT PE30HAHCHOI MOIH Ul OJJHOTO KyTa 30yIKeHHS, IO BiANOBigae MeBHOMY iMmyibcy. OmHa
i3 TaKMX PE30HAHCHMX IUIa3MOHHHUX MOJ B3a€MOJI€ 3 €KCHTOHOM B J-arperatrax, B pe3ysbTaTi YOro BHHUKAE 3HATHE
posmerierns Paoi (250 meB), puc. 86 [84].
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Pucynok 7. Cxema BUMiproBaHHs BiOMBaHHS Ha CpiOHiH IUIiBLi 13 MacuBoM opraHiyHux monekyn R6G [83]. Ilepedpykosano 3
ooszeony American Physical Society.

Vasa 3i cniBaBropamu [85] BuBuaB korepeHTHHUil 3B's30k Mik III1 Ta ekcHTOHaMU KBaHTOBHX SIM B TiOpUIHIH
CTPYKTYpI, 10 CKJIafagacs 3 30JI0TOI HAHOIPATKH, HAHECEHOT Ha reTepocTpyKTypy kBaHTOBOI simu GaAs/AlGaAs. B
Takii cucremi aBi Moy I1I1 Ha Mexi PO3/ily HAMIBIPOBITHUK—METAJT Ta MOBITPA—METaJl B3aEMOJIIIOTh OJHA 3 OJIHOIO,
YTBOPIOIOYM HOBI CUMETPHYHI Ta aHTUCUMETPUYHI MOJIH, SIKi y CBOIO Yepry TaKOK B3a€EMOJIIIOTH OJIHA 3 OAHOK. Takum
YMHOM 3MilllaHi cuMeTpu4Hi-aHTHcuMeTpudHi pexkumu [T moeqHyroThCS 3 €KCHTOHAMHU SIK BaXKKHX, TaK 1 JIETKHX
JIpOK, NPOIYKYIOUH XapaKkTepHi creKTpy BinouBanHs (puc. 9). CHekTpHu JEeMOHCTPYIOTh 3MILLIEHHS PE30HAHCIB BayKKUX
Ta JIETKUX JIPOK KBAaHTOBOI SIMH.
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Pucynok 8. (a) 300paykeHHs THIIOBOIO MacHMBY AipoK, c(OpMOBaHUX y CpiOHiH muiiBLi, ToBmMHOK 370 HM, nepiogoM 380 HM,
niamerpom 150 HM (ckaHyroumii enekTpoHHHMH Mikpockom). (0) Crektp mpomyckanus PVA, neroBanoro J-arperatamu, Ha
CTPYKTYpOBaHOMY MacuBi cpibuna (cyiinbHa JiHis) Ta HeneropaHoro PVA (wtpuxoBa miHis). BeprukanbHa npsimMa Ha BinmnoBinae
€Heprii NOTIMHAHHA eKCUTOHY 1 3HAXOJUTHCS B LEHTPI posmeruieHHs [84]. [lepedpykosano 3 003gony American Physical Society.
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Pucynok 9. (a) Criextpu BinOMBaHHS riOpUIHOT CTPYKTYPH Y 3aJIXKHOCTI BiJ KyTa nmaaiHHs 30ymKyrodoi xeuii. (b) Po3paxyHkosi
CIIEKTPH OTPUMaHi i3 MoJesi 3B s13aHUX OCUMIIITOpiB. YepBoHi IITPUX-IMYHKTUPHI JiHIT BianosigaoTs mucnepcii [T ta jgerux i
Ba)KKUX JAIPOK KBaHTOBUX siM [85]. Ilepedpyrosano 3 dozeony American Physical Society.

IcHye HHM3Ka JOCIHIIKEHb, NMPHUCBIYEHHUX CKIAJHUM CHCTEMaM 13 €KCHUTOHIB Ta JIOKAIi30BaHUX MOBEPXHEBUX
IUIa3MOHIB B METaleBUX HAHOYACTUHKAX, TaKUX SK HaHoctepxkHi [86], HaHochepu [87], HanooOomoHku [88],
HaHoKUIbI [89] Tommo. Insixom mMomudikarii dopmu, ma3MoHHOT riOpuaKM3alil Ta KOPUTYBAHHSAM CKJIaJy MaTepiaity
BIaBaJOCh ©(EKTHBHO KEpyBAaTH EHEPri€lo 3B’SI3Ky MDK JIOKaJTi30BaHMMH MoBepxHeBuMu Iutazmonamu (JIIIIT) ta
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eKxcuToHaMH. EHeprist JIoKaji30BaHOTO MOBEPXHEBOTO IUIA3MOHA 3aJIEKHTh SIK BiJl (JOPMH, Tak 1 Bia Hi€lEKTPUYHOTO
CepeIOBHINa HAHOCTPYKTYpH. Hanpukian, B HAHOCTEPXKHEBIH CTPYKTYpi €HEpris riasMoHa MOKe OyTH HaJjalllTOBaHA
Ha BEJIMKE €HepreTHYHE BIKHO 3MIHOIO CIIBBIJIHOLIEHHS MK paJilyCcoM Ta JOBXHWHOIO HaHOcTepxHs. Wurtz et al. [81]
MIPOJIEMOHCTPYBAB YTBOPEHHS IJIa3MOH-EKCUTOHHHX TIOPHIHUX CTaHIB, IOCHTIPKYIOUH MAaCHBH 30JI0THX HAaHOCTEPIXKHIB,
0TOYEeHUX 000JIOHKOIO 3 J-arperariB. Y 1l cucTeMi CHIIOI0 3B 513Ky MOKHA KEpYBaTH, 3MiHIOIOUH TOBIIMHY 00OJIOHKH,
CTBOPECHOT HABKOJIO CTEp)KHIB, 1 OTPUMYyBaTH po3eruieHHs mikiB (puc. 10). CrmekTpu eKCTHHKINT AEMOHCTPYIOTh
(eHOMeH posiierieHHs mikiB. EQexTHBHa cria 3B’A3Ky TEOPETHYHO BHBOIHUTBCS 3 €HEPreTHYHOI miarpamu. Mu
CIIOCTEPIraéMo MOBEMAIHKY Takoi cucTemMu Ha puc. 11b, ne enepris HeposwemteHoro JIIIII 3mimyerscs dvepes
HEPEe30HAHCHY BHCOKOYACTOTHY IieNeKTPUYHY TNPOHUKHICTH J-arperaTiB. SIKk yxke 3ramyBaiiocs, HaWCHIIBHIIIHN
IUIa3MOH-EKCUTOHHHMH 3B'SI30K OTPHMYETHCS, KON PE30HAHCH €KCHTOHY Ta IUIa3MOHY IEePeKPUBAIOTHCS OMH 3 OJHUM.

Takox edpexTuBHEM criocobom HamamTyBaté eHeprito JIIIII e ribpunmsanis crany. Zheng et al. [90] HaBoauTH
JIaHi TIpO NIIa3MOH-EKCUTOHHHI 3B'S30K, SIKUM MOXKHA JWHAMIYHO KEPyBaTH i1 Situ B CUCTEMax i3 MaCHBaMH 30JI0THX
HAHOJIMCKIB, TOKPUTHX J-arperaTHUMHU MOJIEKyJlaMH. 3MIHIOIOYHM KyT MHajJiHHsA BXigHoro cBitia 3 0° no 60°, mik
IUIA3MOHHOTO PE30HAaHCY MOMKHA 3MIIlyBaTH JO HIDKYMX €Heprid, i cuia 3B’sa3Ky crae ciabmoro. [lmasmon,
3’€IHYIOUNCh 13 J-arperaTom, cTae JIOKaJi30BaHMM, YHsS DPE30HAHCHA 4YacTOTa KOHTPOJIOETHCS 3a JIOTIOMOTOI0
riopuamzanii JIIII. Bimomo, 1mo mia3MoHHI CTPYKTYPH SIpO-000JIOHKA MAlOTh JIBa PEXXUMHM TiOpuan3alii, 3yMoBJIeHi
CIIOJIyYEHHSIM MDK IUIa3MOHamH. [10puam3ariisi MiATPUMYETHCS BHYTPIIIHBOIO Ta 30BHIIIHBOIO MOBEPXHSIMH, SKi
MOXYTb OyTH HaJalITOBaHI IUIIXOM KOHTPOJIIO CIIBBIHOIIEHHS PO3MIpiB CEPLEBUHH Ta TOBIIMHU OOOJIOHKH.

Melnikau et al. [91] npoaeMoHCTpPYBaB, IO KOT€pEeHTHA B3a€MOJIisl JIOKAII30BAHMX IUIA3MOHIB OaraTorpaHHHX
HaHOYACTHHOK 30JI0Ta (HAHO31POK) Ta €KCUTOHIB J-arperatiB MpU3BOANTD JI0 po3iueruieHHs Pabi, mo nocsrae 260 meB.
A 3a paxyHOK TOTO, III0 HaHO3IPKH XapaKTEePHU3YIOTHCS MOTJIMHAHHSAM Y BUIANMOMY Ta ONMKHBOMY iH(pauepBOHOMY
CHEKTPAbHOMY [ialta30Hi aBTOpaM BHAJOCA OTPUMATH IIO/BiHE pO3MIeTUieHHs Pabi BHACHIIOK OJHOYACHOI
KOTEPEHTHOI B3aEMO/IIT MIXK IJIa3MOHAMH HAHO3IPOK Ta €KCUTOHAMU J-arperariB IBOX Pi3HUX I[IaHIHOBUX OapBHUKIB.

ExcnepumeHTanbHi Ta TeOpeTH4YHI poOOTH B Wil Traimy3i CHpPHUSAIOTH PO3POOI HOBITHIX TiOPHIHHWX CHCTEM Ta
MOJAIBIIAX JOCTIDKeHb B3aEMOMIl MK MJEKITbKOMa BHIPOMIHIOBAYaMH, OIOCEPEAKOBAHUMH JIOKAJIi30BaHUMHU
IUIa3MOHAMHU PI3HUX METAJIeBHUX HAHOCTPYKTYp, B TOMY YHCJIi B paMKax KBaHTOBOI eJeKTpoAWHaMiku. Meranesi
HAHOCTPYKTYpH 13 MoJeKyJamMyu OapBHUKIB BCE 4YaCTille CTalOTh IUIaTGOPMOIO JUIS IPAaKTUYHOI PO3pOOKH
HAHOPO3MIPHUX ONTOEJIEKTPOHHUX 1 KBAHTOBUX 1H(opMaLiiHuX mpucTpois [92-94].

3.04 20 234 (b) 160+
22] hybrid + E 1404
2.5
15 4] % £ 1201
ol St __blaemon 5 409
s 1.0 3 ®
3 5 1.94 o 801
| 0.5 e \ g = V,
1.04 Ll i © 40'/ bl
“ hybrid - —=— calculated from (27)

T T T r 10.0 1.6 T T T T T ) 20 v : T
400 500 600 700 800 900 17 18 19 20 21 22 23 550 600 650 700 750
Wavelength nm Energy eV Wavelength nm

Pucynok 10. Criektpy eKCTHHKIIT FiOpUIHUX 30JI0THX HAaHOCTEP)KHIB (a MPH 3MiHI CHIIM 3B’s13Ky MDK IUIa3MOHHOKO L-Mojo0 Ta
SKCUTOHHUM IepexooM y mMojekyii. ucnepciiini kpusi I1I1 ta ekcurona (b) Ta posuieruieHns riopuanoro crany. (c) Cuia 38’ 3Ky,
po3paxoBaHa 3a JOIIOMOTOIO MOJIENI 3B’ s13aHUX ocuIATOPiB [81]. Ilepedpyrosaro 3 0o3sony American Chemical Society (ACS).

5. B3aemonist MeTasieBUX HAHOCTPYKTYP i3 2D-martepianamu

2D-mMarepiany BOJOAIIOTH HOBUMH I[IKABUMH EJIEKTPOHHMMH Ta ONTHYHMMH BJIACTHBOCTAMH Yy IIOPIBHSHHI i3
cBoiMu Makpo-(3D)-ananoramu [95]. B ocTaHHE meCSTHIITTSA MPOBOIUTHCS iXHE aKTHBHE mociimkeHHs. Hacammepen
me — rpadeH, a TaKoK XalbKOreHimm mepexigaux mertamiB. OmHAK depe3 HaaMIPHY «TOHKICTB» TaKHX CTPYKTYP
(aTomMapHHX MOHOIIAPIB) B3aEMO/IIS CBITJIO-PEYOBUHA B HUX € MOXE OyTH CI1a0KOI0, 1[0 0OMEXY€E IXHE 3aCTOCYBaHHS B
OIITOCJIEKTPOHIII. MeraeBi IUIa3MOHHI HAaHOCTPYKTYpPH, SIK BIIOMO, 3[aTHI YTPHUMYBATH CBITJIIO Yy CYOXBHJIbOBIi
00J1acTi, TIOCHJIIOIOYHM B3a€EMOJII0 CBITJIO-pEUOBHHA. TOMy ILUIIXOM [0 MiJCHICHHS 1€l B3aeMofil Moxe OyTH
koMmOiHaniss 2D wmarepianiB 3 iHTErpOBaHWUMHM IUIA3MOHHMMH HaHOCTpYKTypamu [96, 97]. Binkpurts MoS, sk
MPSIMO30HHOTO  HANIBIPOBIJIHUKA  CIIOHYKaJl0O  JOCHIJHHMKIB  30CEPEUTHCh  Ha  TETePOCTPYKTYPHHUX
2D-HaniBOpOBiTHUKAX, SIKi MOXYTh IPOIYKYBaTH MIKIIAPOBI €KCUTOHU 3 TPUBAIUM YaCOM JKUTTA, 3 KOHTPOJIHOBAHOIO
€Hepri€lo, MOIIPU3AIIEI0 Ta TPocTOpoBHM po3moaiioM [98-100]. KepyBaTu BIacTHBOCTSIMH TaKUX MaTepialliB TaKOXK
MOJKHA IIUIIXOM 1H)KEKIii HOCIiB 3 BUKOpUCTaHHAM 2D-MeTaris.

VY [101] mpeacraBiaeHO AOCITIHKEHHS YTBOPEHHS IUIA3MOH-EKCUTOHHMX IMOJISIPUTOHIB y TOPHIHUX CTPYKTYpax Ha
ocHoBI 2D auxanskoreHiny nepexigaoro metary (TMDC, WS;), 1m0 HaHeCEeHHI HAa METaJIeByY MiAKIAAKY a00 MEeTalIeBy
TOHKY IUTiBKY. JlOCIIDKeHHS MTOKa3ally, 10 KepyBaHHS TOBLIMHOIO IIapy AieNeKTpHUKa ab0 METaIeBOi IUTIBKH JO3BOJISE
HaJlalTyBaTH Ta CTUMYJIIOBAaTH IIa3MOH-KCUTOHHI B3a€EMOJii B MeXax «CWJIBHOTO 3B’s3Ky». Jlucnepciiine
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CHIBBITHOILIEHHS JUISl MOJIIPUTOHIB, IO YTBOPIOIOThCS Ha MeXi po3niny aienekrpuk/TMDC/meran, npsiMo BUILIUBAE 3
HESIBHOI YMOBHU:

fd 4 Em _ 92D (3)
Kqg Kn iwey
ne Kz = q? — eqw?/c? ta K2 = q% — €,,w?/c?; ¢ —vactoTa, €, — BiHOCHA JieJEKTPHYHA IPOHUKHICTD JieIeKTPHUKA,
a €,, — KOMILIEKCHA J{IeJIeKTPHYHA (QYHKIISI METaITy.

EnexrpomarnitHi BractuBocti 2D TMDC BpaxoByIOThCS 4epe3 MPOBIAHICTE Matepiany (MOBEpXHi) O,p, IO
BH3HAYA€ThCS ©(EKTUBHOIO TOBIIMHOK MaTepiany. YucenpHHH poO3B’s30K piBHSHHSA (3) H03BOJIIE OTPUMATH
TOJIIPUTOHHUHN CIIEKTP Y dazoBoMy TpocTopi (g, Aw).

KomGinytoun rpaden i 2D-HamiBIpoBiIHUKK, Ta, BUKOPHCTOBYIOUHM T€KCAaroHaILHUN OOp-HITpHI B sikocTi 2D-
i3onsTOpa, MokHa crBoproBati 2D-tpansucropu [102, 103]. Ha ocHoBi 2D-marepiasliB OCTaHHIMH POKaMH TaKOXK
Be/IyThCs po3poOku pisHoro poxy LED-npuctpois, naszepi, ¢poronerextopis Toruo [104-108]. deranbHuii onuc pizHUX
BUJIB JIBOBUMIPHHX IUIA3MOHHHX MaTepiajliB, a TakoXX TIiOpHIHUX CTPYKTYp Ha iX OCHOBI HaBezeHO y poborti [109].
Bapro 3a3HaumTH, MmO BIiIKpHUTTS rpadeHy NPHUBEPHYJIO YBary JIOCITIJHHKIB Yepe3 psii LIKaBUX BJIACTUBOCTEH
BKITIOYAFOYW BIJTHOCHO TIOCHIICHY B3a€MOJIi0 CBiTIIO—pedyoBrHa [110—112], BUHATKOBY pyxymBicTh HOCIiB [113, 114] 1
MOXIJIMBICTh MOAM(DIKYBaTH €ICKTPOHHI Ta onTH4YHI BiaacTuBocTi [115, 116]. I'padeH € mra3sMOHHMM MaTepiajioMm y
CepeIHLOMY Ta JaJeKoMy iH(padepBOHOMY Jiala3oHi, SKWH 3a0e3nedye Haa3BHYAHHUN KBAaHTOBHH KOH(MAHHMEHT i
Mae Habarato MeHINI BTPaTH y TOPIiBHAHHI i3 OJaropogHMMH MeTanaMu. braropomHi Merand, y CBOIO 4epry,
MOKPAIIYIOTh B3a€EMOJIII0 CBITIO-peuoBMHa B 2D-Marepiaiax 3a paxyHOK CHJIBHOTO YTPUMaHHS IOJISA, IO
3a0e3meuyeTbes MIa3MOHHIMH HAaHOCTPYKTypamu [97].

3aBasiki ocoOnMBii OynoBi Ta 30HHIM CTPYKTypi 2D-marepianu Aal0Th 3MOTy HAJIAIITOBYBAaTH BEIWYHHY
3aboponeHoi 3oHu [117, 118] Ta OoTpuMyBaTu CHIIBHI €KCHTOHHI PE30HAHCH, OJHAK OJAWH IIap rpadeHy Moxe
norauHaTH Jme 2,3% cBiTiia pyW HOPMaJbHOMY ITafiHHI, 110 BU3HAYAETHCS BUKIIOYHO CTAJOI TOHKOI CTPYKTYpH
[119], a me cTBOpIOE CyTTEBI MpoOieMH Ta OOMEKEHHS Il 0araThbOX EJIEKTPOONTHYHMX Ta ONTHYHHUX 3aCTOCYBaHb.
Pe3onaHcHa yacTOTa MOBEPXHEBUX IIJIA3MOHIB € YyTJIMBOIO 0 I'YCTHHH BUIBHHMX €JIEKTPOHIB, SKUMH MOXKHA KepyBaTH
Ha MEXi pO3Iily, TOMy € MOXJIMBICTh CTBOPIOBATH HAHOCTPYKTYPH IMX METaJiB HAJAIITYyBaHHSIM IUIa3MOHIB, IO
MIEPETHHAIOTH 00J1aCTh BUANMOTO CIIEKTPY.

[Tnazmonu y TOMy  rpadeHi GyHaaMeHTaIbHO BiIPI3HAIOTHCS BiJl TUTA3MOHIB Yy OJ1aropogHux Metanax [120-122].
30HHA CTpyKTypa rpadeHy MicTuTh aBa KoHycH Jlipaka, siki 3°’emHyroThCs B Toulli [dipaka. [To0nm3y i€l ToUky 3aK0H
JqUcrepcii mst elneKTpoHiB y rpadeHi Mae iHiiHMA xapakrep [123, 124]. B oaniii 3 mepiux podit Fei et al. [125]
JIOCTIDKYBAUCS TUIa3MOHU Yy TpadeHi 3a JOMOMOrol CKaHYyIOUYOTO0 ONTHYHOTO MIKPOCKOTa OJMXKHBOTO TIOJIS
po3scitoBanbHOTO THITy. CiIi 3BEpHYTH yBary Ha Te, IO JIHIHHUI 3aKOH AUCTEpCii MpU po3MIAJaHHI TeKcaroHaIbHOT
IpaTKy He € YHIKaJIbHOK OCOOJMBICTIO JJIsl ITAHOTO TUIY KPHCTAJIIUYHOI CTPYKTYPH, a MOXKE ONMCYBATH HaBiTh KyOi4Hi
rparku. [lnasmMoHn y rpadeHi MO)KHA HaNalITOBYBaTH LUIIXOM 3MiHM eHeprii Depmi (BHECEHHSM JOMILIKH) abo
IIISIXOM 3MiHM TeOMeTpii (CTHUCK, PO3Tsr). MOKIMBICTh HANAIITYBAaHHS BJIACTUBOCTEH IUIa3MOHA y rpadeHi poOuTh
HOro MpUIATHUM JUIsi 0araTboX 3aCTOCYBaHb IIOYMHAIOYM BiJl HAHOENEKTPOHIKH Ta 3akiH4dyloun Oiojoriero. Cepenniit
IY niana3oH rpad)eHOBHX IIa3MOHIB MEPETHHAETHCS 13 J1alla30HOM, II0 OXOIUTIOE MOJIEKYJISIPHI KOJIMBAHHS CKJIQJHUX
GiomouteKyJ1, sIKi MOXKyTb OyTH MiJICHJIEHI 3a JOIOMOToI0 rpad)eHOBOro IIa3MOHHOIO pe3oHaHcy [121]. Hemonasno
rpad)eHOBI IIa3MOHM OYJIHM TEOPETHYHO 3alpoIlOHOBaHI B SKOCTI IIATGOpPMH Ui KBAaHTOBUX oOumcienp. Lle
JIBOXKYOITOBHH JIOTIYHHIN €EMEHT 3 KyOiTaMu, 3aK0JJOBaHUMH y Trpad)eHOBHX IUIa3MoHaX. L[ikaBo, o I TeXHOJOTisA
He oTpedye KPioreHHOT'0 0XOJIOIKEHHS. B OCHOBI 11i€1 KOHIIETIIIT JIeKUTh B3aEMOJis TBOX MIa3MOHiB [126].

B ocraHHi poKHM MOCTIIHWKAMH BENEThCS AKTHBHHMM IMONIYK I1HINIMX IUIA3MOHHUX MaTepialiB OKpPIM IIHPOKO
BIIOMHX OJIAarOpPOJHUX METaliB Ta rpadeHy, SK HaNPHKIaZ rereporepexin tenypuma Bicmyty BixTes; Ta rpadeny, B
SIKOMY HAHOJIMCTH JIEMOHCTPYIOTh JIEKiJIbKa MJIA3MOHHUX MO/I, 1[0 OXOIUTIOIOTH BECh BUIUMHUIA Jiama3oH ciektpy [127].
i MoaM y HaHOJIMCTaX BHACIIJIOK CHIHOPOITAILHOT B3a€EMOJIiT MOXKYTh MaTH ITiK IUIA3MOHHOTO PE30HAHCY, HACTPOEHHH
neryBaHHsAM Se Ha noexuHy xBwii 400 HM. Kpim Toro 3B’szyBanHs BirTes; 3 rpadenom miacwinoe 30y/pKeHHS
TUTa3MOHIB y rpadeHi.

[HIMME WiKaBUMM MarepiayiaMM 3 IUIa3MOHHMMH BJIACTUBOCTSMH € JBOBHMIPHI OKCHAM BoJbppamMy Ta
MomiOneny [128,129]. 3aBasku cBoiit Mop¢oI0Tii BOHM MOKYTh OyTH Ha/UIETKMMHU MaTepiajlaMH, a TAKOXX MaTH BEJIHKY
TieNeKTpUYHy TMPOHUKHICTE. CIif BiI3HAYHMTH, IO IUIA3MOHHUHN BIATYK MOKHA PETYIIOBATH, KOHTPOJIOIOYH KHCHEBI
BaKaHCIl y TaHUX MaTepiajiaX (HampuKIIai, IPOCTO OMPOMIHIOIOYH MaTepiall COHSYHUM CBITIIOM y MPUCYTHOCTI BOJIH).
ToHm BOJHIO BIPOBAPKYIOTHCS Y MaTepiall Ta BUKJIMKAIOTh NEQIIUT KHCHIO, PI3KO 3MIHIOIOYH KOJIp Ta 301IBIIYIOUH
IHTEHCUBHICTh TUIA3MOHHOHO BiATyKy. Takumii marepiasl Mo)xHa KOMOiHyBath 3 MeraieBumMu HY nmist cTBOpeHHS
riOpuaHOI MIa3MOHHOT HaHOCTPYKTYpH [130].

Konu mmasmomnika yBiiimia y cdepy 2D marepiamiB i3 BIAKPUTTSM IUIa3MOHIB rpadeHy, Oyiam CcrpoOH Takok
CTBOPUTH JABOXMipHHH enekTpoHHHH ra3z (2DEG) y xombOinauii 3 OGmaropogHumu Mmeranamu. Maniyara et al. [131]
PpO3pO0OMB METOJT OCa/PKEHHS 3 MapiB ILTIBOK 30JI0Ta TOBIIMHOK MEHIIIE 5 HM 3 BUKOPUCTAHHSAM MiqHOI 3aTpaBku. Taki
IUIIBKA € JIOCTaTHBO TOHKWUMH, 1100 IEMOHCTpYBaTH e(EeKTH, aHAJOTIYHI THUM, IO € y ABOXMIPHHX METaJIeBHX
Marepianax, Takux K TrpadeH. 3MiIHOI KOHCTPYKIII MacWBiB HAHOIUTIBOK 30JI0Ta MOKHA 3CyBaTH IUIa3MOHHHH
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pe3oHaHc 3 OmmKHBOI 0 cepenHboi [Y obmacti crekTpy. Takok BCTaHOBIEHO, IO Ha IJIa3MOHHI XapaKTEPUCTHKH
IUTIBKH BIUIMBA€E MaTepiaj 3aTPaBKu.

CunpHHN TUTA3MOH-CKCUTOHHHI 3B’S30K TEOpPEeTHYHO OyB mependadeHuit y pobOoti [132] Ha iHTepdeiici
2D-XanbKOreHiJiB NepexiHuX MeTaliB 3 MeTaloM (30kpema, WSy/Au). Po3paxoBane posmieruienHs Pabi craHoBmiio
100 meB nipu mienexrpuyniid nporukHocTi 2.1. [T1a3MOHHI MaTpUIli MOKYTh JEMOHCTPYBATH ITOBEPXHEBUI IpaTKOBUI
PE30HAHC, SKUH MPOSBISIETHCS Yy 3MEHIICHH] IIMPUHA CMYTH ITUIa3MOHHOTO pPe30HaHCY. Pe3oHaHC MOBEpXHEBOI rpaTKu
O3Havae, MO OJHA i3 XBWIb, MU(pparoBaHa T'PaTKOIO, IMOIIMPIOETHCSA Y IUIONMHI T'paTkh. Taki MaTpHIli MOXYTb
BUKOPHCTOBYBATHCS UIA 30HAYBaHHSI, KOJIBOPOBOTO NpyKy Oe3 OapBHUKIB. Takox 3aBHSKH PI3KHMM pE30HAHCAM Ta
BITHOCHO BHCOKIi JJOOPOTHOCTI BOHH € IMEPCIEKTHBHUMH [UISI BUBYCHHS HOSPUTOHHKX eekTiB. KpiM 1100, CHIbHHI
[J1a3MOH-CKCUTOHHUH 3B’ 130K MOYKHA MOAYMTH HA MPHUKIaZl B3aeMoii 2D-MaTepiaiB 3 MIa3MOHHOIO HAHOAHTCHOM. Y
TaKUX CTPYKTypax 3aBISKH MalloMy MOIOBOMY 00’emy miuasMoHHHMX HY € MOXJIHBICTE BHBYaTH CHIBHHN 3B’S30K 3
MaJIOl0 KUIBKICTIO eKCHUTOHIB. Bucokuii mepepi3 posciroBanHs Takux HY 1o3Bossie BMBUATH L0 B3aEMOJIIO 32
JIOTIOMOT'0I0 ITPOCTUX ONTHYHUX METOMIB, TaKMX SIK Mikpockomis TemHoro mois. ¥ HY 3 MOHO- Ta TOHKOIIApOBUM
WSe; Ha m3epkanbhiii cTpykTypi (NPoM) aBTopu [133] ciocrepiranu po3ineruieHHs Pa6i y posmipi 135 meB. Onniero 3
BEJIMKUX IepeBar BUKOpHCTaHHS 2D HaIliBIpOBITHUKOBUX MOHOILIAPIB € MOKJIMBICTD THYYKOI 3MIHM Ta HAJIAIITYBaHHS
ixHix BiactuBocTed. [Ipy npuKIiIagaHHi HAPYTy Ha 3aTBOPI TPAH3MCTOPA 3MIHIOETHCS MOKAa3HUK 3aJIOMJICHHS B 00J1acTi
EeKCUTOHHHMX pe30HaHCiB. Y Bumanky WSe; 3miHa Moxxe gocsratd 60% mist ysBHOi wactuHH Ta 20% Ui mificHOT
YaCTWHH KOMIUIEKCHOTO TIOKa3HUKa 3amomieHHs. Lleil edekT MOSCHIOEThCS PO3MIMPEHHSIM CIEKTPaIbHOI CMYyTH
eKCUTOHHUX MDK30HHHX MepexomiB. MOJIMBICTh PETYIIOBAaHHS TaKOXX MOXE 3aCTOCOBYBATHCS JUII KEpYBaHHS
cubHUM 3B’ s3koM TMDs B pe3onatopax. BOynoByroun monomap WS, y pe3oHaTop, YTBOpEHHA ABOMa CPiOHUME
I3epkanamu, TOHKuMH mapamu Al,Os ta mapom PMMA, npukiagaHHsM Hampyrd 10 3aTBOPY BOABAJIOCS KepyBaTH
cuiibHUM 3B’si3k0M [134]. Takox, BOyayBaBiin map MoS; B CTPYKTYpY i3 30J0TUX A3€PKall, SIKi BUKOHYIOTh (DYHKIIFO
3aTBOPY, KPEMHI€BOi MIAKIAAKKH Ta 30J0THX HAHOCMYXKOK, aBropaM [135] Baanocst eJIEKTpUYHO KepyBaTH
BUIIPOMIHIOBAHHSIM ~E€KCUTOH-TUIA3MOHHHMX TnepexoaiB. OcTaHHi poOOTH CBiI4aTh NpPO MOSIBY HaJ3BUYANHO
HEePCIEKTUBHOTO HAINPSMKY JIOCHTiKeHb KoMOiHanii 2D marepialiB i3 miia3MOHHUME HAaHOCTPYKTYPaMH JUIsi IPUCTPOIB
BHCOKOIIBH/IKICHOTO KEpyBaHH: Ta ceHcopHkH [136].

BUCHOBKH

V nanomy ormsaai mogaHo 0a30Bi (i3WvHI BU3HAUEHHS TOBEPXHEBHX IUIA3MOHIB Ta €KCHTOHIB, OKPECICHO IXHI
VHIKaJIbHI acTIeKTH B3a€MOJII 31 CBITIIOM Ta MOKa3aHO 3B'S30K MOBEPXHEBUX IUIA3MOHIB 3 €KCHTOHAMHU3 ypaXyBaHHSIM
0COOIMBOCTEH cITa0KOTO Ta CHIIBHOTO PEXUMIB IXHBOTO 3B'A3Ky. Jlaii Ha OCHOBI JIITEpAaTYpPHUX JKEPEN OCTaHHIX POKIB
HaBEACHO BAXJIMBI POOOTH IOJ0 B3a€MOJIT METAaJIEeBUX HAHOYACTHHOK 3 HaMiBIPOBIAHMKOBUMH KBAaHTOBUMHU TOYKaMH,
3 MoJsieKyaMu OapBHHKIB Ta 2D marepiagamu. ITonpu 3HAYHY KUTBKICT €KCIICPUMEHTAIBHUX POOIT MOXKHA 3pOOHTH
BHCHOBOK, IO BCE II€ HEOOXIAHI MOAbIN 3YCHUIA JJIS KPAaIIoro PO3YMIHHS TiOPHIHMX EKCHTOH/IIa3MOHHHX
HAHOCUCTEM. 30erMa YaCTKOBO Bi}leI/lTl/IMI/l 3AJIMIIAK0THCA TaKi MUTaHHA, K HAIlpUKJIad, o peTyJItoe€ CUIIy €KCUTOH-
IUIa3MOHHOT B3aeMoJii, sSIK (OpMyIOTbCS HOBI LUIAXM peKOMOiHalii B TiOpUAHUX CTPYKTypax 1 SIKMH 3B'SI30K MiXK
CTPYKTYpOIO Marepialy Ta HOro BIANOBIJHAMHM  XapaKTEPUCTUKAaMH. 3aBASKH TJIHOOKOMY  PpO3YMIiHHIO
¢yHnaMeHTaNBPHUX (QI3MYHMX TPOLECIB y TiOpUAHMX HaHOMAaTepiajdax MeTall/HalliBIPOBIJHHK 3’SIBUTHCS MOXIIHMBICTH
TpaHcopMyBaTH HU3KY 00JlacTeil HAYKM Ta TEXHIKH, BKIIOYAIOUM KBAHTOBHH 3B'30K, (poTOKATaII3 Ta ONTOEIEKTPOHHI
npuctpoi B miomy. IlpoGiieMn npoekTyBaHHS Ta BUIOTOBJIEHHs TiOPHIHHMX HAHOCTPYKTYpP, @ TaKOXX PO3YMiHHS
MEXaHI3My €KCHTOH-TUIA3MOHHOI B3a€MOIii MOKYTh OYTH ITOIOJIaHI CIIUTBHUMH JOCTITHUIBKIMH 3yCHJUIIMHU Y TaIy3i
CHHTE3Y, ONITHYHOI CIIEKTPOCKOIIIi T4 TEOPETUIHOT'0 MOJICITIOBAHHS.
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PLASMON-EXCITON INTERACTION IN PERSPECTIVE HETERO-SYSTEMS
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Surface plasmons and excitons have been widely studied experimentally and theoretically for various material systems. However, a
number of aspects require further deeper study and understanding, among which the connection of these quasi-particles occupies an
important place. New physical effects arise when plasmons and excitons in nanostructures begin to be localized at certain small
distances, as a result, we can talk about their coupling. Complex systems containing the excitation of plasmons and excitons, as well
as their coupling, show interesting optical properties that they cannot exhibit individually. In this type of system, the plasmon
enhances the coupling between the system and the external field, and the exciton controls certain spectral properties, which opens up
new possibilities for tuning their optical response. The transferred energy between plasmons and excitons becomes an important
factor affecting their interaction when the resonance frequency of the localized plasmon is very close to the molecular energy
transition frequency. Two types of coupling can occur depending on the ratio between the strength of the coupling and the energy
losses of individual components in the system, namely strong and weak. In addition to the mutual coupling between the plasmon and
the exciton, their different linewidths and ability to couple to an external field provide a variety of means to tune the optical
properties of hybrid systems. Thus, it enables precise control of light at the nanometer scale, opening up possibilities for new
electronics and photonics applications. In this review, we highlight the features of weak and strong modes of plasmon-exciton
coupling, modern trends, and perspectives in the study of hetero-systems semiconductor—metal, metal-2D material, semiconductor—
molecule, etc. Semiconductor-metal hybrid nanostructures open up exciting opportunities for the study of quantum phenomena,
optical processes, and multiparticle interactions and confidently lead to application in new photonics devices.

Keywords: surface plasmons, excitons, plasmon-exciton coupling
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The study of thermal convection in porous media saturated by nanofluid and microorganisms is an important problem for many
geophysical and engineering applications. The concept of a mixture of nanofluids and microorganisms has attracted the interest of
many researchers due to its ability to improve thermal properties and, as a result, heat transfer rates. This property is actively used
both in electronic cooling systems and biological applications. Thus, the purpose of this research is to study biothermal instability in
a porous medium saturated by a water-based nanofluid containing gyrotactic microorganisms in the presence of a vertical magnetic
field. Given the presence of an external magnetic field in both natural and technological situations, we were motivated to perform this
theoretical research. Using the Darcy-Brinkman model, a linear analysis of the convective instability has been considered for both-
free boundaries, taking into account the effects of Brownian diffusion and thermophoresis. The Galerkin method was used to perform
this analytical study. We have established that heat transfer is accomplished by stationary convection without oscillatory movements.
In stationary convection regimes, metal oxide nanofluids (4/203), metallic nanofluids (Cu, Ag), and semiconductor nanofluids
(TiO2, SiO:2) are analyzed. Increasing the Chandrasekhar and Darcy numbers improve system stability significantly, but increasing
porosity and modified bioconvection Rayleigh-Darcy number speed up the beginning of instability. To determine the transient
behavior of heat and mass transports, a non-linear theory based on the representation of the Fourier series method is applied. In small
time intervals, the transitional Nusselt and Sherwood numbers exhibit an oscillatory character. The Sherwood numbers (mass
transfer) in the time interval reach stationary values faster than the Nusselt numbers (heat transfer). This research might help with
seawater convection in the oceanic crust as well as the construction of biosensors.

Keywords: nanofluid, bio-thermal convection, Lorentz force, thermophoresis, Brownian motion, gyrotactic microorganism,
magnetic field

PACS: 44.10.+i, 44.30.+v, 47.20.-k

1. INTRODUCTION

Many theoretical and practical study in fields such as soil mechanics, groundwater hydrology, petroleum
engineering, industrial filtration, powder metallurgy, nuclear energy, and so on have been based on the study of the
physics of flow through a porous media. Such flows through porous media are of great interest to petroleum engineers
and geophysical fluid dynamicists. The problem of thermal instability of a liquid layer in a porous medium is of special
importance. Ingham and Pop [1] as well as Nield and Bejan [2] provide excellent reviews of the most of the studies on
convection in porous media. The issues of fluid flow and heat transfer in rotating porous media have been studied in
detail in a recent review by Vadasz [3].

Objects with dimensions of less than one hundred nanometers have developed as a result of the progress of
nanotechnology. Such nanosized objects are called nanoparticles. Choi [4] proposed suspending these nanoparticles in a
base fluid (known as nanofluid) to improve heat conductivity and convective heat transfer of the base fluid. Thus,
nanofluids began to be intensively used in industry, such as coolants, lubricants, heat exchangers, microchannel
radiators, and many others. Buongiorno [5] extensively studied convective transport in nanofluids and concentrated on
explaining the additional heat transfer increases observed under convective flows. Tzou [6] used Buongiorno transport
equations to study the onset of convection in a horizontal layer uniformly heated from below for a nanofluid and
discovered that due to Brownian motion and thermophoresis of nanoparticles, the critical Rayleigh number is much
lower, by one to two orders of magnitude, than that of an ordinary fluid.

Because of the remarkable characteristics of nanofluids in heat transfer phenomena, research involving nanofluids
in a porous media has become required. Kuznetsov and Nield [7]-[8] used the Brinkman model to investigate the onset
of thermal instability in a porous media saturated with a nanofluid, taking into account Brownian motion and
nanoparticle thermophoresis. They discovered that the presence of nanoparticles may significantly lower or increase the
critical thermal Rayleigh number, depending on whether the basic nanoparticle distribution is top-heavy or bottom-
heavy. Further, Bhadauria and Agarwal [9] and Yadav et al. [10] extended the thermal instability problem by including
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the Coriolis force term (rotation) in momentum equations for porous and non-porous materials, concluding that
including the Coriolis force component made the overall system more stable. Bhadauria and Agarwal [9] made a
nonlinear investigation of nanofluid convection in a rotating porous layer in terms of Nusselt number. Chand and
Rana [11] used the Darcy-Brinkman model to investigate the influence of rotation on nanofluid convection. For
stationary convection, an equation for the thermal Rayleigh number was found. Gupta et al. [12] studied the onset of
convection in a horizontal nanofluid layer in the presence of a vertical magnetic field and discovered that stability
increases as the magnetic field value increases. The effects of a magnetic field on a horizontal layer of nanofluid have
several significant characteristics, making it necessary to explore the effects of a magnetic field in a porous medium.
Ahuja et al. [13] used the Darcy-Brinkman model to explore the thermal convection of a nanofluid layer in the presence
of an applied vertical magnetic field saturated by a porous medium for both-free, rigid-free, and both-rigid barriers. The
effect of an externally applied magnetic field on the stability of a binary nanofluid layer in porous medium is considered
by Sharma et al. [14]. It was established that semiconducting nanofluids are found to be more stable than metallic
nanofluids. Furthermore, porosity destabilizes the layer while solute difference (at the boundaries of the layer) stabilizes
it and the magnetic field stabilizes the fluid layer system significantly. Yadav et al. [15] investigated the effect of Hall
current on the criterion for the onset of MHD convection in a porous medium layer saturated by a nanofluid. They were
shown that the increase in the Hall current parameter, the Lewis number, the modified diffusivity ratio, and the
concentration Rayleigh Darcy number is to hasten the onset of convection while the magnetic Darcy number, the
porosity parameter and the Darcy number have stabilized on the onset of convection. Ahuja and Gupta [16] investigated
the onset of thermal convection of a porous nanofluid layer under the combined influence of rotation and magnetic field
using the Darcy-Brinkman model. As shown in[16], the stability of the system enhances with the rise in Chandrasekhar
number and Taylor number whereas it falls with the rise in porosity. According to [16] silver nanoparticles stabilized
water-based fluids better than copper nanoparticles, while 7i0, nanoparticles in semiconductors improve system

stability better than SiO, nanoparticles.

A detailed review of the current state of the problem of MHD convection in nanofluids presents in [17]. The
article [18] discusses a new review devoted to the subject of Rayleigh-Benard instability in a nanofluid. In addition to
the above, a relatively new area of research: bioconvection inside a nanofluid is of great importance in applied problems
of creating biosensors, microdevices for measuring the toxicity of nanoparticles. Bioconvection is the movement of a
fluid medium caused by a directed flow of microorganisms that results in a redistribution of the medium's density. As a
result, hydrodynamic processes in the medium emerge, analogous to natural convection in the presence of temperature
gradients. Bioconvection takes into account the movement of bacteria and algae, with microorganisms having a higher
density than water. Microorganisms can move due to gravity forces (gyrotactic microorganisms), oxygen concentration
gradients (oxytactic microorganisms), light radiation (phototaxis microorganisms), nutrition gradients (chemotaxis
microorganisms), and other factors. The number of self-propelled microorganisms can be quite considerable, varying
from 107 cm™ in a low concentratin regime to 10''cm™ in a turbulent regime with almost densely packed
microorganisms. A linear theory of the stability of bioconvection of gyrotactic microorganisms in a finite depth layer of
an ordinary fluid was developed by Pedley et al. [19]-[21]. In these works, the criteria for the onset of a bioconvective
flow were determined. Avramenko [22] based on the Lorenz approach [23] a nonlinear theory of bioconvection for
gyrotactic microorganisms in a layer of ordinary liquid was developed. In [22], the boundaries of various hydrodynamic
regimes of two-dimensional bioinvection were determined.

Unlike microorganisms, nanoparticles are not self-propelled, move due to Brownian motion and thermophoresis,
and are driven by fluid flow. Kuznetsov's [24],[25] works are devoted to the interaction of nanofluids with
bioconvection. The paper [24] investigated the possibility of oscillatory instability in a nanofluid suspension containing
oxitate bacteria. In [25] analyzes the combined influence on the onset of biothermal convection in suspension,
nanoparticles, gyrostatic microorganisms, and algae. A linear analysis of the instability is performed, allowing the
bounds of the oscillatory instability to be determined. The destabilizing effect of Brownian motion and thermophoresis
of nanopatrticles, vertical throughflow, and gyrotactic microorganisms on biothermal instability was discovered by Saini
and Sharma [26].

Because of the practical nature of the problem, a significant number of works (for example, [27-31]) have recently
arisen that investigate two-dimensional magnetohydrodynamic flows and the processes of heat and mass transfer of a
watery nanofluid, including gyrotactic microorganisms. The effects of buoyancy, Brownian motion, thermophoresis,
and chemical reactivity on bioconvection of nanofluidic gyrostatic microorganisms are investigated in these papers. The
aim of using microorganisms is to stabilize nanoparticle suspensions created by bioconvection caused by the combined
effects of buoyancy and magnetic field forces.

There are a lot of publications on the effect of gyrotactic microorganisms on nanofluid flows in bounded porous
media. The study of biological processes in porous media has recently rapidly progressed. Kuznetsov, Nield, and
Avramenko [32-36] made a significant contribution to the dynamics of biological processes in porous media. A linear
analysis of biothermal convection based on the Darcy-Brinkman model in a suspension of gyrotactic microorganisms in
a highly porous medium heated from below was carried out in [37]. The following conclusions [37] were drawn there: a
suspension containing faster-swimming cells is more unstable; gyrotaxis contributes to the development of
bioconvection instability; the modified Darcy number associated with the effective viscosity stabilizes the slurry.
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Recently, the flow of boundary layers of natural convection nanofluids over a vertical flat plate embedded in a
saturated porous Darcy medium containing gyrotactic microorganisms was studied in studies[38]-[40]. The effects of
dimensionless parameters, such as the Lewis number of bioconvection, the Rayleigh number of bioconvection, the
Peclet number of bioconvection, the Brownian motion parameter, the buoyancy coefficient, the thermophoresis
parameter, the index of change of the power law, and the Lewis number, on the flow characteristics of the
bioconvection process are analyzed during a numerical solution.

Despite significant progress in the study of bioconvection in porous media, the impact of gyrotactic organisms on
thermal instability in a layer of a porous media saturated by a nanofluid under the action of a magnetic field has yet to
be investigated. Of particular interest is the study of the linear and nonlinear stages of bio-thermal convection in a
porous medium saturated with nanofluid for various types of nanoparticles such as metal, metal oxides, and
semiconductor nanoparticles under an external magnetic field. The aim of this paper is to investigate the
abovementioned problem.

The content of the paper is presented in the following sections. The Introduction (section 1) presents a review of
the literature on this issue. In section 2, we describe the problem statement and obtain evolution equations in the
Boussinesq-Oberbeck approximation in a layer of a Darcy-Brinkman porous medium saturated by an electrically
conducting nanofluid with gyrotactic microorganisms. In section 3, we obtained equations for the basic state and small
perturbations in dimensionless form. The equation for the vertical component of the perturbed velocity was obtained
using the elimination of variables technique. This equation is supplemented with conditions for free-free boundaries. In
section 4, we derive a general dispersion equation taking into account the effects of a vertical magnetic field, gyrotactic
microorganism bioconvection, Brownian diffusion of nanoparticles, and thermophoresis. The oscillatory and stationary
regimes of mixed convection are considered. In section 5, we study the non-linear theory based on the representation of
the Fourier series method used to find the temporary behavior of heat and mass transports. In section 6, we analyze the
linear regime of stationary convection and calculate the expressions for heat and mass transports. In section 7, we
perform a numerical/graphical analysis of the development of stationary convection carried out for oxide metal,
metallic, and semiconductor nanofluids. Convective heat and mass transfers in terms of Nusselt number Nu(¢) and

Sherwood number Sh(¢) were calculated. The Conclusions present the main conclusions of this paper.

2. STATEMENT OF THE PROBLEM AND BASIC EQUATIONS
Let us consider an infinite horizontal layer of incompressible electrically conductive nanofluid containing
nanoparticles and gyrotactic microorganisms in a homogenous porous medium. Initially, a homogeneous porous layer
with a thickness of / is assumed to be at rest. Heating from below the layer causes disturbance, where T,,7, are the

u

temperatures and ¢,,4, (4, > ¢,) are the volume fractions of nanoparticles at the lower and upper boundaries,

respectively (as shown in Fig. 1). The presence of nanoparticles is considered to not affect the direction and speed with
which microorganisms swim. Physically, this is possible if a flow generated by bioconvection exists for a small
concentration of nanoparticles. The terminology for nanoparticles are written using Buongiorno's [5] theory, whereas
those for gyrotactic microorganisms are written using Pedley's [19]-[21] approach.

_, Z-axis
H A

« nanoparticles Q microorganisms

T T Td y > X-axis

Heated from below

Figure 1. Geometry and coordinate system of the problem
Fig. 1 depicts the problem's geometry. We used the Cartesian coordinates (x,y,z) with the z-axis points
vertically upward. The gravitational force g =(0,0,—g) acts vertically downwards, while the magnetic field
I:I0 =(0,0,H,) acts vertically upwards. 170 is the Darcy velocity, which is related to the nanofluid velocity V as

I7D =&V . The physical model of our problem consists of the following assumptions:

* All thermophysical characteristics are constant except for density in the buoyant force (Boussinesq
approximation).
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* Because the fluid phase, microorganisms, and nanoparticles are in a condition of thermal equilibrium, the heat
flow may be described using a one equation model.

* Nanofluid is incompressible, electrically conducting, viscous, laminar, and nanoparticles are non-magnetic
spherical particles.

» Each boundary wall is assumed to be impermeable and perfectly thermal conducting.

* The porous material is completely saturated with a nanofluid in which microorganisms can swim.

*» The material's pores must be big enough to accommodate biological organisms and their movement.

* The solid porous matrix does not absorb microorganisms, and each one has the same volume and form, as well as
swimming at the same speed.

* The heating from below has no influence on the cells' gyrotactic activity and does not kill them.

According to the above assumptions, the bioconvective motion of gyrotactic microorganisms in a porous medium
saturated with nanofluid in the presence of a magnetic field will be described using the Darcy-Brinkman model. Let's
suppose that a suspension of swimming microorganisms and nanoparticles is incompressible, and therefore

V. 7, =0, (M

The conservation equation for the nanoparticles given by

%(V_D. v] 5= Dyg Dovir, ®
ot & T

The conservation equation of cells is given by [20, 32,33]
on ) ~
5——dzv(nVD +nWCl—DmVn)), 3)

The momentum equation can be written using the Boussinesq approximation [7] as

ov ~ . L _
P - py T, - B+ Ee (- V)E + g, + (- §)py(1- BT ~T,)]+ E(Jp)Vn )
& Ot K 47

here the buoyancy force is made up of three different components: the fluid's temperature change, the distribution of
nanoparticles (nanoparticles are heavier than water), and the concentration of microorganisms (microorganisms are also
heavier than water). In equation (4), the external magnetic field is taken into account with the help of an additional
force, the Lorentz force, which affects the movement of the electrically conductive nanofluid.

The thermal energy conservation equation is

(pe), %+ (pe) V- VT =k, VT +(po), [DBV¢- vr+p, YL VT - vr )

1

The inductive magnetic fields caused by convective flows of an electrically conductive nanofluid is described by
the following equations [41]
o0H
—4

> {V—D- VJH—(Hv)vaZH (6)

& &

V- H=0, (7)

here p=d¢p,+(1-9)p, is the nanofluid density, p, =dp, +(1-¢)p,, is the nanofluid reference density, p, and p,
are the density of nanoparticle and base fluid, respectively. p,, is the base fluid density at the reference temperature
T, ¢ is the volumetric fraction of nanoparticles. D, and D, denote the Brownian diffusion coefficient and
thermophoretic diffusion, respectively. (pc),,(pc),,(pc), are fluid heat capacity, nanoparticles heat capacity and
medium heat capacity, respectively. n is the concentration of microorganisms, dp is the density difference between
microorganisms and a base fluid: p, —p,, V is the average volume of a microorganism, D, is the diffusivity of
microorganisms. We assumed that random motions of microorganisms are simulated by a diffusion process. WJ is the

average microorganism swimming velocity (W, is constant, / is a unit vector of movement of microorganisms). P is

the pressure, S is the thermal expansion coefficient, € = (0,0,1) is a unit vector in the direction of the axis z . ¢ is the
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porosity of the porous medium, K is the permeability of the porous medium, ;1 is the effective viscosity, £, 1 and
4, are the viscosity, magnetic viscosity and magnetic permeability of nanofluid, respectively.

We assume that the temperature and volume fraction of nanoparticles have fixed values at the boundaries of the
porous layer.

w=0, T=T,, ¢=¢,, J-é=0, at z=0 ®)

w=0, T=T, ¢=¢, J-€=0, at z=h, )

=_ W + . . .
where J =n—=+nW,I —D,Vn is the flux of microorganisms.
&

Let us introduce the following non-dimensional parameters

* * * Tk * * * iyt h * t
(X sV .z ):MDVD(M ,V ,W):VD(U,V,W)—,t = 62{713
a, h“o
. PK’ . k, ’ gz(pc)m’ n*:i’ (10)
ua, (pc), (pc), N,
~. H . . T-T
PP A T i
Ho ¢u ¢d Td_Tu

where IV, = const is average concentration of microorganisms in the layer. Using expressions (10) and omitting the

asterisks, we get the following system of dimensionless equations

V-7, =0, (11

184 |V, 2 Ny
=—+| = V|¢g=—Vop+—=VT, 12
pt [8 ]qﬁ VT (12)
la—n——v V +P—nl—LVn (13)
o Ot Lb Lb

! 6VD =-VP+D, VZV V —éR —eR ¢— e—bN+

V ot L, ’ (14)

+éRaT + Qﬁ(ﬁ - V)H
Pm

aa—f+(I7DV)T:V2T+NBV¢ VT + zB(VT) (15)
loH [VD JH (H - V)—+PFVH, (16)
o 6t & Pm

V- H=0. (17)

In Egs. (11)-(17), we introduced the following dimensionless parameters:

P 1K .
) =& ,u(p )y is the modified Vadasz number, D, = # > is the Darcy number, Pr= A is the Prantdl
D, u(pe), h PoC
number, Pm = M is the magnetic Prantdl number, L, = G is the nanoparticle Lewis number, L, = G is the

10077 DB Dm
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2
#H K is the Chandrasekhar-Darcy number, R, :M

4mun uD,
+p,(1- hK
bioconvection Rayleigh-Darcy number, R = Lpy9s + £y (1= 4.)N(EHK) is the basic density Rayleigh-Darcy number,
yaﬂl

bioconvection Lewis number, Q = s the

- - hK _
R = (0, =G, ~4.)¢ is the concentration Rayleigh-Darcy number, Ra _ PughKpd, = 1,)

n
ﬂ am lLl a}ﬂ

£(pe), (¢, —¢,) is the modified nanoparticles density, N, - D@, =1
(pc), DT, (9, ~4.)

is the Rayleigh-

Darcy number, N, = is the modified

diffusivity ratio, Pe = D‘ is bioconvection Peclet number.

Eq. (14) has been linearized using a small temperature gradient in a dilute suspension of nanoparticles and
microorganisms using the Boussinesq approximation. Equations (11)-(17) are supplemented with boundary conditions
in non-dimensional form:

w=0, T=1, ¢=0, Pen:@, at z=0, (18)
dz
dn
w=0, T=0, ¢=1, Pen=—, atz=1. (19)
dz
2. EQUATIONS FOR PERTURBATIONS

Let's start with the assumption that the fluid layer is at rest. The physical system is then moved slightly out of its
equilibrium position. We assume that all variables in Eqs. (11)-(17) can describe the sum of the steady and perturbed
components:

V.=0, P=P(z)+p, T=T,()+T, $=4,()+4, n=n,(2)+n, [=é+m. (20)

The steady profiles of temperature 7,(z) and the volume fraction of nanoparticles ¢, (z) are found from the

solutions of the equations

dZT;) +&d¢h d]-;) +NANB [dn]z :0’ (21)

dz* L, dz dz L, E

&g, 4T,

dz* 1 dz? -0

Taking into account the experimental data for most nanofluids [5], a good approximation of the base state (21) is a
linear dependence on z for 7, (z) and ¢,(z) (see, for example, [16]):

L(z)=1-z ¢,(z)== (22)
The pressure distribution in the ground state satisfies the equation
dF, R
LIACH —-R,-R $,(z2)——LN,(z)+ RaT,(z), (23)
dz L,

from which the explicit form F,(z) may be found by integration. The stationary profile of the concentration of

microorganisms #,(z) is determined by the following expression [19]

Peexp(zPe)

exp(Pe)—1"~ %)

n,(z)=N,:

For the case of small Peclet numbers Pe, it follows from (24) that n(z) = N, = const . Following the approach as

in article [22], to simplify the, we will focus on this case.
According to publications[19],[ analysis 32], the equation for the perturbation of a unit vector indicating the
direction of swimming of microorganisms has the following form:
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7 =BT -BEj+0- G, (25)

where 7/ and ; are the unit vectors in the x- and y -directions, respectively. B =(3;1/ p.gd)a, | h) is a

dimensionless parameter characterizing the reorientation of microorganisms under the action of a gravitational moment
against viscous resistance, d is the displacement of the center of mass of the cell from the center of buoyancy. In Eq.

(25), the parameters ¢ and & inthe x - and y -components of vector i are

NG ou_
é’_ (1 0(0) Ox +(l+0!0) oz ) (26)

ow ov
=(l-a,))—-(1+a,)—.
§=(-a) o (1+a,) 5

o, is the cell eccentricity which is given by the following equation [19,32]:

2 2

r —r .

— _max min
%= 2 @7n

rmax min

where 7 and 7

max min

are the semi-major and semi-minor axes of the spheroidal cell.
Taking into account Egs. (25)-(26), we get the following equation for the perturbation of the cell number density:

' ' 2. 2. 2
100 Pedn  poG| (14a) T+ (1-a)| 22+ 20 | = Loy, (28)
c ot L, dz dz ox~ Oy L,

where G=D, B/h* is a dimensionless orientation parameter [22].

After substituting (20) into the equations (12)-(16), we get equations for the variables u,v,w,T,¢,b , which are
also linearized. Further, the analysis of equations for the perturbation will be investigated by the method of normal
modes, assuming that the perturbing quantities have the following form:

ik Xk, y+y1)

[u,v,w,T,¢,n,b]1=[U(2),V(2),W(z),0(z),D(z),N(z), B(z)]e 29)

where k .k, are the wave number along the X and y directions, and a = [k + kf is the horizontal wave number of

the disturbances. The growth rate parameter is denoted by y .

Using (29), we get the linearized equations in dimensionless form after a few simple but cumbersome
transformations:

2
[Da(DZ —az)—g—lj (D* —az)W—azRa®+a2Rn(D+a R, N+@D(D2 -a’)B.=0, (30)
a b m
N,
[Dz—az—y+%(1—2NA)D] —L—BDcD+W=0, 3D
L L
[Dz—az—ny<I>+NA(D2—a2)®—€—W—0, (32)
o &
1 2 ,, Pe /4 2 2
L—(D ~a )—L—D—Z N+ PeG((1+a,)D* —(1-a,)a’)W =0, (33)
b b
[ﬂ(Dz—az)—éj B +2" . (34)
Pm o) £

The system of equations (30)-(34) is reduced to one equation for /¥ using the elimination of variables technique
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T T T 2 2 2p. 7 7.7 7 N
LLoLsLsLy (D —a )+a RaLsLsLy| Ly——2D|+
£
1 7 5 | 7 L 2 a7 Ng
+a’R LgLy| L=+ N,(D"—-a’)| Ly——=D | | - w=0, (35)
&£ &
R A~ - An A
a2t -2 1R 1 (D2 )
| , &Pm ]
where the operators are
A~ ~~ N ~ N,N
L=1LrLy +L—B(l—2NA)L¢D+%(D2—aZ)D,
Zr=132—a2—7/, gz=PeG((1+ao)D2—(l—a0)a2),
7 2 2 -1 7 2 2 L
Lp=D,(D"—a’)-yV, -1, Ly=D"—-a —y=,
o
- 1 P ~ P
Iv=—(D-a)-p-L L, =D -a*)-L.
L, b o Pm c
Eq. (33) is supplemented with boundary conditions for free boundaries
W=DW=0 at z=0,1. (36)

Equation (35) describes bioconvection in a layer of a porous medium saturated by an electrically conducting
nanofluid in an external vertical magnetic field. Further, we will use a single term approximation of Galerkin method to
solve (35).

3. OSCILLATING AND STATIONARY CONVECTION REGIMES
The eigenfunctions W of equation (35) take the form of a simple harmonic for free boundary conditions (39):

W=W,sinzz, (37)

where W, is constant. By substituting (40) for (38) and integrating across the layer thickness z=(0,1), the
characteristic equation is obtained, with Rayleigh number Ra as the eigenvalue:

Ra— (ﬂZ +a22)FDFT . OPr 1:7 2 (ﬂz +a2) (1+PN2) B
a EPmaT, PNl
¢
) (3%
R [L [?J Folr
_ﬁ(fFTJFNA(#Jraz)JFPN‘ (1—2NA)J— o 7
1 T _
MY

where

U,=D, (7" +a)+yV,'+1, T, =z’ +a’+y, T, :Li(n2+a2)+£,
b (e

N, P eh, N
P, =l p =1 =N+ (2 +a) |

LoeLT, r,L )

r, :1%(”2 +a2)+%, T, =PeG((1+a,) 7" +(1-a,)d’).

. . N, N,
For most nanofluids, the quantities PeL—B,Pe—B are small (N, =7.5- 107, L, =5000 see, for example, [5]),

&

e

and expression (38) becomes simpler
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R
*+a’)r,r Pr T R (L [Lb]r“rT
+
Ra=E O OPr Ty ooy Rel Lep o N (22 ey | AL (39)
a EPmaT, I,\e r,

In the equation (39) the growth rate y of perturbations is generally complex y =y, +iw,. It is obvious that the
system is stable if y, <0 and unstable if y, > 0. Let us determine the stability boundary for monotonic @, =0 and
oscillatory @, # 0 perturbations. At the stability boundary (neutral states), y, =0; therefore, making the substitution
y =io, in Eq. (39), we find

Ra=Ra" +ioRa", (40)

where Ra"” and Ra" are the real and imaginary parts of the dispersion equation for Ra :

2
R (r):<72'2+a2) D (22 +a® )+ 22 +a2) =2V OPr 72'2(71'2+a2). ﬁ(” +a2) " o _
“ a’ (( “(ﬂ ta )+ )(ﬂ +a) @ )+8Pm a’ Pr’ @
2 2(7z2+a2) +—5
m c
R L )
<ﬂz+az>zﬂ[f[<ﬂ”a2>”%}+NA<’*“*>2J “
~2
o
(7Z2+a2) + ifb

_R 2, 2 2 _ 2)). o

aB(ﬂ +a +ao(7r a )) (”2+a2)2+a)izLi

o
where Ra, = R, PeG is the modified bioconvection Rayleigh-Darcy number.
2, 2 2( 2, 2)? S-PIJ
Ra(i):(” ta )(D <7r2+a2)+1+V'](7z2+a2))+QPr 4 (” ta ) ) oPm _
a’ ‘ ‘ gPm a’ Pr’ @
F (7[2+a2) +=5
(42)
RL (7 +a*) | o(o-L)-eN, _RaB(iz2+a2+a0(7z2—a2)){g_LbJ
272 - 272 -
(72’2+a2)2+w;~_f" €o (ﬂ2+a2)2+wéf” oLy

Since the value Ra is real, then the imaginary part in (40) must vanish. In this case, the following situation
@, =0 or Ra" =0 is possible.

4.1. Oscillating convection regime
In the case of an oscillatory perturbation @, #0 (Ra"” =0), we find the critical Rayleigh-Darcy number for
oscillatory instability using the formula (41)

_(@+d) opr ' (7° +a*)

Ra,, p ((Da (7[2 +a2)+l)(7z2 +a2)—0)[2Va‘1)+ng pe 5}’2 . Ly CUI.Z —
e
i . (43)
2 2 a)i Lb
~ R i{(ﬂ2+a2)2+w’?}e] N, (7r2+a2)2 —RaB(ﬂ2+a2+a’0(7r2—a2))- (77 +a ) + g_z
BT : (v} o
~2 pe
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and the frequency of neutral oscillations @ = @, , satisfying the following equation:

i

6 4 2
Ko[gj +Kl(gj +K2(2J +x,=0, (44)
o o o

where the following notation has been introduced:

2 2
5 =g BL, p=C 0 (G a0, + 1) +1),
_Ofr (x> +a*)’ oPr—Pm

ePm a’ oPm

B

P 2
&= +a'y [Li v +P—;2LEL2] FOEL -+l g

R (7’ +d*)L, ~ ~ Ra,(c—L
_R@ AL S ry-eny, =R o 20y,
Eo oL,

n

K, =p(7r2+a2)4[1+§r22 (L§+L§)J +q(7° +a2)2(L§+L§)—
m

2 a2 Pr’ Pr’
_(72' +a ) [f;l{l-l-sz Lbj—i_rb’{l—i—ﬁl’e

2 4 2
+q(7r2+a2) —~

K3:p(72'2+a2)5 (ﬂ2+a2)4(rn+r5).

2 2

Pm

Equation (44) is cubic in @, so it can lead to more than one positive value of @’ for fixed values of the
parameters Da,Va,Q,Pr,Pm,E,Rn,LB,N L, ,Ra, and ¢,. If there are no positive solutions to Eq. (44), then
oscillatory instability is impossible. Our numerical solution of Eq. (44) for the range of parameters considered here

gives only a negative value of @’, which indicates the impossibility of an oscillatory neutral solution. As a result, we'll
go through the stationary convection regime in significant detail.

4.2, Stationary convection regime
The marginal state will be characterized by @, = 0, and the dispersion relation (41) reduces to

2
Ra, = aLz[Da(ﬂ2 +a’) + (7t +a’) +_7T€Q (* +a2)] -
(45)

L
-R, ( <+ NAJ —R,)PeG(;r2 +a’ +a, (7r2 -a’ ))
&£
The last term in (45) describes a new effect of the influence of the motion of gyrotactic microorganisms on thermal
instability. Thus, we have obtained a new way to control magnetic convection in a porous medium saturated with
nanofluid using bioconvection of gyrotactic microorganisms.
Let us now continue to a more exhaustive analysis of the equation (45). The critical wave numbers for the onset of
convection are found from the condition
ORa,
[ "’j =0 (46)

oa

We get an equation for determining a, by substituting the expression (45) into the condition (46). This equation has a
rather cumbersome form, so we do not present it here. However, we can conclude that the critical wave number «,,
does not depend on the nanofluid parameters (R, ,L,,N,), but depends on the dimensionless parameters

&,D,,0,R,,Pe,G,a,. We will be doing a numerical study of the dispersion equation (45) using the physical
characteristics of the A4/,0, -water nanofluid from [5]:

=0. , P = g/m , u=10"Pas,
¢, =0.001, p, =1000kg / ’ 107 P, 47)
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p, =4 10kg/m’, a,=2-10"m* /s, f=3.4-10"1/K,
D,=4-10"m"/s, D,=6-10"m" /s,

(pc), =3.1- 10°0 /m’*, (pc), =4 10°J /m’,
T,-T,=1K, T,=300K, L, =5000, p, =4- 10°kg /m’* .

The above-mentioned parameter values give the following dimensionless parameter values: L, =5000,Pr =35,
and N, =5 . The concentration Rayleigh-Darcy and bioconvection Rayleigh-Darcy numbers can be changed by varying

the distance between the borders and the nanoparticle and microorganisms volumetric concentration. For a complete
numerical analysis, we need the estimated parameters of gyrotactic microorganisms, for example, for the alga
Chlamydomonas nivalis [20]:

D, =5-10"cm* /s ,N, =10°cm™, (6p)/ p, =5+ 107, (48)
V=5-10"em’, W, =107cm/s.

Next, we will fix the value for the parameter R, as R, =0.122 and R, as R, =1.2- 10°. The values of the parameters
Pe and G change in the neighborhood of Pe=0.1 and G =0.01[34]. The cell eccentricity can change in the range
a, €[0,1][20].

In addition, we will be doing a numerical study of the dispersion equation (45) using the physical characteristics of
nanofluids from metallic and semiconductor nanoparticles. Yang et al. [42] found that the physical characteristics of
nanofluids change with the form, size, and volumetric percentage of nanoparticles. Metallic nanofluids, as the name
implies, are metallic nanoparticles dispersed in a base fluid. Because metallic nanoparticles have a high thermal
conductivity, they increase the thermal conductivity of nanofluids. We consider nanoparticles of metals (Cu and Ag )
dispersed in the base fluid water for analyzing the stability of metallic nanofluids. For Cu -water nanofluid, the values
of nanofluid parameters at d¢ = ¢, —¢, = 0.001 (nanoparticle concentration) are R, =0.392, N,=0.5, L, =5000,

and for Ag -water nanofluid: R, =0.465, N,=0.5, L, =5000 [16]. The electrical conductivity of semiconductor
materials is approximately between a conductor and an insulator. At ¢ =0.001 (nanoparticle concentration), the
values of nanofluid parameters are R, =0.159, N, =20, L, =5000 for TiO,-water nanofluid and R, =0.0785,
N,=175, L, =5000 for SiO, -water nanofluid [16].

5. WEAK NONLINEAR STABILITY ANALYSIS
We explored linear stability analysis using the normal mode method in the previous section. Although linear
stability analysis is appropriate for studying the stability condition of the motionless solution describing convective
flow. However, this approach cannot offer information regarding convection amplitudes and hence heat and mass
transfer rates. In this section, we consider the situation of two-dimensional rolls, assuming that all physical variables are
independent of y . In this case, Eqs. (1) and (7) for velocity and magnetic field perturbations will take the form

ou 0w _y, 9b 0b (49)
ox Oz ox Oz

We may introduce two scalar functions using Eq. (49), the hydrodynamic function of the current ¥ and the magnetic
function @ , for which the following relationships hold:

ho=-=. (50)

Then equations (2)-(6) for the perturbed quantities, taking into account nonlinear effects, take the following form for
dimensionless variables

(5D

g o0x L p

] ] o 0r ¢ d(xnz)
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Ly LN _pp2e - LON _10W-N) | poGe N, peav' 25 (52)
L L, oz Ox o 0t ¢ 0(x,2) Oox ox
' " R ' O,V;D
Vft//—Dant//+Ra6—T—Rn%——bai—@ivﬁb=—LQV12 _@M (53)
ox Oox L, Ox Pm Oz ), ot Pm  0(x,z)

vr Ne| 0T 04| 2NN, 0T 0y 0T Ow.T) N,| 04T 04 0T |
] L\ 0z oz L 0z ox o0t O0(xz) L, \ 0x Ox 0z Oz
NN, | (o) [or )
NNy |OT | oT | (54)
L, Ox 0z
18_1//_’_ Pr _10® 10(y,P)

— V== ,
g 0z Pm o Ot ¢ 0(x,z)

(35)

where

o o o’y 'y
Vie—t—,{=Viy+a,| —— )
boox? ozt ¢ Vv 0{ oz ox’

The boundary conditions considered for solving the given system of equations (51)-(55) are
w=DWw=0=DDO=¢ =N =T =0, at z=(0,1) (56)

We use the following Fourier expressions to perform a local nonlinear stability analysis:

w(x,z,0= 33 A, (O)sin(mix)sin(nzz),

n=lm=1

O(x,2,6) = 33 B, (1)sin(mkx) cos(n7z),

n=lm=

# (xv,2,0)= 3C, () cos(mhkx)sin(nrz), (57)

n=lm=1

N'(x,2,8) = 33D, (¢) cos(mix)sin(nrz),

P
T'(x,2,1) = 22@ (t) cos(mhkx)sin(nzz).

We limit our research with the Fourier analysis of the minimum order, namely, for the current function y and
magnetic potential ® we take the modes (1,1), and (1,1)+(0,2) for nanoparticle volume fraction, concentration of
microorganisms (or cells), and temperature perturbations:

v = 4,(¢)sin(kx)sin(rz),

@ = B,,(¢)sin(kx) cos(zz),
¢ = C,,(t)cos(kx)sin(zz) + C,, (¢)sin(27z), (58)
N' = D,,(t)cos(kx)sin(zz) + D, (¢)sin(27z),
T' = E, (t)cos(kx)sin(zz) + E,, (t)sin(27z).

The minimum order Fourier expansion was first used by Lorentz to model atmospheric convection [23]. The
system of ordinary differential equations obtained by Lorentz is a low-order spectral model, but it is quite capable of
qualitatively reproducing convective processes, in particular, the transition to a weakly turbulent state (chaos) through a
series of bifurcations. In this study, we also use the Lorentz approach in describing the weakly nonlinear stage of
convective instability. However, we do not touch upon issues related to the chaotic behavior of the obtained system of
ordinary differential equations (51)-(55) since it requires a particular study. So we apply the weakly nonlinear theory
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[43]-[45] to the problem of determining the characteristics of heat and mass transfer: nonstationary Nusselt Nu(z) and
Sherwood Sh(t) numbers.

Substituting (58) in (51)-(55) and taking into account the orthogonality condition, we get the evolution equations
for amplitudes:

04 kRaV), KR,V kR,V) 0P,

a_tll:—Va(1+Da(k2+7z2))A“—kzM2 Byttt c“+Lb(k2+”2) W B (39
B G m) g, T, (60)
%= —é(k2 +7)C, - a5k + 2°)E, JFEA11 —@A”COZ, (61)
t L, L, £ £
%:_47:5 ; _%4;;251502 +%AHC“, (62)
% = _L;‘b(kz +7r2)D11 —@AHDO2 +PeG(~7k(k2 +7 +a, (7;2 —kz))A11 , (63)
65;2 - 4”L Z‘; Dy, + k;f A4,D,, , (64)
%: —~(k* + 7°)E,, — kA, — kA, E,, , (65)
aaE:Z = —41’E,, +%”A“E“. (66)

In phase space, the eight-mode differential Eqs. (59)-(66) have an interesting property that indicates that the
system is dissipative:

o4, 0B, ocC, oC, oD, oD, OE, OE,
+ + + + + + + =
aAll 8l;]] 6CH aCOZ al)]] aDOZ aE'll al;02

“wften e )50 e 2 Lk s L] (o) <o
m 2 b o b

(67)

As a result, the impact of parameters R ,R,,L,,N,,L,,)] on trajectories is to attract them to a set of measures

zero, or a fixed point. For the time-dependent variables, the nonlinear system of differential equations cannot be solved
analytically and must be solved numerically. In the case of steady motions, Egs. (59)-(66) become:

1 R kR kR P
4, = 2 2[_ 2kazE11+ =Gt zb 2 D“_”Q rB“ ’
1+D, (kK +7 )L K+ K+r L,(k+7*) Pm
7Pm kL kzL
By=——" 4, C,=-N,E, +—— 4, — 5 4,Co> (68)
1 Pr(k2+7l'2) 11 1 2En g(k2+72'2) 11 g(k2+ﬂ2) 1-02
kL krL kPeGL
Coz :_NAEOZ +gA”C”’ D” :_g<k2—+bﬂz)A”D02+ﬁ(k2 + 7 +0{0<7z'2_k2))A]]7
kL k krx k
Dy, :gAlan: E, :_k2+7Z2 4, _k2+72'2 A\ By, Ey :gA“E“'

The steady state solutions are useful because they indicate that the system can have a finite amplitude solution.
When all amplitudes except 4,, are eliminated, an equation with A4 /8 is obtained:

2 O 17 R 73 B
L?] +ﬂ1[ 8] +ﬁ2[ 8]+ﬁ3 0> (69)
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where
1
I+ 1 Ra Rn(g_NA] RaB(k2+7r2+a0(7r2—k2))

A= KLL K EM KLM KM ’
M:(1+Da<k2+7z22))(k2+7r2)2+7z2Q(k22+7r2)’ . 2k2 - e ’
k ck k*+rx &? (kz + 7 )

L@
:k§+kf(L§+Lj) Ra(L +1;) Rn[g+NAJ_

RECE KK LPEM KR LEM

2

&
KLLM kKkILLM

1
Rn[_NAJ  Ra, (kz+”2+“0(”2_k2))(k§+kai), B, :%'
01 Hetp

In the limit of small amplitudes (4,, = 0), Eq. (69) transforms into dispersion equation (45) for the stationary

convection regime when the wave number a is replaced by k. It should be noted that the amplitude of the stream
function must be real, hence we must only consider positive signs in the roots of Eq. (69). If we determine the value of
A, , we can find the value of heat and mass transfer in a stationary regime.
6. RESULTS AND DISCUSSIONS
6.1. Analysis of the linear regime of stationary convection
Now, we will study the effects of axial magnetic field, Darcy number, medium porosity, Lewis number, modified
diffusivity ratio, concentration Rayleigh-Darcy number, modified bioconvection Rayleigh-Darcy number
Ra, = R, PeG , and the cell eccentricity on thermal instability. We calculate the derivatives

dRa, dRa, dRa, dRa, dRa, dRa, dRa, dRa,

dQ " dD,’ de ' dL, " dN,’ dR, " dRa, da,

E)

using Eq. (45), as a result we obtain
dRa, _ (7’ +a*)

0 e, (70)
dRa, (n*+a’)
dDA - a’ ) ’ 71
dRast — RnNALe 7[2 (72.2 + az )Q 72
ds & ga’ ’ (72)
dRa, _ R, ’ dRa, _ R dRa,, _ i N, | 73)
dL, & dN dR, &

Eq. (70) shows that the derivative dRa, /dQ is always positive, i.e. the vertical magnetic field has a stabilizing

effect on stationary convection in the porous medium. As a consequence, it is discovered that increasing the magnetic
field delays the initiation of convection, which is agreement with the results derived by Ahuja et al. [13].

Eq. (71) implies that the Darcy number has a stabilizing influence on the stationary convection of the system,
which is in a good agreement with the results derived by Kuznetsov and Nield [7], Rana and Chand [11],
Ahuja et al. [13]. With an increase in Darcy number, Ra, increases, indicating that the heat transmission characteristics
of the nanofluid will improve. Therefore, the effect of the Darcy number, as well as the magnetic field, delays the onset

of convection.
Eq. (72) shows that porosity can have both a stabilizing and destabilizing effect. If inequality

2 2 2
o \7" +a
RnNALe > ( )Q
g ga’
is satisfied, then porosity delays the onset of convection. This conclusion is in good accord with Ahuja et al. [13]
results.
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The following conclusions may be drawn from Eq. (73). Because all of the parameters L,, and R, are

A
positive for the current configuration of nanoparticles, and the expression R (L, /&+ N,) appears with a negative sign,

it is obvious that the suspension of nanoparticles in ordinary fluids decreases the critical value of Rayleigh number. As a
result, the system with nanoparticle distribution at the top of the fluid layer is less stable than the system with regular
fluid and bottom heavy nanoparticle distribution.

Finally, we proceed to study the impact of gyrotactic microorganism bioconvection on magnetic convection. For
this purpose, we calculate the following derivatives

dRa, _ _[ 7’ +a +a, (72'2 ~-a’ )} , (74)
dRa,
dR
E — _Ray(n?-d?). (75)
da,

Eq. (74) shows that the spherical shape of microorganisms &, = 0 contributes has a destabilizing effect since

dRa,,

=—(7*+a*)<0 76
dRa, ( ) (76)

Thus, increasing the value of modified bioconvection Rayleigh-Darcy number Ra, enhances the magnetic
convection nanofluid in the layer of a porous medium. In the case of an arbitrary form of microorganisms, an increase
in the parameter Ra, can both stabilize (at 7° +a’ <a,(a’—7x")) and destabilize (at 7° +a’ > a,(a’ —7°)) the
thermal instability if «, is positive: o, > 0.

Eq. (75) shows that dRa,, /de, can be positive or negative, i.e. the cell (or microorganism) eccentricity has a

stabilizing (if 7> < a”) or destabilizing (if 7> > a”) effect on stationary convection. This conclusion remains valid for
positive Ra, >0 numbers.

6.2. Heat and mass transports
The determination of heat and mass transport is critical in the study of fluid convection. This is because the onset
of convection, when the Rayleigh number increases, is more easily observed through its influence on heat and mass
transport. Consequently, heat and mass fluxes of nanoparticles are important in identifying thermal- and bioconvective
motion in its early stages. Heat transfers can be calculated and described using the Nusselt number Nu(t) (see, for

example [45])
27, kcr aT'

—dx
Nu(t) =1+ % 77
'r cr 7bdx
0 oz =0
According to (22) and (57), we get from (77)
Nu(t)=1-27E,(t) (78)

Similarly, the Sherwood number for nanoparticle concentration Si(¢) is determined to be:

2r k'r !
9 i

Sht)=1+| =292 | =1427C,(¢) (79)
f cr%dx

0 oz =0

In the next section, we will consider the numerical/graphical investigation of the equations (70)-(79) by
considering the numerical values of various parameters of the system.

7. NUMERICAL RESULTS AND DISCUSSION
In this section, we use the standard Maple computer environment programs for the numerical analysis of equations
(70)-(75) and (78)-(79). Nonlinear equations (59)-(66) were solved by the 4th-5th order Runge-Kutta-Felberg method
(rfk45) with initial conditions:

4,(0)=B,,(0)=C,,(0)=C,(0)=D,,(0)= D, (0)=E,,(0)=E,(0)=1.
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7.1. Stationary MHD bioconvection in A/,0, -water nanofluid

Figures 2 and 3 depict the role of the magnetic field, Darcy parameter, porosity, Lewis number, modified
diffusivity ratio, nanoparticles concentration Rayleigh number, modified bioconvection Rayleigh-Darcy number, and
cell (or microorganism) eccentricity ¢, on Rayleigh number for metal oxide ( 4/,0,) nanoparticles in water based

nanofluid. The physical properties of aluminum-water nanofluids are given in (47).

a) b)
Rasl Ras,l
15000 15000
=250,350,450
Q-250350, D, - 03,0508
10000 10000
5000 5000
0 0
2 4 6 8 10 12 14 g 2 4 6 8 10 12 14 16 18 g
c) d)
Ra Ra
st st
150001 15000
10000 10000
=0.3
E=3 0405 L =3000, 5000, 8000
5000 5000
0 0
2 4 6 8 10 12 14 g 2 4 6 8 10 12 14 g

Figure 2. Dependence of the Rayleigh number of stationary convection on the wavenumber a for parameter variations: (a)
magnetic field (Chandrasekhar number) Q ; (b) Darcy number D, ; (c) medium porosity & ; (d) Lewis number L,

In Fig. 2a, the Rayleigh-Darcy number is plotted against the dimensionless wavenumber for different values of the
axial magnetic field (Chandrasekhar number). This shows that as values of axial magnetic field increase, the Rayleigh-
Darcy number also increases for fixed values

D, =0.5,6=04,L,=5000,N, =5,R, =0.122, Ra, =120,a, = 0.4.

As a consequence, the axial magnetic field can stabilize stationary convection, which is consistent with the
analytical conclusion obtained from Eq. (70).

For different values of the Darcy number, the Rayleigh-Darcy number is displayed against the dimensionless
wavenumber in Fig. 2b for fixed values

0=250,6=04,L, =5000,N, =5,R, =0.122,Ra, =120,c, = 0.4.

This demonstrates that when Darcy's number rises, so does the Rayleigh-Darcy number. As a result, the Darcy
number has a stabilizing impact on stationary convection, which is in agreement with the analytical result obtained from
Eq. (71).

For different values of medium porosity, the Rayleigh-Darcy number is plotted against dimensionless wavenumber
in Fig. 2¢ for fixed values

D, =0.5,0=250,L, = 5000,N, =5,R, =0.122,Ra, =120,c;, = 0.4 .

This shows that when porosity increases, the values of Rac decrease significantly. As a result, medium porosity
has a destabilizing impact on stationary convection, which is consistent with the analytical result obtained from
Eq. (72).
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Figure 3. Dependence of the Rayleigh number of stationary convection on the wavenumber a for parameter variations:
(a) modified diffusivity ratio N, ; (b) concentration Rayleigh-Darcy number R, ;

(c) modified bioconvection Rayleigh-Darcy number Ray ; (d) cell eccentricity «,

In Figs. 2d, 3a, 3b the Rayleigh-Darcy number is plotted against dimensionless wavenumber for different values of
Lewis number, modified diffusivity ratio, and concentration Rayleigh number. These show that as Lewis number,
modified diffusivity ratio, and concentration Rayleigh number increase, the Rayleigh-Darcy numbers decrease. Thus,
the nanofluid parameters have a destabilizing effect on stationary convection, which is in good agreement with the
result obtained analytically from Egs. (73).

In Fig. 3c, the stationary Rayleigh-Darcy number Ra, is plotted against dimensionless wave number a for
different values of modified bioconvection Rayleigh-Darcy number Ra, for fixed values
D, =0.5,0=250,6=0.4,L, =5000,N, =5,R, =0.122,c¢, = 0.4 . Curve 1 depicts the dependency of the stationary
Rayleigh-Darcy number on the wave number in the absence of the impact of microorganism bioconvection, i.e. when
R, =0. A similar dependence also arises in the case when there is no gyrotax G =0 (Ra, =0 ). The gyrotaxis number
G characterizes the deviation of the cell's swimming direction from strictly vertical. If G =0, there is no gyrotaxis and
the microorganisms swim vertically upwards (show negative geotaxis). Pedley et al. [19] demonstrated that a
suspension of gyrotactic microorganisms ( G > 0) is unstable under the same conditions. As a result, gyrotaxis plays a
role in the emergence of bioconvection instability. As can be seen from Fig. 3c, with an increase in the parameter Ra,,
the threshold for the occurrence of magnetic convection decreases. This is because the movement of microorganisms
leads to a redistribution of the density of the nanofluid, reducing the process of heat transfer in the nanofluid. As a

consequence, the cell's swimming can destabilize stationary magnetoconvection, which is consistent with the analytical
conclusion obtained from Eq. (74).

Table 1. Critical Rayleigh numbers Ra"™

o and critical wavenumbers k, for A/,0; -water nanofluid at fixed parameters R, =0.122,
N,=5, L =5000

0 D, £ Ra, a, Ra™ k,,
250 0.5 0.4 120 0.4 2544.36 8.31
350 0.5 0.4 120 0.4 5355.59 8.51
450 0.5 0.4 120 0.4 8151.92 8.69
250 0.3 0.4 120 0.4 445.25 10.57
250 0.5 0.4 120 0.4 2544.36 8.31
250 0.8 0.4 120 0.4 4095.58 6.86
250 0.5 0.3 120 0.4 4379.85 8.48
250 0.5 0.4 120 0.4 2544.36 8.31




40

EEJP. 4 (2022) Michael I. Kopp, Volodymyr V. Yanovsky, et al
0 D, & Ra, a, Ra"™ k,
250 0.5 0.5 120 0.4 1436.89 8.19
250 0.5 0.4 0 No 7730.31 5.90
250 0.5 0.4 120 0.4 2544.36 8.31
250 0.5 0.4 140 0.4 1384.94 8.85
350 0.5 0.4 120 0 1459.64 532
350 0.5 0.4 120 0.4 5355.59 8.51
350 0.5 0.4 120 0.6 6675.31 7.60

In Fig. 3d, the stationary Rayleigh-Darcy number Ra, is plotted against dimensionless wave number a for

different values of cell eccentricity ¢, for fixed values
D, =0.5,0=350,6=04,L, =5000,N,=5,R, =0.122,Ra, =120. As can be seen from Fig. 3d, the spherical shape

of microorganisms has a destabilizing effect on the beginning of magnetoconvection. This conclusion is confirmed by
analytical results Eqs. (75) and (76).

The critical Rayleigh numbers Ra

min
st

and the corresponding critical wavenumbers a, for different values of
0,D,,¢,Ra, and «a, for Al,0O,-water nanofluid are shown in Table 1. Let's notice that results in Table 1 were obtained
numerically using (46) for A/,O,-water nanofluid and are in good agreement with the graphical results in
Figs. 2a, 2b, 2¢ and Figs. 3c, 3d. In the limiting case when there are no microorganisms ( Ra, = 0), the results from
Table 1 are in good agreement with the results of paper [18].

7.2. Stationary MHD bioconvection in Cu ( Ag )-water and 7iO, (SiO, )-water nanofluids
We now consider the graphical interpretation of numerical calculations for metallic nanofluids (Cu, Ag ) and

semiconductors (770, and SiO,). We investigate the impact of several nanofluids (metal, metal oxide, and

semiconductor) on stationary convection by fixing the values of the parameters Da,V,0,Pr, Pm,g', Le,Lb,Ra,
and ¢, . The thermal Rayleigh-Darcy number Ra,, is plotted against the wavenumber for several nanofluids in Fig. 4.
From Fig. 4, we can see that the SiO,-water nanofluid exhibits the highest stability compared to 47,0, -water,
TiO, -water, Cu -water and Ag -water nanofluids. The phenomena for this behavior is not only the different density of

nanoparticles but also different thermophysical properties. We can conclude that semiconductor and metal oxide
nanoparticles have a more destabilizing effect on stationary convection than metallic nanoparticles.

Ra

st

15000

10000

5000

Figure 4. Dependence of the Rayleigh number of stationary convection on the wavenumber a for metal oxide ( 47,0, ), metallic
(Cu , Ag ), and semiconducting ( 7i0, , SiO, ) nanoparticles in water based nanofluids
(D,=0.5,0=450,6 =04,L, =5000,Ra, =120,a, =0.4)

Let us now consider the impact of different nanofluid parameters on the thermal instability of the system under the
simultaneous influence of magnetic field. Figures 5a and 5b illustrate the impact of the Chandrasekhar number on the
Rayleigh-Darcy number for metals (Cu, Ag ) and semiconductors (7i0,, SiO,) in water-based nanofluids. These

figures show that when the value of the Chandrasekhar parameter Q increases, the values of the thermal Rayleigh-Darcy

number for both forms of convection increase, indicating that magnetic field has a stabilizing impact. The curves depicting
the influence of Chandrasekhar number for Cu -water nanofluid are above those for Ag -water nanofluid, indicating that

Cu -water nanofluid is more stable than Ag -water nanofluid. When the situation of semiconductors is considered
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(Fig. 5b), it is found that SiO, -nanoparticles improve the stability of nanofluid more than 7i0, -nanoparticles as the

Chandrasekhar number increases. Thus, it is also interpreted from the figures that semiconductors inhibit the onset of
convection as compared to metals under the influence of magnetic field.

Ra Ra
st st
15000 15000
10000 10000
5000 5000
Q =350
0 0
2 4 6 8 I 12 14 a 2 4 6 8 0 12 14 a

Figure 5. Impact of Chandrasekhar number Q on the stationary convective instability for different nanofluids: (a) Cu ( Ag) -
water; (b) TiO, ( SiO, )-water (D, =0.5,& =0.4,L, = 5000, Ra, =120,a,=0.4)

Figures 6a and 6b show the effect of Darcy number on the system. The value of Ra,, increases with the increase
in Darcy's number and hence the Darcy number D, delays the onset of instability. By increasing the Darcy number
Cu -water and SiO, -water nanofluids exhibit higher stability than Ag -water and 7iO, -water nanofluids.

a)
Ra, s Rasl
A i
g ’t :
1
15000 J P 15000
P /|
4 l/
1 [/
1 1
10000 , 1 10000
r/
I, Y
\ ’ /
3 D=08 , /
1
5000 N i ’ 5000
== Ed
oo -I
i D =05
0 0
2 4 6 8 w 12 14 a 2 4 6 8 0 12 14 a

Figure 6. Impact of Darcy number D, on the stationary convective instability for different nanofluids:

(a) Cu (Ag )-water; (b) TiO, ( SiO, )-water ( O =350, =0.4,L, =5000,Ra, =120,c;, = 0.4 )

Further, let us study the influence of the effect of porosity on the system. Figures 7a and 7b show that the increase
in & porosity stimulates the onset of instability. The critical Rayleigh-Darcy numbers for nonmetallic nanofluids are

higher than that for metallic nanofluids.
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Figure 7. Impact of porosity & on the stationary convective instability for different nanofluids:
(a) Cu ( Ag) -water; (b) TiO, ( SiO, )-water (D, =0.5,0 =350,L, = 5000, Ra, =120,c;, = 0.4 )
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Figures 8a and 8b illustrate the impact of modified bioconvection Rayleigh-Darcy number Ra, on the stationary

convective instability for metallic and semiconductors nanofluids. We can observe that the cell's swimming can
destabilize stationary magnetoconvection since the threshold for the occurrence of magnetic convection decreases when
the parameter Ra, is increased. As can be seen from Fig. 8 nonmetallic nanoparticles delay the onset of convection

even in the absence of bioconvection Ra, =0 (or movement of microorganisms).

Ra Ra

st st

15000 15000

10000 10000

5000 5000

0 0
2 4 6 8 10 12 14 4 2 4 6 & 10 12 14 4

Figure 8. Impact of modified bioconvection Rayleigh-Darcy number Ra, on the stationary convective instability for different
nanofluids: (a) Cu ( Ag )-water; (b) TiO, ( SiO, )-water (D, =0.5,0 =350, =0.3,L, =5000,cr, = 0.4 )
Finally, let us study the influence of the effect of cell eccentricity ¢, on thermal stability. Figures 9a and 9b show

that the spherical shape of microorganisms has a destabilizing effect on the beginning of magnetoconvection for

metallic as for nonmetallic nanoparticles. However, nonmetallic nanoparticles still retard the development of stationary
convection.

Ra Ra
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Figure 9. Impact of cell eccentricity ¢, on the stationary convective instability for different nanofluids:
(a) Cu (Ag)-water; (b) TiO, ( SiO, )-water (D, =0.5,0 =450, =0.3,L, =5000,Ra, =120).

The critical Rayleigh numbers Ra”" and the corresponding critical wavenumbers a, for different values of
0.D,,&,Ra, and ¢, for metallic nanofluids ( Cu -water, Ag -water ) are shown in Table 2. Take note that the results in

Table 2 were derived numerically using (46) for metallic nanofluids ( Cu -water, Ag -water) and correspond well with
the graphical results in Figs. 5a, 6a, 7a, 8a, 9a.

Table 2. The critical Rayleigh numbers Ra”" and critical wavenumbers k, for metallic nanofluids ( Cu -water, Ag -water) at fixed
parameters L, = 5000, a) R, |, =0.392,N,|,=0.5,b) R, |,=0.465N,|,,=0.5

0 D, & Ra, a a) Ra!" a)k, b) Ra”" bk,
350 0.5 0.4 120 0.4 1981.01 8.51 1068.47 8.51
450 0.5 0.4 120 0.4 4777.34 8.69 3864.80 8.69
350 0.5 0.4 120 0.4 1981.01 8.51 1068.47 8.51
350 0.8 0.4 120 0.4 3686.96 7.11 2774.42 7.11
350 0.5 0.3 120 0.4 3608.82 8.71 2392.12 8.71
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Q Du & RaB a() a) Ra‘:’i” a) kcr b) Ra:i” b) k('r'
350 0.5 0.5 120 0.4 994.92 8.37 264.88 8.37
350 0.5 0.3 0 No 9406.12 6.61 8189.42 6.61
350 0.5 0.3 120 0.4 3608.82 8.71 2392.12 8.71
450 0.5 0.3 120 0 3157.93 10.73 1941.22 10.73
450 0.5 0.3 120 0.6 8817.45 8.12 7600.75 8.12

min
st

The critical Rayleigh numbers Ra)” and the corresponding critical wavenumbers a, for different values of
0,D,,&,Ra, and «a, for semiconductor nanofluids ( 7iO, -water, SiO, -water) are shown in Table 3. We notice that the
numerical results in Table 3 for semiconductor nanofluids (77O, -water, SiO, -water) agree well to the graphical results
in Figs. 5b, 6b, 7b, 8b, 9b. In the limited case of no microorganisms (Ra, = 0), the results from Tables 2 and 3 agree

well with the results of paper [13].

Table 3. The critical Rayleigh numbers Ra”" and critical wavenumbers k, for semiconductor nanofluids

cr

(TiO, -water, SiO, -water) at fixed parameters L, = 5000, a) R, |5, = 0.159, N, |5, =20, b) R, |50, = 0.0785, N, |5, =17.5

0 D, £ Ra, 2, a) Ra" a)k, b) Ra!" bk,
350 0.5 0.4 120 0.4 4890.52 8.51 5898.58 8.51
450 0.5 0.4 120 0.4 7686.86 8.69 8694.91 8.69
350 0.5 0.4 120 0.4 4890.52 8.51 5898.58 8.51
350 0.8 0.4 120 0.4 6596.47 7.11 7604.53 7.11
350 0.5 0.3 120 0.4 7489.17 8.71 8832.65 8.71
350 0.5 0.5 120 0.4 3321.94 8.37 4128.75 8.37
350 0.5 0.3 0 No 13286.47 6.61 14629.94 6.61
350 0.5 0.3 120 0.4 7489.17 8.71 8832.64 8.71
450 0.5 0.3 120 0 7038.28 10.73 8381.75 10.73
450 0.5 0.3 120 0.6 12697.80 8.12 14041.28 8.12

It is noteworthy that copper-water nanofluid is more stable than silver-water nanofluid (refer to Figures 5a, 6a, 7a,
8a, 9a) and silicon oxide-water nanofluid is more stable than titanium oxide-water nanofluid (refer to Figures 5b, 6b, 7b,
8b, 9b). These conclusions are consistent with the results of paper [14].

7.3. The numerical/graphical results for Nusselt Nu(z) and Sherwood S4(z) numbers

In general, the transition from linear to non-linear convection can be complex. The study of Egs. (59)-(66), whose
solution provides a full description of the two dimensional non-linear evolution issues, helps to understand the
transition. The Runge-Kutta technique is used to solve the autonomous system of unstable finite-amplitude equations.
Convective heat and mass transfers were calculated using Nusselt number Nu(¢#) and Sherwood number Sh(z). The

results are presented in Figures 10-12. It is assumed that the original value of the Nusselt and Sherwood number are
equal to 1 at =0 . These figures show that when time is short, oscillations in the values of the Nusselt and Sherwood
numbers occur, indicating an unsteady rate of heat and mass transfer in the thermal convection system. These values
approach a steady state, equivalent to a near convection stage, as time passes.

Figs. 10a-10h depict the temporary behavior of thermal Nusselt number Nu(¢), for varying values of magnetic

field (Chandrasekhar number @), Darcy number D,, nanoparticle concentration Rayleigh-Darcy number R ,
bioconvection Rayleigh-Darcy number R, , modified gyrotaxis number PeG, geometric shape of microorganisms ¢,
and bioconvection Lewis number L, . It is observed that as O, D,, R, , ¢, and L, increase (see Figs. 10a, 10c, 10d,
10g and 10h), the values of Nu(¢) show slightly incremented, thus showing an increase in the heat transport, which are

the similar results obtained by Agarwal et al. [44].
According to Figs. 10b, 10e, and 10f, when porosity &, bioconvection Rayleigh-Darcy number R, , and modified

gyrotaxis number PeG increase, the Nu(¢) decreases, indicating a delay in heat transfers.

Figs. 11a-11d and 12a-12d depict the temporary behavior of Sherwood number Sk(¢), for varying values of
magnetic field (Chandrasekhar number Q), porosity &, Darcy number D,, nanoparticle concentration Rayleigh-Darcy
number R, , bioconvection Rayleigh-Darcy number R,, modified gyrotaxis number PeG, geometric shape of
microorganisms ¢, and bioconvection Lewis number L, .

As shown in Figs. 11a-11d and 12a-12d, the stationary level of mass transfer of nanoparticles is reached in less
time than heat transfer. The Sherwood number varies at small intervals depending on the parameters
(Q,¢,D,,R,,R,,PeG,a,,L,) . Because of the basic distribution of the volumetric concentration of nanoparticles (22),

the stationary value of the Sherwood number surpasses 1.

no
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Figure 10. Thermal Nusselt number Nu(¢) variation with time ¢ for various values of: a) Chandrasekhar number Q ; b) porosity ¢ ;
¢) Darcy number D, ; d) concentration Rayleigh-Darcy number Ra, ; €) bioconvection Rayleigh-Darcy number R, ;

f) modified gyrotaxis number PeG ; g) geometric shape of microorganisms ¢« ; h) bioconvection Lewis number L, .
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Figure 11. Sherwood number Sh(¢) variation with time ¢ for Figure 12. Sherwood number Si(¢) variation with time ¢ for

various values of: a) Chandrasekhar number Q ; b) porosity & ; various values of: e) bioconvection Rayleig-Darcy number R, ;

¢) Darcy number D, ; d) concentration Rayleigh-Darcy number Ra,. f) modified gyrotaxis number PeG; g) geometric shape of
microorganisms ¢, ; h) bioconvection Lewis number L, .

8. CONCLUSIONS

Under a vertical magnetic field, we investigated linear stability in a horizontal porous media saturated by
nanofluid and gyrotactic microorganisms, heated from below and cooled from above, using the Darcy-Brinkman model,
which incorporates Brownian motion and thermophoresis. The system with nanoparticle distribution at the top of the
fluid layer has also been proposed. The influence of gyrotaxes on the orientation of swimming microorganisms was
used in this study. The normal mode method was used for the linear analysis. The impact of various factors on the
development of thermal instability was then established. The results are graphically represented. The following are our
conclusions for 47,0, -water nanofluid with gyrotactic microorganisms:

e The vertical magnetic field and Darcy number enhance the stability of the system.
e  Medium porosity, Lewis number, modified diffusivity ratio and concentration Rayleigh number have a
destabilizing influence on the stationary convection of the system.
e An increase in the concentration of gyrotactic microorganisms (or modified bioconvection Rayleigh-Darcy
number) enhances the onset of magnetic convection.
e  Spherical gyrotactic microorganisms contribute more effectively to the development of thermal instability.
Similar conclusions are also valid for metallic and semiconductor nanofluids. It has been determined that copper-
nanofluid is more stable than silver-water, whereas silicon oxide-water nanofluid is more stable than titanium oxide-
water nanofluid, according to a comparative investigation of thermal instability using metallic and semiconducting
nanofluids.
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Graphic representation of the nonlinear theory results for A/,0,-water nanofluid containing gyrotactic

microorganisms. The following conclusions may be taken from these research results:
e The convective heat transport (Nusselt number Nu(t) ) is enhanced with increasing O,D,,R ,c,, and L, .

¢  Convective heat transport decreases as &, R, , and PeG increase.
e  When the parameters Q,&,D,,R ,R,,PeG,a,, and L, are changed, the stationary value of mass transfer is
established faster than convective heat transfer and is approximately S4(¢) ~ 3.9 at an initial value of SA(0)=1.

The results of the theoretical studies presented in this work can be applied in geophysics, especially in the study of
sea flows through a porous medium (the ocean crust) containing nanoparticles and gyrotactic microorganisms, as well
as in designing biosensors.
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BIOTEPMAJIBHA KOHBEKIISA B TIOPUCTOMY CEPEJOBUIII, SIKE HACHYEHE HAHOPIANHOIO
TA MICTUTBb I'TPOTAKTHYHI MIKPOOPT AHI3MM, 1111 30BHIITHIM MATHITHUM ITIOJIEM
Muxaiino M. Konn?, Bonogumup B. STHoBcbkuii™?, Yiaasari C. Maxa6anemsap®
“[ucmumym monoxkpucmanie, Hayionanvna Axaoemis Hayx Yxpainu
np. Hayxu 60, 61001 Xapxis, Yxpaina
bXapxiscoruii nayionanenuil yniepcumem imeni B.H. Kapazuna
matioan Ceoboou, 4, 61022, Xapxie, Yrpaina
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BuBueHHS TETUI0BOI KOHBEKIIT B OPUCTUX CEPEIOBUINAX, SIKI HACHYEHI HAHOPIAMHOIO Ta MIKPOOPraHi3MaMH, € BRKIMBHM 3aBIaHHAM
i OarateoxX Treoi3MUHMX Ta IMKEHEPHHX NporpaM. KOHIEMINs CyMill HaHOPIIMH Ta MIKpOOpraHi3MiB mpuBaOioe OaraThox
JOCTIHUKIB uepe3 1i 3AaTHICTh MOKPAIlyBaTH TEIUIOBI BIACTHBOCTI Ta, SIK HACIIJOK, IIBUAKOCTI TeII000MiHy. LIs BIacTuBicTh aKTHBHO
BHKOPHCTOBYETHCS SIK B €IIEKTPOHHMX CHCTEMAX OXOJIODKEHHsI, TaK i 6io¢i3ui. TakuM YHHOM, METOIO L[bOTO TOCIIPKCHHS € BUBUYCHHS
0i0TepMasIbHOI HECTIMKOCTI B MOPHUCTOMY CEPEIOBHIII, SKE HACHUCHE HAHOPIAMHOK Ha BOJHINA OCHOBI, IO MICTUTh TipOTAKTUYHI
MIKPOOPTaHi3MH, Y IPUCYTHOCTI BEPTUKAIEHOTO MarHiTHOTrO 11oj1s1. HasiBHICTh 30BHIIIHBOIO MarHiTHOTO MOJIS SIK Y TIPUPOIHUX, TaK i B
TEXHOJIOTIYHHMX CHTyalisX, CTUMYJIOBalla HAC Yy MPOBEACHHI IHOTO TEOPETHYHOrO [OCHIDKCHHS. 3 BUKOPUCTAHHSM MOJEIi
Hapci-bpiHkMaHa po3IISIHYTO JIHIHHMMA aHaI3 KOHBEKTUBHOI HECTIHKOCTI Uit 000X BUIBHHX MEX 3 ypaxyBaHHAM e(exTiB
OpoyHiBcbkoi mudysii Ta Tepmodopesy. s MpoBeneHHS BOTO aHAIITUYHOTO AOCTIKEHHS Oylo BHKOpHCTaHO Meron [amepkiHa.
BcraHoBieHo, 110 TEII000MiH 34iHCHIOETHCSI CTALIOHAPHOIO0 KOHBEKILIEK0 03 KONUBAIBHUX PYXIB. Y CTAliOHAPHUX PEKMMAX KOHBEKIIT
QHAITI3YIOThCSl HAHOPIIMHK OKcuaiB MeTaniB (4/203), metanesi nHanopiauau (Cu, Ag) Ta HaniBnposiauukosi HaHopinuuu (7i0s, SiO:).
36utsienns yrcen Yanapacekapa Ta Jlapci 3Ha4HO TOKpaIye CTaOlIbHICTh CUCTEMH, ajie 30UIBIICHHS OPUCTOCTI Ta MO iKOBAHOTO
OiokoHBekIiiHOro umcna Penes-Jlapci  IPHCKOPIOIOTH  MOYATOK — HecTifikocTi. JIist  BM3HAUGHHS IEPEXITHOIO  PEXUMY
TEIUIOMACOIIEPEHECEHHS 3aCTOCOBYEThCS HEMiHIMHA Teopis, 3aCHOBaHA Ha MpeAcTaBleHHI Metoxy psaiB Dyp'e. Ha mamix mpomikkax
yacy uncia Hyccenbra Ta IllepByna MaroTh KonuBanbHUi xapaktep. Yncia [IlepByna (MacooOMiH) y 4acoBOMY iHTEpBalli 1OCSATalOTh
CTaIllOHApHUX 3HA4YeHb MIBHALIE, HiX uucna Hyccempra (TemuiooOmin). Lle mocmimKeHHS MOXe IOMOMOTTH y BHBYCHHI KOHBEKIIl
MOPCBHKOi BOW B OKEaHI4Hii KOpi, a TAKOXK y CTBOPEHHI 010CEHCOPIB.

KarouoBi ciioBa: HaHopiguHa, OioTeruioBa KoHBekuisi, cuia JlopeHna, Tepmodopes, OpOYHIBCBKHIl pyX, TipOTaKTHYHHI
MiKpOOpraHi3M, MarHiTHe 1oie



48
EasT EUROPEAN JOURNAL OF PHYSICS. 4. 48-56 (2022)
DOI:10.26565/2312-4334-2022-4-03 ISSN 2312-4334

ANALYSIS OF a-2%Pb ELASTIC SCATTERING IN A WIDE ENERGY RANGE
BY THE S-MATRIX MODEL'

Yuri A. Berezhnoy*, ®Gennadiy M. Onyshchenko?, Volodymyr V. Pilipenko®*,

Pylyp E. Kuznietsov?®, ©Ivan I. Yakymenko?
AV.N. Karazin Kharkiv National University, Kharkiv 61022, Ukraine
bNational Science Center “Kharkiv Institute of Physics and Technology”, Kharkiv 61108, Ukraine
*Correspondence Author: vpilipenko@kipt.kharkov.ua; *E-mail: yuberezhnoy@karazin.ua
Received August 31, 2022; revised October 5, 2022; accepted October 21, 2022

The paper analyzes the elastic scattering of a-particles on heavy 2%Pb nuclei at energies 26-175 MeV/nucleon using the original six-parameter
S-matrix model, taking into account the strong absorption and pronounced effects of refraction of scattered waves. By fitting experimental data
from the literature, measured in a wide range of energies: 104, 139, 166, 172, 240, 288, 340, 386, 480, and 699 MeV, the diffraction and refractive
patterns of scattering have been investigated. The behavior of the found parameters of the model, as well as of the total reaction cross-section,
the angles of crossover of the near and far components of the scattering amplitude (Fraunhofer intersection), and the angles of the nuclear rainbow
have been studied and a comparison with the differential cross sections calculated according to the optical model is presented.

Keywords: Elastic Scattering; Scattering Matrix; “He+2*Pb; Nuclear Refraction; Nuclear Rainbow; Fraunhofer Crossover, Airy
Minimum, Total Cross-Section
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Investigation of hadron interaction with nuclei is an important source of information about the nuclear structure
and mechanisms of the nuclear interaction. Approaches based on different potentials (optical model) or scattering matrix
(S-matrix) are used for the theoretical description of appropriate experimental data.

In the intermediate energy region, it is possible to consider the nucleus (by analogy with optics) as a drop of liquid
which strongly absorbs incident particles. The most common approach is the optical model of nuclear scattering, which
uses the model complex potentials with an imaginary part describing the incident hadron absorption by nuclei. Such an
approach demands to solving the Schrodinger equation numerically to calculate different scattering characteristics and
analyze their physical properties.

An alternative approach is the analyzing of experimental data based on a model S-matrix specifically parametrized
in the angular momentum or impact parameter space. In this case, it is often possible to obtain analytical expressions for
the amplitudes and cross-sections of the analyzed processes, which makes it possible to study their dependence on different
parameters of the S-matrix, and to understand deeper their physical meaning. Moreover, a reasonable parameterization of
the S-matrix, containing a minimal number of parameters with a clear physical meaning, allows one to analyze experimental
data in relatively wide ranges of energies and scattering angles, where different physical phenomena (Fraunhofer and Fresnel
scattering, rainbow scattering etc.) are observed. In this case, certain difficulties of the optical model (uncertainty of the
choice of parameters of the potential, non-Hermiticity of the Hamiltonian) are present. Besides, this approach allows one to
understand certain features of the behavior of the differential cross-section of nuclear processes.

When 100-700 MeV alpha-particles are scattered on heavy nuclei, we obtain rapidly decreasing Fraunhofer
oscillations of the elastic scattering differential cross-section in the region of small scattering angles. Further, we obtain
a broad maximum, after which the cross-section decreases smoothly in the region of large scattering angles. Such a cross-
section behavior is typically interpreted as a rainbow scattering [1-3]. However, while the energy of incident alpha-
particles is increasing, the rainbow maximum becomes less pronounced, and the cross-section in the region of large angles
is rapidly decreasing because it is determined by the far-side part of scattering amplitude, corresponding to the scattering
from the far side of the target nucleus relative to the detector.

The rainbow scattering can be observed due to the little transparency of the target nucleus for the scattered light
nuclei. In the case of rainbow scattering, the light incident particle comes into the inner region of the nucleus.
Consequently, we obtain additional information about the inner nucleus structure by analyzing the differential cross-
section. The rainbow scattering effect (which plays an essential role in nuclear collisions at intermediate energies) is also
observed in the elastic scattering of *H, 3He, °Li, °Be, !'B, '?C etc. by light and intermediate nuclei [2].

To find out the behavior of differential cross-section, it is necessary to determine the dependence of the quantum
deflection function on the impact parameter or the angular momentum. If the deflection function has a deep minimum at
negative values, it is possible to observe the nuclear rainbow scattering. Due to a small transparency in the scattering of
some nuclei (°Be, '?C and others) one can observe only a faint hint of the rainbow scattering. This behavior of cross-
section is called a rainbow ghost [1].
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The picture of rainbow scattering in the region of intermediate energies (£ > 20 MeV — 30 MeV/nucleon) for light
and medium target nuclei and at somewhat higher energies for heavy nuclei is also determined by the combination
of absorbing and refracting properties of the nuclear matter of the target with respect to the incident hadron and
by the Coulomb interaction of colliding particles. Of particular interest is the cross-section behavior in the region
of crossover of the near and far components of the scattering amplitude (Fraunhofer crossover) in a wide interval
of energies for the elastic scattering of alpha particles on heavy nuclei.

This work analyzes and clarifies the regularities of elastic scattering of a-particles on heavy target nuclei (**Pb) at
energies up to 175 MeV/nucleon, inherent in the observed refraction phenomena. In this work, the diffraction
and refraction phenomena in the scattering of a-particles on the heavy 2°®Pb nucleus, as well as the interaction mechanisms
of a-particles with these heavy nuclei, are investigated in the wide energy range from 104 to 699 MeV using of an original
S-matrix model. The work is performed in the S-matrix approach, which was developed to describe the absorption and
refraction effects in the elastic scattering of light nuclei at intermediate energies. We have obtained the scattering matrix
parameters by fitting the experimental data on the elastic scattering of a-particles on the heavy 2°*Pb nucleus for this S-
matrix parameterization. We have determined the cross-section behavior in the region of crossover of the near and far
components of the scattering amplitude (Fraunhofer crossover) and the angles of the nuclear rainbow in the wide interval
of energies for the a—2"Pb elastic scattering.

To compare the fitting data quality, when using the above-mentioned model, we also present the results of analyzing
the elastic scattering a—2"Pb at energies from 104 to 699 MeV by an alternative six-parameter optical model [4].

Based on the phenomenological S-matrix, we accurately describe the cross-sections of the elastic scattering a-2Pb
for the broad energy range of 104-699 MeV. This calculation results show the existence of strong nuclear refraction
effects for the considered cases of elastic scattering, which can be interpreted as a “rainbow scattering”.

The analysis identifies the nuclear rainbow effect in the differential cross-sections of elastic scattering
208pp(*He, “He)*®®Pb for E(*He)= 104 [5], 139 [6], 166 [7], 172 [8], 240 [9], 288, 340 [10], 386 [11], 480,
and 699 [10] MeV. The results show that the S-matrix parameters for the investigated cross-sections are sensitive to the
interaction in the inner area of these heavy nuclei.

Besides investigating the nuclear rainbow for the elastic a—?%Pb scattering, we analyze the behavior
of the Fraunhofer crossover angle and the nuclear rainbow angle depending on the energy value and the change
in the shape of the quantum deflection function. It has been established that the Fraunhofer crossover angle 6.
and the nuclear rainbow angle 6: depend on the energy according to the exponential law as 6 ~ exp(—aE) .

We also analyze the behavior of the nuclear refraction parameter d; depending on the energy, which decreases
exponentially, and nuclear transparency coefficient €, which increases approximately linearly while the energy increases.

We investigate the behavior of critical radii Loi/k and diffuseness parameters Aon/k of the strong absorption
and nuclear refraction regions, which have an approximately linear dependence on the energy.

Therefore, the results indicate smooth, physically substantiated changes in the values of the parameters
with a change in energy, which have a clear semiclassical interpretation.

1. S-MATRIX PARAMETERIZATION
In this work we use the following expression for the elastic scattering amplitude in terms of the S-matrix elements:

f(0>=21—.k§(21+1)[s,—I]P,<cos9), (1)
12,9

where @ is the scattering angle; /is the angular moment; £ is the wave vector of the incident particle; S , are the diagonal
matrix element of the scattering operator in the representation of angular momentum, B (cos @) are the Legendre polynomials.

In doing so, we use the following original parametrization of the S-matrix as a function of the moment [1]:

S(L)=exp{-265,(L)+2i[5, (L)+ 0. (L)} =n(L)exp{2i[5, (L) + o (L)}, )
n(L)=exp[-26,(L)], 5,(L) =36, g(L,L,.A,), 3)
25r(L):51 gz(L’LI’Al)’ Q)

sh(L,/4A,)

g(L’L""A"):ch(Lj/Aj)Jrch(L/Aj)’ /=0 ®
where L=1/+1/2 is an angular moment; 77(L) is the modulus of the scattering matrix; 0, (L) is the nuclear imaginary
phase shift due to the absorption; J,(L) and o.(L) are the nuclear (refractive) and Coulomb phase shifts; 26, =—In¢g
is the intensity of the nuclear absorption, £ << 1 being a parameter which defines the nuclear matter transparency for low
moments; &, is the parameter which characterizes the magnitude of nuclear refraction of the scattered waves; L; and A,



50
EEJP. 4 (2022) Yuri A. Berezhnoy, Gennadiy M. Onyshchenko, et al

are the parameters which define the linear dimensions and diffuseness of the strong absorption (j =0) and nuclear
reflection ( j =1) regions.

The scattering phase J,, in the quasi-classical approximation equals to:

1/2
7 Uur)y L zL
501(L):krf {(1— - —k2r2j —1]dr+7—krmin, (6)

where 7, . is the classical distance of the closest approaching of the particle and nucleus, namely this quantity is defined

from the equality to zero of the expression under the root in formula (6).
The potential energy of Coulomb interaction of the incident particle with the nucleus is chosen in the form of that

for a uniformly charged sphere with the radius R :

Z,7,¢"
21sz [3RC2 —r2] , r<R.,
Ue(Reur)=9 7€ @)
ZZ,e
ST 0 r>R,,
.

Performing the integration in the expression (6) for the phase of scattering of a point-like charge on the potential of
the uniformly charged sphere with the radius R (7) gives the quasi-classical expression for the Coulomb phase o (L)

2
(aRé—me/LzC—Lz)

p2+L2

in the following explicit form [1]:

-n+

L JETE Lo

O¢ L)=

r R?
+n ln(kRC —n+4L,. —L2)+L l.':1rctg&+
2 L. - I 6))

nyL, - - —nk R, Vid
+arctg | L +— |, L<L.,
D\I2 -1 +nl* +n’kR, | 4

n n
—1In(I* +n*)+ L arctg——n, L>L.,
2 ( ) 87 ¢

where L. = (szé —anRC)”2 s k=N2mE/h; a = (nk/RZ)”2 ; p =(3nk/R, -k*)/(2a); n= ,uZlZze2 /(W°k) isthe
Sommerfeld parameter; Z, and Z, are charge numbers of the incident particle and target nucleus; = (mm,)/ (m, +m,) is

the reduced mass; for the scattering of a-particles one can take R. = 1.3/4 fm, where 4 is the mass number of the target

nucleus.
In the quasi-classical approximation, for particles approaching close to the nucleus boundary (grazing collisions), a
boundary moment of strong absorption L  is introduced. For the S-matrix model it is defined from the relation

|S(L S)| =n(L.)=(+¢)/2, where modulus 77(L) is defined from equation (3). Taking into account the deflection
of incident particles in the Coulomb field, the quasi-classical boundary moment L, is connected with the radius of strong

absorption R, by the relation:
2 1 1/2
L=kR|1-—h— | ©9)
kR, (2kR))

The radius R, of the strong absorption region can be found from equality (9):

1 1 1/2
RS :;{n+(Lf+n2 —Zj :| (10)

The formula (8) gives a good approximation if the condition n/(L’ +n’)<<1 is satisfied (see [12]). In our
calculations, in the L = L. region we use the exact expression for the Coulomb phase, which yields values very close to

the corresponding values for o.(L) from the quasi-classical expression (8).
The differential cross-section of elastic scattering is calculated as:
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_do o
o©)= 2=/ Of (an

The quantum deflection function @(L) is related to the scattering phase 0(L) =06, (L)+ o (L) by the formula:
d
O(L)y=2—05(L). 12
(L) i (L) (12)

The nuclear rainbow angle 6. is defined as the depth of a minimum of the quantum deflection function (12).
The nuclear rainbow effect is clearly observed only if the angle 6. is substantially less than 180°. This condition is true if

the energy of incident particle is not close to a specific critical energy E_. (see [13]). For energies less than energy E,, , the

rainbow structures in the cross-section are mainly observed for a-particle scattering on light and medium nuclei.
The search for the model parameters was carried out by obtaining the best agreement between the calculated elastic

scattering cross section and the experimental data by minimizing the standard quantity . Experimental errors were

normally taken to be 10% for all the data under consideration.

The formation of complex structures observed in the studied elastic scattering cross sections (for example,
the Fraunhofer crossover) is analyzed using the decomposition of these cross-sections into near- and far-side components
(see [1,14,15,16])).

2. RAINBOW EFFECTS IN THE ELASTIC SCATTERING OF A-PARTICLES ON 2%Pb NUCLEI
IN THE ENERGY RANGE E=104 MeV-669 MeV

We present the results of the analysis of the available data on the elastic scattering of light ions “He on the 2%Pb
nucleus in the energy range E, = 104-699 MeV, which is aimed at studying manifestations of the nuclear rainbow effect
in this wide range of a-particle energies and determining the possibility of describing the differential cross-sections for
“He scattering by heavy nuclei at intermediate energies using the S-matrix model, being an alternative to the optical model.
We apply the 6-parameter model representation of the S-matrix [1], which was recently used for analyzing the “He
scattering on light nuclei (‘2C [2]) and ?*Mg [3]) and turned out to be successful in describing the nuclear rainbow picture
of the “He scattering on these light nuclei at energies from 50 to 386 MeV. The S-matrix parameters for the investigated
scattering cases have been obtained from analyzing the available experimental data (10 data sets) of the *He+2%Pb elastic
scattering for energies 104 [5], 139 [6], 166 [7], 172 [8], 240 [9], 288, 340 [10], 386 [11], 480 and 699 [10] MeV.

The differential cross-sections of the a—?"Pb elastic scattering in the energy region E, =104 MeV-669 MeV,
calculated for the mentioned ten values of energy based on the S-matrix parametrization in the form (2) — (5), are given
in Figs. 1-10. When calculating the scattering amplitude, the sum in formula (1) was taken for a wide range of / values to
ensure sufficient accuracy of the calculated cross-sections. The S-matrix parameters were found by fitting to the
corresponding experimental data [5—11], and further, their dependence on the energy was analyzed (Table). For
comparison in Fig. 1-6, 8-10, we also present the differential cross-sections calculated basing on the 6-parameter optical
model. In Table 1 the values of »*/ N e are also given for them.

The considered cross-sections are characterized by pronounced refraction scattering pictures (see Figs. 1-10). In
general, for the scattering of “He on this heavy nucleus a manifestation of the nuclear rainbow scattering is observed for all
considered energies, according to the behavior of the deflection function. The deflection function ®(L) has a shape which
is characteristic of the nuclear rainbow, and it is symmetrical with respect to its minimum in the region of negative values.

With the energy increase, we note a gradual decrease of the magnitude of nuclear refraction intensity J, and increase

of the nuclear transparency & (see Table, and Figs. 13,14 below).

Table. Energy evolution of the S-matrix parameters, the total reaction cross-section o, , the nuclear rainbow angle 6., the Fraunhofer

crossover angle @, , and the 7’ /N values for the calculated elastic scattering cross-sections.

o B I T e T Il AV It I [ AT B B vl B j;; zg
104 4.407 | 33.653 | 7.636 | 30.069 | 6.823 | 3.105 | 0.705 | 4.671 | 1.060 | 0.0022 | 32.871 | 28.484 4.3 9.7 | 30123 [ 972 | 480
139 5.105 | 39.070 | 7.653 | 34.731 | 6.803 | 3.534 | 0.692 | 6.150 | 1.205 | 0.0025 | 35.400 | 34.712 6.0 - 2988.6 | 81.0 | 29.0
166 5.588 | 43.934 | 7.862 | 37.594 | 6.728 | 2.998 | 0.537 | 7.992 | 1.430 | 0.0217 | 28.906 | 38.869 7.1 16,1 | 26659 | 47.2 | 185
172 5.691 | 47.219 | 8.297 | 40.270 | 7.076 | 3.267 | 0.574 | 6.776 | 1.191 | 0.0280 | 23.220 | 39.737 0.9 - 2953.6 | 45.1 | 26.5
240 6.749 | 51.750 | 7.668 | 48.849 | 7.238 | 5.572 | 0.826 | 7.073 | 1.048 | 0.0114 | 18.205 | 48.572 6.3 - 3088.5 [ 346 | 175

288 7.415 | 52.698 | 7.107 | 52.409 | 7.068 | 5.266 | 0.710 | 10.810 | 1.458 | 0.0018 | 20.801 | 54.014 4.9 4.9 2720.0 | 25.2 9.9
340 8.082 | 65.088 | 8.053 | 58.851 | 7.282 | 6.743 | 0.834 | 10.777 | 1.333 | 0.0510 | 16.250 | 59.408 4.9 5.8 3090.8 | 19.4 10.0
386 8.634 | 58.850 | 6.816 | 66.228 | 7.671 | 9.359 | 1.084 | 10.850 | 1.257 | 0.0088 | 10.158 | 63.848 4.3 - 3058.9 | 10.5 9.1
480 9.682 | 67.032 | 6.923 | 72.599 | 7.498 | 8.415 | 0.869 | 16.146 | 1.668 | 0.0240 | 10.902 | 72.198 9.9 8.6 2611.7 | 7.1 5.7
699 11.83 | 94398 | 7.979 | 91.522 | 7.736 | 8.103 | 0.685 | 12.419 | 1.050 | 0.1508 | 4.222 | 89.167 2.0 6.2 2569.1 | 2.8
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For the energy E,= 139 MeV the nuclear rainbow effect is pronounced, and the differential cross-section in Fig. 2
has a noticeable “hump”. At the energy E, = 166 MeV, we observe two clear Airy minima (see Fig. 3).

Q+208Pb, Ea=104 MeV 0(+2°8Pb, Eu=139 MeV
c/o SN
0,,=29°

1,0E+00 1,0E+00
1,0E-01

1,0E-02
1,0E-02
1,0E-03 1,0E-04
1,0E-04

1,0E-06
1,0E-05

1,0E-08 :
1,0E-06 .
1,0E-07 1,0E-10 :

o 20 40 60 80 e° 0 20 40 60 80 100 ©°

Figure 1. Differential cross-section (ratio to the Rutherford one)  Figure 2. The same as in Fig. 1 but for E, = 139.0 MeV (solid
calculated with the S-matrix parametrization (2) — (5) and (8) for  line), its far- (dot-dashed line) and near-side (dashed line)
the elastic scattering a-+2°8Pb at £, = 104.0 MeV (solid line), its  components, the dotted line is for the optical model. The
far- (dot-dashed line) and near-side (dashed line) components, experimental data are from [6].

the dotted line is for the optical model. The experimental data are

from [5]. Arrows show the rainbow and crossover angles.

a+208pb, E,=166 MeV C(+2°8Pb, Ea=172 MeV
C./0g g e/UR
1,0E+00
1,0E400
1,0E-01
1,0E-01
1,0E-02
1,0E-02
1,0E-03
1,0€-03
1,0E-04
1,0€-04
1,0E-05
1,0€-05
1,08-08 . 0 5 10 15 20 25 30 35 40 45 @°
o 10 20 30 40 50 (5]

Figure 3. The same as in Fig. 1 but for £, =166.0 MeV (solid Figure 4. The same as in Fig. 1 but for £, = 172.0 MeV (solid
line), its far- (dot-dashed line) and near (dashed line) line), its far- (dot-dashed line) and near-side (dashed line)
components, the dotted line is for the optical model. The components, the dotted line is for the optical model. The

experimental data are from [7]. experimental data are from [8].
0+298pb, E,=240 MeV a+202pb, E,=288 MeV
G./0gr

o./0g

1,0E401 6,=17.5 1,0E+00

1,0E+00 1,08-01

1,0E-01 1,0E-02

1,0E-02 1,0E-03

1,0E-03 1,0E-04 .

~ \\
1,0E-04 P 1,0E-05 N
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Figure 5. The same as in Fig. 1 but for £, =240.0 MeV (solid Figure 6. The same as in Fig. 1 but for £, = 288.0 MeV (solid
line), its far- (dot-dashed line) and near-side (dashed line) line), its far- (dot-dashed line) and near-side (dashed line)
components, the dotted line is for the optical model. The components, the dotted line is for the optical model. The
experimental data are from [9]. experimental data are from [10].
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a+28Pb, E,=340 MeV

0./
1,0E+00
1,0E-01
1,0E-02
1,0E-03
1,0E-04

1,0E-05

1,0E-06
o] 10 20 30 0°

Figure 7. The same as in Fig. 1 but for £, =340.0 MeV (solid
line), its far- (dot-dashed line) and near-side (dashed line)
components. The experimental data are from [10].

a+208pp, E,=480 MeV
o./og

1,0E+00
1,0E-01
1,0E-02
1,0E-03
1,0E-04

1,0E-05

1,0E-06
0 10 20 30 e°

Figure 9. The same as in Fig. 1 but for £, =480. 0 MeV (solid
line), its far- (dot-dashed line) and near-side (dashed line)
components, the dotted line is for the optical model. The
experimental data are from [10].
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Figure 11. Quantum deflection function ®(L) (degrees) as a
function of angular momentum L for different energies.

a+208pPb, E =386 MeV
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Figure 8. The same as in Fig. 1 but for £, = 386.0 MeV (solid
line), its far- (dot-dashed line) and near-side (dashed line)
components, the dotted line is for the optical model. The
experimental data are from [11].
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Figure 10. The same as in Fig. 1 but for £,=699.0 MeV
(solid line), its far- (dot-dashed line) and near-side (dashed
line) components, the dotted line is for the optical model. The
experimental data are from [10].
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Figure 12. Dependence of the scattering matrix modulus
n(L) on the angular momentum L for different energies

Figures 1-10 show that the parameterization of the scattering matrix proposed by us makes it possible to correctly
describe the complex behavior of the investigated differential cross-sections of elastic scattering of a-particles by heavy 2°°Pb
nuclei in wide ranges of energies and scattering angles. The experimentally measured cross-sections contain several periods
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of Fraunhofer oscillations in the region of small scattering angles, then the amplitude of the oscillations decreases and we
observe a broad maximum, which is identified as the presence of rainbow scattering (nuclear rainbow).

Let us consider the behavior of the S-matrix as a function of the angular momentum L at different energies.
Figures 11-12 demonstrate the behavior of the quantum deflection functions @(L) and the modulus 7(L) as functions of

the angular momentum L for all considered cases of scattering for the a+2°Pb system. Figure 11 shows that the quantum
deflection function ©(L) has a deep minimum, which is typical for the nuclear rainbow. While the energy increases, the

depth of the minimum of the deflection function @(L) (the rainbow angle) decreases substantially. Therefore, as can be
seen from Figure 11 and Table, with the energy increase the nuclear rainbow angle 6. decreases.

Figure 12 shows that the function 7(L) has the form of a “diffuse step”, which changes rapidly at L= L, i.e. it
demonstrates the effect of strong absorption a-particles by the lead nucleus at L <L, .

The parameter J,, which characterizes the magnitude of the nuclear scattering phase, decreases with increasing
energy (see Fig. 13) according to the law: &, ~ exp(—ak, ), where a =0.03 MeV"".

The behavior of the nuclear matter transparency coefficient & for the heavy 2%Pb nucleus with the energy increase
is nearly linear (see Fig. 14), the variations are less than 5%, except for the last energy E, = 699 MeV, where its increase
up to 15% is observed.

5, €
50 06
40 d
: 0,4
0® :
30 0 05
20 OOO (0] ’ (o) O ,...........---u-p
©.oo0e@eriy - Cy G
10 O Qi 0.0 p-e oo ©
0 ? 02
0 100 200 300 400 500 600 700 E, MeV 0 100 200 300 400 500 600 700 E, MeV

Figure 13. Parameter &, characterizing the magnitude Figure 14. Nuclear matter transparency coefficient & calculated basing on the
S-matrix parametrization (2) — (5) and (8) for the a+2%Pb elastic scattering as

of the nuclear part of scattering phase (refraction .
a function of energy

coefficient), found on the basis of the S-matrix in the
form (2) — (5) and (8) for the a+>%8Pb elastic scattering,
as a function of energy.

Nuclear rainbow angle 6, decreases with the energy increase (Fig. 15) and it may be approximated by the expression:
0, ~exp(-ak, ), where a =1.8 MeV™. This is different from the dependence &, ~ 1/ E proposed in [17].
The Fraunhofer crossover angle 6, decreases with the increasing energy (Fig. 16) and it may be approximated by

the expression: 6, ~ exp(—akE, ), where a =13 MeV™".
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Figure 15. Nuclear rainbow angles 6., calculated basing on the ~ Figure 16. Fraunhofer crossover angles 8, , calculated basing

S-matrix parametrization (2) — (5) and (8) for the a+**®Pb elastic ~on the S-matrix parametrization (2)—(5) and (8) for the
scattering as a function of energy. a+?98Pb elastic scattering, as a function of energy.

The values of boundary radii L,/k, L /k (fm) (Fig. 17) and diffuseness d, =A,/k, d, =A,/k (fm) (Fig. 18)

change slowly with increasing energy approximately according to a linear law.
Figure 19 shows that the total reaction cross-sections, calculated by the S-matrix model in the energy range
104-700 MeV practically do not change within a 10% error.
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Figure 17. Dependence of the boundary radii L,/ k (a)and L, / k (b) (fm) on the energy.
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Figure 18. Dependence of the diffuseness parameters A, / k (a)and A,/ k (b) (fm) on the energy
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Figure 19. Total reaction cross-section O, (mb), calculated basing on the S-matrix parametrization (2)-(5) and (8) for the a+2%Pb

elastic scattering, as a function of energy. The dashed line is drawn horizontally within 10% errors of the experimental data errors

CONCLUSION

The study of differential cross-sections of the elastic scattering of a-particles by heavy 2®Pb nuclei in the region of
intermediate energies is a source of important information about mechanisms of nuclear interaction, as well as about the
absorbing and refractive properties of the nuclear matter.

The completed analysis shows that the proposed six-parameter model of the scattering matrix successfully describes
the differential cross-sections of the elastic scattering of a-particles by heavy 2°°Pb nuclei in wide ranges of scattering
angles (~5-90°) and energies (104-699 MeV) and explains the features of the nuclear rainbow effect in the elastic
scattering without numerically solving the Schrodinger equation.

The obtained results of a correct systematic description of the a—>Pb elastic scattering cross-sections for the
in a wide energy range 104—699 MeV based on the phenomenological model representation of the scattering matrix
indicate the presence of strong nuclear refraction in the considered scattering cases and lead to the “nuclear rainbow”
interpretation of the analyzed data.

The nuclear rainbow effect has been identified in the differential cross-sections of elastic scattering of a-particles
on the 28Pb target nucleus for the energies E, = 104, 139, 166, 172, 240, 288, 340, 386, 480, and 699 MeV, that is in the
range of energies 26—175 MeV/nucleon. We have obtained the parameters of the scattering matrix by fitting the
experimental data on the a—2%Pb elastic scattering on the basis of this original S-matrix approach and have studied the
energy systematics of the nuclear rainbow angle and the angle of Fraunhofer crossover of near- and far-side components
of the investigated angular distributions of cross-sections. The behavior of the shapes of the quantum deflection function

and the modulus of the S-matrix depending on the energy has also been analyzed. The Fraunhofer crossover angle 6, and

the nuclear rainbow angle €., depending on the energy, behave as exp(-aFE).

We have determined the tendencies of changing the absorbing (&) and refractive (d:) properties of the nuclear matter
with the energy change It has been established that the deflection function remains approximately symmetrical with
respect to its minimum in the region of negative values with increasing energy.

The total reaction cross-sections o, , calculated on the basis of the parametrized S-matrix in the energy range 100700
MeV, taking into account the experimental error of 10%, remain practically unchanged within these data errors.

We can note that with the energy increase the intensity of nuclear refraction d; decreases approximately as
exp(—aE, ), and the nuclear transparency ¢ increases linearly. The boundary radii Z,, /k and diffuseness parameters
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A,/ k for the strong absorption and nuclear refraction regions have a linear energy dependence. This indicates smooth,

physically substantiated changes in the values of the parameters with a change in en7777ergy, which have a clear
semiclassical interpretation.

A comparative analysis of the fit quality in the S-matrix and optical-model approaches shows a high quality of the
fitting performed with the proposed six-parameter S-matrix model.

The results of the analysis show that the applied S-matrix approach may be used for further analyzing a wide variety
of refraction phenomena, which are observed in the light-ion elastic scattering processes with heavy target nuclei, and for
obtaining information about the interaction between nuclei and the nuclear structure from this analysis, as well as for
determining the concrete ratio between the intensities of nuclear absorption, nuclear refraction and Coulomb interaction
for investigated nuclear processes.

The investigation results allow the selection of unique nuclear systems and conditions to measure cross-sections of
such nuclear processes, which may be sensitive to the studied effect.
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AHAJII3 [IPYKHOTI O ¢-2%Pb PO3CISIHHSL B IIIMPOKOMY IHTEPBAJII EHEPI I 3A S-SMATPUYHOIO MO/IEJLIIO
10. A. Bepexnoii?, I'. M. Onnmenko?, B. B. IInsmmnenko®, I1. E. Kysnenos?, L. I. SIkumenxo?
Xapxiecvruil HayionanvHutl ynieepcumem imeni B.H. Kapaszina, 61022, Xapkis, Ykpaiua,
Hayionanvruti nayxosutl yenmp «Xapkiscokuil pisuxo-mexniunutl incmumymy, 61108, Xapxis, Ykpaina

V po6oTi JOCIHKEHO NPY’kHE PO3CIAHHS 0-4aCTHMHOK Ha Baxkkux sapax 2’8Pb npu eneprisix 26-175 MeB/HyKIIOH 3 BUKOPHUCTAHHAM
OpUIiHANBHOI IIECTH-NIAPAMETPUYHOI S-MaTPUYHOI MOJENi, 110 BPaXOBYE CHIIbHE NOIJIMHAHHS i BUpaXKeHI eeKTH 3alOoMIICHHS
PO3CISIHUX XBHJIb. 32 IOTIOMOTr0I0 (iTiHI'y eKCIIEPUMEHTAIBHUX JaHUX 3 JIITepaTypu, BUMIPSHHUX B LIMPOKOMY Aiarna3oHi eHepriit: 104,
139, 166, 172, 240, 288, 340, 386, 480 1 699 MeB nocnimkeHi AudpakLiiiHi Ta 3aJOMIIOBAIBHI KapTHHU poscisHHA. [IpencraBieHo
MMOBEIIHKY 3HAWICHUX MapaMeTpiB MOJIETI, a TAKOXK MOBHOTO Tepepi3y peakiii, KyTH NepeTuHy OJMMKHBOI Ta JAalNbHBOI CKIaIOBUX
aMILTITYAU po3ciloBaHHS ((payHrodepiB NMepeTuH), KyTH SAEPHOI paiiyrd, a TaKOoK HaBEICHO MOPIBHSAHHS 3 AU(EpeHIiaIbHIMH
niepepizaMu, po3paxoBaHUMH 32 ONTUYHOIO MOJIEILIIO.

KiwuoBi ciioBa: mpyxHe po3CitoBaHHS;, MaTpuis poscitoBanHs; 4het208pb; simepHa pedpakiiis; saepHa Becelka; KpPOCOBEp
®paynrodepa, minimym Eiipi, 3aranpHuii monepeuHuii nepepis
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In the present research, some static and dynamic nuclear properties of the closed-shell nuclei;*®Ni, *Zr, '%Sn, and '**Sm have been
studied using the Random Phase Approximation (RPA) with different Skyrme parameterizations, particularly SyO-, Sk255, SyO+,
SLy4, BSk17, and SLy5. In particular, in studies of static properties such as single-particle radial nuclear densities for neutrons, protons,
mass, and charge densities with their corresponding root mean square (rms) radii, All the obtained results agreed well with the relevant
experimental data. Concerning the dynamic nuclear properties such as, the excitation energy, transition density, and giant resonance
modes for the excitation to the low-lying negative partite excited states 1, 37, 57, and 7 have also been studied. The obtained results
that estimates of RPA with Skyrme-type interactions are a good way to describe the properties of the structure of even-even, closed-
shell nuclei.

Keywords. Skyrme Forces, Hartree-Fock (HF), Random Phase Approximation (RPA), Higher Modes Excited State, Skyrme Energy
Density.
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INTRODUCTION

The structure of the atomic nucleus is dictated by the interactions of its constituents. Understanding the behavior of multi-
degree-of-freedom systems in terms of the fundamental interactions between their constituent components is one of the most
difficult challenges in theoretical physics. The theoretical models need to be greatly simplified to find a solution to the problem
of many-body in non-relativistic quantum mechanics, which governs self-bound composite systems [1]. When it comes to
explaining the structure and dynamical features of nuclei, this is precisely the case [2-4]. A nuclear multi-body issue, which
occurs in many disciplines of physics, is notoriously difficult to answer precisely. There are a number of approximate techniques
for dealing with such systems. The independent particle approximation is used in the Simple Shell Model (SM), which ignores
all correlation effects. The nuclear SM is one of the most important tools for understanding the structure of atomic nuclei and
their radioactive decay stability. It is, like the atomic SM, is a microscopic approach that calculates the interaction of individual
nucleons with a mean-field potential created by each of the system's constituent nucleons [5]. The nuclear shell model is based
on the premise that each nucleon (proton or neutron) travels in the average field independently to the first order. RPA based on
Hartree-Fock (HF) has been particularly successful in describing collective motion phenomena in nuclei at the microscopic
level [6]. The HF and RPA nuclear structure approaches are widely regarded as highly successful in designing the ground states
and excitations of spherical nuclei with effective interactions that are density-dependent [7]. The categorization of excitation
modes is contingent upon the process by which a nucleus is excited [8].

In the present, the static and dynamic nuclear properties of some closed-shell nuclei, such as **Ni, *Zr, 1'°Sn, and “Sm
nuclei, were investigated using a basis on Skyrme-type interactions and the self-consistent HF- RPA, SyO+, SyO-, Sk255,
SLy4, BSk17, and SLy5. In particular, the charge, neutron, proton, and mass densities associated with root mean square
radii (rms) In addition, excitation energy, transition densities, and strength functions for the transition to negative parity states
are also included. The estimated result will be compared with the available experimental data. In these nuclei, giant resonance
(GR) modes and transition densities were also detected, indicating that the nucleus is moving collectively.

THEORETICAL CONSIDERATION
Hartree-Fock Method

The "self-consistent field" approach was invented by Hartree, which he developed shortly after the formulation of
the Schrdodinger equations, to approximate the calculation of the wave functions and energy of atoms using the wave
function of a single particle, which may be thought of as a combination of many-body wave functions [9]. Using
variational principles, the HF equations can be obtained [10]. The variational principle is a method for calculating the
wave functions and bound-state energies of a time-independent Hamiltonian [11]. Calculations for closed-shell nuclei
were performed using the density-dependent nucleon-nucleon interaction of Skyrme [12]. Which of the following is
regarded as a Slater determinant for the single-particle state:

(pﬁ(xl,xz...,xA)Zﬁ det|¢ﬁ(xj)| 0

where is the set of space 7, o spin, and g isospin coordinate, A is the number of sets.
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The integral of the Hamiltonian density H can be used to expectation the Slater determinant total Hamiltonian's (H)
expectation value:

(olfilo)=[ 1) a7 @)

Regarding the HF wave function, the predicted value of the whole Hamiltonian is used to estimate the ground-state
energy in the HF approach [11].

EQIF :<®HF‘I§‘®HF> :_% glf ¢*i(}7 )V2¢i(7 yr
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The HF equations are simplified [11].

%Vzdx(f)w}? (7)o, (7)-] U0 (77 Yo (7 ) =20,(7) 4)

With the addition of a non-local term, it resembles the ordinary one-body Schrdodinger equation. The ground state
Slater determinant, also known as the solution of the wave function matrix of a single particle, may be used to derive a
sequence of one-body densities.

Skyrme-Type Interaction
The Skyrme interaction was developed for nuclear structure computations based on the idea that the energy
functional could be rescaled and written as a zero-range expansion. As a result, the HF equations may be inferred easily
by exchanging terms with the same mathematical structure as direct terms. Since Brink and Vautherin’s pioneering
work [13]. The Skyrme interaction is defined as the sum of two and three body components [14]. It is possible to express
the interaction between two nucleons with riand r2 spatial coordinates in the standard form [15]:

V(i £)=t,(1+x,P,)d, +%1(1 +x,B, )8,k +6,K7 |+
t2(1+ x,P, )K'6,k +%(1+ x3136)p“ (“7’3 ]512 + %)
iW, (6, +6,){k'x 6,k ]

where, 6,,=36(7, —7,) is the interaction Dirac delta function [16], o are the Pauli spin matrices and 13(; =1+ 0,. 0,)2is

the spin exchange operator, while k ’ and k are the operators for relative momentum. k' acting on the right and k' acting
~ 1 - = -~ 1 - -
on the left. They are defined as follows: k& = —?(Vl— V,) and k= ?(Vl— V,).
i i

The free parameters ti, to, t3, t2, Xo, X1, X2, X3, and Wy, to produce the experimental data obtained from a limited
number of nuclei, including binding energies as well as rms radii, are combined with the theory of nuclear matter
properties.

Skyrme Energy Density
The Skyrme energy density functional, which is a function of various densities, can be calculated using the
conventional Skyrme force [15]. The integral of the Hamiltonian density H can be used to calculate the probability value
for the total Hamiltonian (H) of the Slater determinant:

E[p]=(|T + Vgyme W)zjd3r E(r). (6)

The Hamiltonian operator can be expressed as a sum of terms representing various aspects of the force [15]:

H=H, +H,+H+H +H,+H, +H,, (7



59
Study of the Nuclear Structure for Some Nuclei Using Self-Consistent RPA Calculations... EEJP. 4 (2022)

Skyrme-Hartree-Fock Equations
It's difficult to represent the system's energy as a function of the standard density matrix using the Skyrme interaction
because of the dependence on J. In this situation, the energy must be adjusted with single-particle wave functions, with
the additional stipulation that the ¢ is normalized [17].

5{15 - Zgijd3r|¢i(r)|2} =0, ®)
_[d3 { 52' (" +U, (r )5pq(r)+wq(r).§Jq(r)}, )
where the coefficients of the variation are,
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assuming a spherical closed-shell nucleus. As a result, the SHF radial equations can be deduced [18] which give can be

deduced.
K l(l + 1) d K '
—2m*q(r)[ L)+ ()} [ ()J ()

’ (13)
+ U(r)+ i{ h2 ] (](]+1) l(l+1)——J () u,(ry=¢c,u,(r)
r dr ()

The Random Phase Approximation
RPA is commonly regarded as a suitable method for studying nuclear structure since it provides an effective
formalism for describing numerous giant resonances or excitations caused by low-lying particle holes, which are examples
of nuclear excitations [19]. This theory can be used to describe the properties of low-energy excited states [20].
The straightforward HF Slater-determinant of the Schrodinger equation for this situation is [21].

H4|v>:Ev v), (14)

The so-called creation operators Q] can be employed to express the eigenvectors | v) .
—_NT
v=a

where |O> , the ground state, is also known as the vacuum.

0), (15)

In the RPA, we can generate and annihilate p-/ pairs; the real ground state is not merely the HF vacuum [21].
0" (IM) =3 X, 4, (JM) =Y, A, (IM) - (16)
Hermitian conjugation yields the following annihilation operator:
0, = zi X, 4, (M) =Y, A, (M) | (17)

The state's excitation energy|v> and the correlation matrix #w, = E, — E, are combined into one matrix equation [21].



60
EEJP. 4 (2022) Noor M. Kareem, Ali A. Alzubadi

[_2* _]}J (i) = (52)- (18)

If the size of the p-k configuration space is N, the matrices elements. The sub matrices Band A4 are formed from the
particle-hole configurations, where matrix 4 is Hermitian and the correlation matrix B is symmetric [22].
With the use of a multipole, transition density characterizes the connection between each excited state and the ground
state. A transition is a generated amplitude for the operator. It is possible to compute its transition density's radial
component. It has the definition below [23]:

9, (F)=(v

P0) =30, (Vv () (19)

Below is the description of the density of state radial transition [23].

__ O NAGIIG,
P, = 2T +1 ;[X +Y J<m||YJ||l> 2 > (20)

Excitation characteristics such as volume or surface type can be revealed through transition densities. The transition
density for neutrons and protons is given as it can be either an isoscalar (IS) (T = 0) or an isovector (IV) (T = 1) [23]:

50, (r)=8p,,(r)+ p, ,(r); AT =0, 21

p," (r)=8p,,(r) =3, (r); AT =1. (22)

In general, spherical harmonics related sum rule features can be enlarged in IS and IV external fields (F). It is
possible to compute it using [23]. It can be calculated from:

B =3, () (F)(E), (23)

B =3, ()Y, (F). (24)

The IS and IV giant resonances' strength function distributions S(E) have been discovered to be extremely sensitive
to nuclear matter’s physical characteristics. The strength function of low-lying energy could be calculated by using the
following:

S(E) = Z]<v||ﬁj||o>‘2 S(E-E.). (25)

When the sum rule characteristics of generic IS and IV external fields are connected [23]. We can calculate the
energy moments by integral the strength function, S(E).

m, = f E*S(E)E . (26)

E

where E1 and E2 are the excitation energy limits. The energy moments can be calculated using the formula integrating
the strength function S(E). These densities can be used for calculating the rms radius of neutrons, protons, charge, and

mass distributions [13], [24]:
1
1 2 dr |2
=) { et } : @7)
P, (r)dr
The proton radius is used to determine the charge radius [22].
2
(r,)= <rp2>+<r>p , (28)

where the proton's rms charge radius is 0.8 fm. The neutron skin thickness t is calculated using the difference in rms radii
between the proton and the neutron. This difference provides information on the structure of nuclei [13].

Ar,, =<r2 >H% —<r2>p; . (29)

RESULTS AND DISCUSSION
The Nuclear Ground State Properties
The ground state nuclear properties of an HF, such as the charge density distribution rms, and the binding energies
per nucleon and neutron skin thickness, were calculated and compared using several Skyrme parameterizations: Sk255,
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BSk17, SyO+, SyO-, SLy4 and SLy5. These parameterizationsare described in tabulated 1. Tables (2—5) show the
calculated static nucleon properties for the closed-shell nuclei chosen using these parameterizations in conjunction with
experimental data from Refs. [25,26]. In the microscopic model, the radius values have risen from 3.7 fm (for **Ni) to
4.9 fm (for '**Sm). And the binding energies per nucleon are in the range(8.68.26) MeV. This means that the binding
energy per particle is nearly 8 MeV. From the tabulated results, it is clear that charge rms radius values in BSk17
parameterization are the closest to experimental data for *®Ni and ''%Sn’ followed by the results of SyO-+ for *°Zr and SLy5
for 4Sm.

The nuclear charge densities provide a description of a nucleus' interior structure. Fig. 1 depicts the estimated HF
radial charge density distribution for a single particle for Ni, *°Zr, !'®Sn, and '**Sm, respectively. A comparison was
made with the available experimental data 3¥Ni, **Zr, !'%Sn, and **Sm, respectively. A comparison was made with the
experimental data [27,28] except for !'%Sn, for which no available experimental data exists. The *¥Ni results are in
complete good agreement with experimental data using SLy5, SLy4, BSk17, SyO-and SyO+ parameterizations. However,
the Sk255 results are comparable to experimental evidence but do not fit within the nucleus. For *°Zr, the SLy4, BSk17,
SLy5, and Sk255 parameterizations coincide quite well. However, the results for SyO+ and SyO- are close to the
experimental data but don't fit inside the nucleus. For ''®Sn Sk255, BSkl17, SyO+, SLy5, SLy4, and
SyO-parameterizations, although the findings are comparable to experimental data, they do not fit inside the nucleus.
Consideration must also be given to the fact that nucleons possess intrinsic electromagnetic structure. Therefore, the
proton, neutron, and mass density profiles must be computed. The profile of every nuclear density type of each of the
chosen nuclei is shown in Fig. 2. Examining these curves demonstrates that the nuclear charge distributiondensity is
depends on the rms radius, which rises as the number of protons in each nucleus increases. As the nucleus radius rose for
144Sm, the density distributions for mass, charge, proton, and neutron increased. While in 3¥Ni, *°Zr, and !'°Sn, the charge
density distributions gradually declined as the nucleus' radii shrank. From Tables (2-5), it is evident that the energy per
nucleon for all nuclei match with experimental data, particularly when the SLy5 and SLy4 parameterizations are used. In
Figs. (3, 4), the theoretical rms charge radii and the binding energies per nucleon for closed-shell nuclei are compared
with experimental data from Refs. [25], [26]. Very good agreement with experiments is seen, especially when Skyrme
parameterization is used.

Table 1. The Skyrme parameterizations used in the present work.

Parameters BSk17 [29] Sk255 [30] SyO+[31] SyO-[31] SLy4 [15] SLyS5 [15]
to (MeV fm?) -1837.33 -1689.35 -2099.419 -2103.653 -2488.91 -2484.88
t: (MeV fm°) 389.102 389.3 301.531 303.352 486.82 483.13
t: (MeV fm°) -3.1742 -126.07 154.781 791.674 -546.390 -549.40
ts (MeV fm33%)  11523.8 10989.6 13526.464 13553.252 13777.0 13763.0
Xo 0.411377 -0.1461 -0.029503 -0.210701 0.834 0.778
X1 -0.832102 0.116 -1.325732 -2.810752 -0.344 -0.328
Xz 49.4875 0.0012 -2.323439 -1.461595 -1.0 -1.0
X3 0.654962 -0.7449 -0.147404 -0.429881 1.354 1.267
wo (MeV fm°) 145.885 95.39 287.79 353.156 123.0 126.0
w'o (MeV fm®) 145.885 95.39 -165.7776 -397.498 123.0 126.0
A 0.3 0.3563 0.25 0.25 0.1666666 0.1666666

Table 2. The calculated binding energy per nucleon, neutron, proton, mass, charge radii, and also the neutron skin thickness (tn), for
3Ni by using different Skyrme parameterizations.

Force  Rn(fm) Rp(fm) Rm(fm) l}“ﬁgﬁ) ta(fm) E‘;;(.f;'z‘él B/ ‘;%:V) ]ia/?ﬁv[[;;]])
BSk17 42669 42017  8.4686 42764  0.0652  4.2694 89177121 8710
Sk255 43104 42024 85128 42771  0.108 -8.9674868
SyO+ 42785  4.1674  8.4459 42427  0.1111 -8.8412684
SyO- 43010 41651 84661 42405  0.1359 -8.8117009
SLy5 42871 42211 85082 42955  0.066 -8.7051038
SLy4 42875 42251 85126 42994  0.0624 -8.7320496

Table 3. The calculated binding energy per nucleon, neutron, proton, mass, charge radii, and.also the neutron skin thickness (tn), for
%0Zr by using different Skyrme parameterizations.

Force Rn(fm) Rp(fm)  Rm(fm) ]}clfi':.) ta(fm) E];;ff;;‘;] B/ ‘?%ﬁv) B/A(MeV) Exp. [26]
BSk17 3.6890 3.6923 7.3813 3.7771 -0.0033 3.7757 89121212 -8.732
Sk255 37272 37172 7.4444 3.8015 0.01 -8.8322377
Syo+ 3.6812 3.6730 7.3542 3.7583 -0.0082 -8.8506103
SyO- 3.6780 3.6713 7.3493 3.7565 0.0067 -8.8691517
SLy5 3.7097 3.7114 74211 3.7957 -0.0017 -8.6936665

SLy4 3.7128 3.7159 7.4287 3.8001 -0.0031 -8.7065109
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Table 4. The calculated binding energy per nucleon, neutron, proton, mass, charge radii, and. also the neutron skin thickness (tn), for
1168 by using different Skyrme parameterizations.

Force Rn(fm) Rp(fm) Rm(fm) Rec(fm)  ta(fm) Re(fm) B/A(MeV) B/A(MeV)
Theo. Exp. [25] Theo. Exp. [26]

BSk17 4.6403 4.5458 9. 1861 4.6150 0.0945 4.6250 -8.6701555 -8.523
Sk255 4.6933 4.5440 9.2373 4.6132 0.1493 -8.7335998

SyO+ 4.6364 4.5294 9.1658 4.5988 0.107 -8.6147510

SyO- 4.6480 4.5364 9.1844 4.6057 0.1116 -8.6209021

SLy5 4.6593 4.5620 9.2213 4.6310 0.0673 -8.4741056

SLy4 4.6636 4.5668 9.2304 4.6356 0.0968 -8.4858585

Table 5. The calculated binding energy per nucleon, neutron, proton, mass, charge radii, and. also the neutron skin thickness (tn), for
144Sm by using different Skyrme parameterizations.

Force Rn(fm) Rp(fm) Rm(fm) Rec(fm) Theo. ti(fm)  Re(fm) Exp. [25] B/A(MeV) Theo. B/A(MeV) Exp. [26]

BSk17 4.9436 4.8697 9.8133 49343 0.0739 4.9524 -8.4640657 -8.304
Sk255 5.0028 4.8717 9. 8745 4.9363 0.1311 -8.5106563
SyO+ 49585 4.8443 9.8028 4.9092 0.1142 -8.3523560
SyO- 4.9792 4.8463 9.8255 49112 0.1329 -8.3412634
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The Excited States Properties

RPA calculations were widely utilized to describe the transition densities of the proton and neutron as well as GRs
modes. This technique classifies collective resonances of various multipolarities, like the giant dipole photon absorption
cross-section multipole at rank 2, referred to as isoscalar giant dipole resonance (ISGDR), rank 3 is giant octupole
resonance (GOR), rank 5 is giant triacontadipole resonance (GTR), and rank 7 is giant octacosahectapole resonance
(GOCR). In addition, the relation between the IV and IS strength functions and also the excitation energy functions has
been defined, as have multipole excitations characterized by p-h pairings in which the particles and hole states are slightly
below and above the Fermi surface. For optimum results, SLy5 and SLy4 parameterizations were chosen for this purpose
based on the best binding energy estimates compared with experimental data [26].

Transition density calculation. For collective electric excitations, the transition density is useful for the low-lying
excited states for nuclei *®Ni, **Zr, 1%Sn and '“*Sm, The radial transition densities of protons and neutrons for the RPA
state are shown in Figs. (5-12).
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Figure 5. The radial transition densities of protons and neutrons for the negative parity state are shown for ¥Ni (a) 3-, (b) 5 and (c) 7-
using RPA with SLy4 Skyrme parameterization. The energy of excitation was compared with experimental data taken from Ref. [33]

Compared to the existing experimental data, the estimated excitation energy of the negative parity excited states is
qualitatively consistent with the results of the experiments (°°Zr has state 37(2.747875MeV), '"°Sn has states
37(2.66159MeV) and 7-(2.90885MeV), and '**Sm has state 57(2.82517MeV)). There is a small difference between
theoretical values and experimental data for (*®Ni with states 37(4.971MeV) and 5-(5.5890MeV)), (°**Zr with states
57(2.319000MeV) and 7:(4.037507MeV)), (''*Sn with state 17(6.020MeV)), and ("**Sm with state 7-(3.12407MeV)) and
a significant difference for (*®Ni with state 7(6.00847MeV)) and (°°Zr with state 17(6.020 MeV)). The associated
transition densities effectively represent density oscillations around the ground state configuration. It is a crucial
characteristic that sheds light on the nature of nuclear excitations in excited states, which determine protons and neutrons
responses to external disturbance to obtain a simple estimation of the collectivity shown by the various dipole responses.
It is shown that protons and neutrons can vibrate either in the skin mode's IS phase, where protons oscillate against
neutrons, or in phase IV, which is the opposite (pn mode). Furthermore, the IV characterization is crucial for describing
the motion of the neutron and proton within the nucleus, as it appears the peaks for proton and neutron transition densities
appear to be positive for both protons and neutrons. The quantum numbers identifying these p-h pairs' SP states are
identical. The electric multipole excitations (Jm = 1—, 3—, 5—, 7-) emphasize this section of the current work. GR states
are classified using the spin S, isospin T transmitted and total angular momentum J, as a result of nuclear ground state
excitation. The scope of this study was confined to electric IS resonance with S =0 and T = 0.Electric IV resonance takes
place when S=1and T=1.
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Giant Resonance Modes. The most visible manifestation of nucleon collective motion is GRs. Figs. 13-16 show
the strength functions for the excitation to the negative parity states in *®Ni, °*Zr, ''°Sn, and '**Sm nuclei. The ISGDR is
significantly fragmented compared to ISGTR, ISGOR, and ISGOCR, which appear to be less fragmented. This was
reflected in IVGTR, IVGOR, IVGDR, and IVGOCR. This indicates that the collective strength of high multipolarity GRs

is distributed, and the quantity of collective strength falls as the multipolarity V.J of the GRs [32]. It is important to note
that the IS mode is produced when the neutrons and protons vibrate in phase, while the IV mode is produced when they
vibrate in the opposite phase. The higher modes of strength functions for higher modes emerge clearly using RPA
approach calculations, which explored upper-level excitation and yielded the collective nuclear motion of nucleons,
energy, spin, and parity, all properties of exciting levels. This emphasized the significance of calculating GR strength
functions using completely self-consistent HF-based RPA. Collective motion was believed to be a common characteristic
of quantum many-body systems. It is believed that the distribution of transition strengths of a low external field that
excites the nucleus exhibits resonance peaks that correspond to the elementary vibrational collective modes.
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Tables (6-9) summarize the overall calculated results of the EWSR m1 and RPA m1 using SLyS parameterizations.
The total EWSR of strengths is growing compared to those computed using RPA. Therefore, m1 includes those from p-
h strengths. The D.C (represents the double commutator which gives EWSR). The deviations of m1 (RPA) from ml
(EWSR) from R values are minor for all collective modes, indicating high precision for self-consistent HF-RPA
calculations. It is also worth mentioning that it is the most widely used. The GDR is a well-studied GR wherein protons
vibrate collectively against neutrons. This, in the end, shows how strongly neutrons and protons interact inside the nucleus,
which is a key part of nuclear interaction.
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Table 6. The realisation of the EWSR (ml) for the IS and IV within the RPA using multipoles J for 58Ni.Using the SLyS5
parametrization with the summing from 0 to Emax= 60 MeV.MeV{m? are the units. R = m1(RPA) /m1 (D.C.)

Jr T ml (RPA) m1(D.C) R

3 0 3.84191x10° 3.64699x10° 1.05344
1 4.17831x10° 3.98378x10° 1.04883

s 0 1.06005x10" 1.01450x10"! 1.04489
1 1.08982x10" 1.05378x10"! 1.03420

- 0 471703108 4.30197x10" 1.09648
1

4.74086x10"

1.37570x10"7

3.44614x10*
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(E1), octopole (E3), triacontadipole (E5), and octacosahectapole (E7)

Table 7. The same as Table 6, for °*Zr. The results are obtained by using the SLy4 parameterization.

I T ml (RPA) m1(D.C) R
- 0 9.02386x10°  9.14815x10° 0.98641

1 3.84977x10°  3.88898x10? 0.98991
3 0 9.41224x10°  9.51103x10° 0.98961

1 1.03355x107  1.04769x107 0.98650
s 0 3.77037x101°  3.90294x10'° 0.96603

1 3.92052x101°  4.09882x10' 0.95649
. 0 1.65031x10"™  1.97037x10"  0.837565

1 1.66744x10%  1.27032x10"  1.31261x10"
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Figure 15. IS (left panel) as well as IV (right panel) HF-based RPA strength function for the dipole photo absorption cross section
(E1), octopole (E3), triacontadipole (E5), and octacosahectapole (E7) in '1°Sn, using the SLy4 Skyrme interaction

Table 8. The same as Table 7, for ''°Sn. The results are obtained by using the SLy4 parameterization.

Jr T ml (RPA) m1(D.C) R
- 0 1.58971x106 1.60455x10° 0.9907

1 4.95137x10? 4.98954x10? 0.9923
3 0 1.67417x10 1.68763x10’ 0.9920

1 1.84779x107 1.86690x107 0.9897
s 0 9.05465x101° 9.30575%101° 0.9730

1 9.46386x101° 9.80651x10"° 0.9650
. 0 5.76248x10" 6.39154x10" 0.9015

1 5.83076x10" 6.21586x10'*  9.3804x10°

Table 9. The same as Table 8, for '“*Sm. The results are obtained by using the SLy5 parameterization.

Jr T ml (RPA) m1(D.C) R
s 0 1.7375x10" 1.74605%10"! 0.9951
1 1.83920x10"! 1.85616x10'" 0.9908
. 0 1.11146x10' 1.24269%10'3 0.8943
1 1.13293x10' 1.70570x10" 6.6420x10°
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Figurel6. IS (left panel) as well as IV (right panel) HF-based RPA strength function for the triacontadipole (ES),
and octacosahectapole (E7) in '#*Sm, using the SLy5 Skyrme interaction

CONCLUSIONS

The present research has led us to conclude that self-consistent RPA calculations are based on Skyrme effective
nucleon-nucleon interaction, and these calculations give a significant description of the ground state properties for the
closed-shell for *Ni, °°Zr, 1'%Sn, and '**Sm. Considering the binding energy, neutron, proton, and neutron skin thickness,
and charge radii, remarkable correlations were found with experimental data. For the static nuclear properties, the SLy4
and SLy5 parameterizations give the best results in compression with experimental data. Regarding dynamic properties,
the RPA method is an efficient tool for describing the higher modes resulting from the collective motion of nucleons
within the nucleus. It can also be used to describe the transition. density for proton and neutron modes, in addition to GRs
modes. The RPA method is the simplest theory that predicts the main features of giant resonance (GR) with a high degree
of accuracy.
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JOCJIUKEHHA SSAEPHOI CTPYKTYPH JESAKUX SAJIEP 3A TOIIOMOTI'OI0 CAMOY3TOJKEHIX
PO3PAXYHKIB RPA I3 B3AEMOJIEIO TUITY SKYRME
Hyp M. Kapim?, Aui A. An3ydani®

“Vuisepcumem bazoaoa, Haykosuii koneddc, ghaxynomem @izuxu
V upoMy JocHiaKeHHi 6y BUBUEHI €Ki CTaTHYHI Ta AMHAMIYHI S€PHI BJIACTHBOCTI AZiep i3 3aKpUTO0 000510HK00:> N1, *Zr, 116Sn
i 1%Sm 3 Bukopucrannsm meroxy Random Phase Approximation (RPA) i pisuux napamerpis Ckipma, 30kpema SyO-, Sk255, SyO+,
SLy4, BSk17 i SLyS5. 3okpema, y JOCIiKEHHAX CTATHYHUX BIACTUBOCTEH, TAKMX SIK siiepHA TYCTHHA I HEHTPOHIB, IPOTOHIB, Maca
Ta TyCTHHA 3apsiAy 3 IXHIMHU BiJIOBIJHUMH CEPEIHbOKBAAPATHIHUMU PaJiiycaMH, OJHOUYACTHHKOBI PO3IOALIH sIIEpHOT TYCTHHH. Y Ci
OTpUMaHi pPEe3yabTaTH AOOpE Y3rOMKYIOThCS 3 BIANOBIIHUMH €KCHEpUMEHTaNbHUMH AaHuMHU. Illo cTocyeThcs OMHAMIYHHX
BIIACTUBOCTEH, TaKOK OyJIM BHBUYCHI €Hepris 30YIPKEHHs, IIUIBHICTh MEepexXofy Ta TiraHTChKi PE30HAHCHI MO Ui 30YIKEHHS
HU3BKOPO3TAIIOBAaHUX HEraTHBHHX 30YMKeHHUX cTaHiB 17, 37, 5~ ta 7-. PesynbpraTn nmokasyrors, mo ouinku RPA 3 B3aemonisimu tumy
Skyrme € XopOImuM CII0cO00M OINCY BIACTUBOCTEH CTPYKTYPH HAapHO-TIAPHUX sIAEP i3 3aKPUTOI0 000IOHKOIO.
Koarouosi caoBa:cuimm SKYRME, Xaprpi-®ok (HF), anpoxcumaunis BumagkoBoi ¢azun (RPA), 30ymxeHui craH BHIIMX MOZ,
IiIBHICT eHepril Skyrme
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In terms of the core nucleus plus valence nucleon, shell-model calculations using two model spaces and interactions, the relationship
between a nucleus' proton skin, and the difference in proton radii of mirror pairs of nuclei with the same mass number are
investigated. In this work, two pairs of mirror nuclei will be studied: '"Ne-!"N and 22A1->*Ne. For '"Ne-'"N nuclei, p-shell and mixing
of psd orbits are adopted with Cohen-Kurath (ckii) and psdsu3 interactions. While for 2A1->>Ne, the sd-shell and sdpf shell are
adopted with the universal shell model (USD) and sdpfwa interactions. Also, the ground state density distributions, elastic form
factors, and root mean square radii of these pairs' nuclei are studied and compared with available experimental data. . In general, it
was found that the rms radius of the valence proton(s) is larger than that of the valence neutron(s) in its mirror nucleus. The results
show that these nuclei have the exotic structure of a halo or skin.

Keywords: Mirror Nuclei, Proton and Neutron Skin Thickness, Density Distribution, Exotic Nucleus
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1. Introduction

The infinite lifetimes of stable nuclei and their relatively balanced Z to N ratios—which range from around 1 to
roughly 1.5 — define them. There are around 300 of these nuclear types. Exotic or unstable nuclei are other nuclei whose
total number is unknown. Through beta processes, the exotic nuclei decay to other nuclei where Z and N are more
evenly balanced. Until a stable nucleus is created, this decay normally occurs successively. As a result, only stable
nuclei exist on Earth, as opposed to exotic nuclei, which are figuratively exotic [1]. In nuclear physics, it is important to
investigate the mirror nuclei that have an interchanged number of protons and neutrons because it directly addresses the
isospin symmetry idea, which was described by Heisenberg in 1932 [2]. In the isospin explanation of the nuclear forces,
the binding energies of the mirror nuclei should be similar, apart from Coulomb interaction. While if Coulomb's
interaction is taken into account, the energy difference between two mirror nuclei has come from the electromagnetic
interaction [3].

In order to characterize the charge radii, theoretical mean-field techniques such as the Hartree-Fock-Bogolyubov (HFB)
method, the nuclear shell model, and different shell model approximations have been developed. Therefore, several updates to
experimental charge radii databases in which around 1000 experimental data points have been analyzed and assembled [4, 5].

Nuclear structure studies have proven to benefit greatly from using electron-nucleus scattering. It has given us a
great deal of knowledge, particularly regarding the charge density distributions of stable nuclei. Because of this, it is
predicted that the new facilities at GSI [6, 7] and RIKEN [8-10] will offer a good opportunity to study the charge
density, and consequently the proton density distribution, of exotic nuclei using elastic electron scattering. A physically
effective indicator of the isovector characteristics of nuclear interactions is the neutron-skin thickness, which is a
ground state parameter of the nucleus [11].

In addition, a rather interesting feature of studying the mirror nuclei is that the neutron skin thickness can be found
through the knowledge of proton radii alone from the mirror pairs. It has recently been proposed that the difference
between the charge radii of mirror nuclei is proportional to the neutron skin [12]. Various theoretical and experimental
studies are conducted to investigate the properties of mirror nuclei [13, 14]. B.N. Giv and S. Mohammadi [15] (2017)
calculated Coulomb displacement energies in mirror nuclei 499Mn and 49Cr and compared them with experimental data
by using the shell model code. OXBASH A. Boso et al. [16] (2017) investigated mirror nuclei 2*Mg—>*Na by using the
Mirror Energy Differences (MED) in up to high spin it is a direct result of the breaking of isospin symmetry.
K. Araietal. [17] (2018), investigated the structure of the mirror nuclei 9Be and 9B by using a completely
antisymmetrized 9-nucleon wave function in a microscopic a+a+n and a+a+p three-cluster model.

There are two aims of this study. First, calculate the skin thickness through the knowledge of proton radii alone
from the mirror pairs. Second, investigate the exotic structure of two pairs of mirror nuclei, ’Ne-!"N and *Al-**Ne, by
studying the ground state properties like rms radii, density distribution, and form factors.

2. THEORY
The electron scattering form factors for the scattering of an electron from a target nucleus are given by [18]:
4z 1 LAPN
F, = —(J DT NS, ) F.(q)F 1
D=5 N, < 27 a0 > ROLAC (1
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Ji and Jy represent the nucleus' initial and final states, respectively, while /N, denoting the normalization factor. F(q)

is the finite nucleon size correction and F,, (g) is the center of mass correction. The form of these corrections is
[19,20]:

F,(q) :[ 1+(q/4.33 fmﬂ N

2
F (q) — q p? /4A
where ¢ is the momentum transfer, 4 is the nuclear mass number and b is the harmonic-oscillator size parameter
The longitudinal multipole operator T is given by [18]:
7, @) =] d'rj(ar) Y, @4, (i) ©)

where the spherical Bessel's function is represented by j; (gr) and p, (7,i) is the operator for the density of protons

and neutrons, and is given by

A
p.(Fi)=Y 8(F—F) )
i=1
Then, equation (4) is reduced to:
R 4
Ty, (g:0) =2 J,(qr)Y,, () )
i=1

The reduced matrix element in equation (1) can be written as a sum over elements of the one body density matrix
(OBDM) elements and the corresponding reduced single particle matrix element [21]

< 7,.[b) ©)

where a and b label the single-particle states. The OBDM is defined as [21]
Jl.>

e, ®a,]"
(7)
V2J +1

The reduced single-particle matrix elements of the Coulomb operator in equation (6) are given by
(al o) = [ 7, g,
0

Where R ,(7), is the radial single-particle wave functions. The Coulomb form factors given in equation (1) become:

Jtz

> Z OBDM(J, Ji,a,b,J,tZ)<a||

-
OBDM (J ,,J,,a,b,J t.) =

)R, (DR, (r) ®)

(@)= "2 08DM (7 asb ) ()] @R OR,, O] F @ Fa(@) )

2J, +

and can be written as
4 .
E (@)= o, (0], @r)F, (@) F, (g) (10)

where < Ja

YJ" jb> represents the reduced matrix element of the spherical Harmonics and p, (r) is nucleon density

distribution and is given by [21]:

1

pe(r)= Jaz\[2J +1¢

ZOBDM(J,,J,,a b.J.t,){J,

Y./"jb>Rnuz“ (r)R,, (7). (11)
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For the ground state J =0 density distribution, one has J; =J, and n, =n,, {,={,, j, = j, The ground state

a

density distribution takes the form:
P, (r) = ﬁ {%4— IZOBDM(JZ.,a,J =0,t, )JZJG +1 |R% (,,)|2 . (12)

Finally, the corresponding elastic scattering J =0 form factor (CO) is written in the following form
Foy(@)= 2] ', i) @) (@) (13)
The matter density distribution is given by [22]:
pu(F) = P () 23 (). (14
Therefore, the corresponding terms radii are given by
(r*)y =4—”Tdrr“pN(r) (15)
Ny

where N represents the corresponding number of nucleons in each case.

The neutron skin thickness A<r2 >1/2 and the proton skin thickness A<r2 >l/2 which are related to the difference
n P

1/2 1/2
between the neutron <r2 >n and proton <r2 >p rms radii for nuclei and their mirror as [11,16]:
A =) 19
AN = () =) a7

Considering the effects of charge-dependent and Coulomb contributions are turned off, for mirror nuclei, the
neutron radius of a nucleus (Z, N) is the same as the proton radius of its mirror nucleus (Z ,N ) [11], then:

S\ 172 2\1/2 H\112
= —_ . 1
M) =) N2 =() C(2.N) (18)
Eq. (17) represents the important method to determine neutron and proton skins using charge radii of mirror pairs nuclei.

3. RESULTS AND DISCUSSION

Proton, neutron, core, valence and matter radii, density distributions, and electron scattering form factors of two
pairs mirror nuclei "Ne-'"N and 2*Al->*Ne are calculated in the framework of a shell model using core plus valence
calculations with different model space and two harmonic-oscillator size parameters. One of these parameters is for core
nucleons (b) to reproduce the core radius and the other for the outer nucleon(s) (by) to reproduce the rms matter radius.
The nuclear Shell model calculations were performed with shell model code OXBASH [23], where the one body
density matrix (OBDM) elements of the core parts are obtained.

For ""Ne-""N (J*T= 1/2- 3/2) nuclei, the theoretical calculation using the shell model takes two ways. Firstly, the
Cohen—Kurath interaction CKII [24] is used. The configurations (1si2 )* (1p )!' are used for the core nucleons
150 (J*T=1/2- 1/2) and >N (J*T= 1/2" 1/2). The values of the oscillator size parameter (b) equal to 1.61 fm for 1*O and
b= 1.6 fm for 1*N are chosen to reproduce the experimental rms radii. The outer two nucleons in this pair of mirror
nuclei are assumed to be in a pure 1ds;. To reproduce the matter radii of "Ne-'"N different values of the oscillator size
parameter (by) are chosen for the extra nucleons b, = 2.45 fim for '’Ne and b, =1.61 fm for !’N. These values of b, give
the matter radii agree with the measured values as shown in Table 1.

Secondly, the mixing of the psd orbits is used with the psdsu3 interaction [25]. All core nucleons in 'O and N
are considered to be active in all orbits in psd shells. The harmonic-oscillator size parameter, b =1.75 fm is used for
core nucleons 30 and 1.57 fm for '*N. While the outer nucleons which are assumed to be in 1ds; orbit have the values
by = 2.43 fm for '"Ne and by = 1.59 fin for !’N. These values give the proton, neutron, valence, core, and matter radii in
agreement with the measured value [26] as shown in Table 1, where the experimental and calculated rms radii for these
nuclei are displayed.

Regarding 2*Al-**Ne (J*T =5/2" 3/2) pair nuclei, the theoretical calculations are the same way as in !"Ne-'"N
nuclei but with different model space and interactions. Firstly, the configurations (1s12)* (1p)'2 plus 7 nucleons moved
in sd orbits are used for the core nucleons Mg (J*T = 0" 1) and ?>Ne (J*T = 0 *1). In sd model space all orbits in 2s-1d
shells are considered where the universal shell model USD [27] is used. To reproduce the core radii a value of
b =1.74 fmm is used for ??Mg and *Ne. While the outer nucleon must be in 1ds, with value b, = 3.4 fm for *Al and
b, =1.75 fm for 2Ne.
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Secondly, the sdpfwa [28] interaction is used for the core of Al - Ne nuclei with configuration (1s12)* (1p)'?
plus 7 nucleons moved in sdpf orbits are used for the core nucleons Mg (J*T= 0" 1) and **Ne (J*T= 0 *1). A value of
b=1.7 fm is used for Mg and ?>Ne. while the values b, = 3.45 fm and b, = 1.72 fm are used for the outer nucleon
(which is assumed to be in a pure 1ds;») in Al and 2’Ne, respectively. All values of b and b, give the rms proton,
neutron, valence, core, and matter radii in agreement with the measured value as shown in Table 1, where the
experimental and calculated rms radii of two pairs of mirror nuclei are displayed. It is evident from this Table that for
both interactions, the calculated rms radii and the experimental data coincide quite well.

12 12 12 12 .
Table 1. The values of rms proton <r2>”2 , neutron <r2> , core <r2> , valence <r2> and matter <r2> radii in fm for "Ne-!"N
P n c v m

and 23Al1-**Ne mirror nuclei

rms (fim)
Nucleus <r2>;/2 <r2>1/2 <r2>1‘/2 <r2>1,/2 <r2>1/2
Ckii 2.97 2.39 24 4.58 2.75
"Ne | psdsu3 2.98 2.38 241 4.54 2.75
Exp.[26] 2.97(7) 2.69(7) 2.444) - 2.75(7)
Ckii 239 2.54 24 2.99 2.48
N psdsu3 2.38 2.55 241 2.97 2.48
Exp.[26] - - 2.42(1) - 2.48(5)
Usd 3.25 2.75 2.8 6.36 3.04
BAl Sdpfwa 3.21 2.68 2.73 6.45 2.99
Exp.[26] 3.1(25) 2.634(23) 2.78(26) - 2.91(25)
Usd 2.75 2.87 2.8 3.27 2.822
2Ne Sdpfwa 2.68 2.81 2.73 3.21 2.76
Exp.[26] - - 2.95(36) - 2.76(4)

172
The values of valence nucleon radii <r2> is very essential to studying the differences between the pairs of mirror
nuclei. The calculations indicate that the different model space and interactions gives nearly linear dependence between

172 - . . .
<r2> and the mass number. As shown in Fig. 1 with the increase in mass number, the values of the valence-proton(s)

y
. . . . 12
and valence-neutron(s) nuclei seem to be in two separate lines. For '"Ne and 23Al nuclei, the <r2> values are larger
v

than those for 7N and *’Ne nuclei, since the halo phenomenon in '"Ne and 2Al nuclei is connected to the outer
proton(s) which give large rms radii.

8 T 8 T
a b
7 7
irror A
. A A (r), mirror A o| A4 () mirror
5 —_5
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E
—~ 4 . ~4
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A

~s A > A A
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Mass number A Mass number A

Figure 1. The last nucleon(s) rms radius is calculated with (a) ckii (usd) interaction and (b) psdsu3 (sdpfwa) interaction
as a function of mass number

Along with the increase in mass number A, there is also a linear increase in the difference between the valence
. . 172 .
proton and valence neutron values. With experimental data for both model spaces, one may plot <r2> as a function of

the mass number, as seen in Fig. 2, in order to compare the size of the exotic structure between mirror nuclei more
clearly. This figure showed that both interactions give good agreement with experimental data. Also, it can be seen that

1/2
the <r2> values of '"Ne and 23Al nuclei are consistently larger than those of their respective mirror partners ('’N and

2Ne) and almost in two different lines because the halo structure and the outer proton(s) halo in '"Ne and **Al nuclei is
weakly bound. In addition, with an increase in the mass number A of the nucleus, the exotic size difference between
every pair of mirror nuclei increases.
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Figure 2. The calculated matter radii with (a) ckii (usd) interaction and (b) psdsu3 (sdpfwa) interaction as a function of mass
number compared with the experimental data [29,30]

. 2\1/2 . 2\ 1/2
The results for the proton skins A <r > , neutron skins A<r >
P

n

* of the corresponding mirror nuclei and A <r2>

mirror

in fm are given for the both model space and interactions in Table 2. It is noticed that the proton-skin thickness for a certain
proton excess (Z-N) is greater than the neutron-skin thickness for the same degree of neutron excess (N-Z). The protons'

Coulomb repulsion is clearly to blame for this. As noted in Table 2, there is little difference between the predicted proton

. . . . . . . 172
skin values and the interactions and model space considered during these studies. In particular, the values of A<r2>
P

obtained with psdsu3 (sdpfwa) interactions are larger than those with ckii (usd) interactions.

. . H\172 3 2\1/2 . . A H\1/2 A
Table 2. Predicted proton skins A<r > , neutron skins A<r > of the corresponding mirror nuclei and A<r > ~infm
4 n mirror
1/2 1/2 1/2
A 2 2 2
Nucleus <r >1) Mirror A<r >n A<V >mirr0r
Ckii psdsu3 Ckii psdsu3 Ckii psdsu3
"Ne 0.58 0.6 N 0.15 0.17 -0.58 -0.6
BN USD sdpfwa ZiNe USD sdpfwa USD sdpfwa
0.5 0.53 0.12 0.13 -0.5 -0.53

In order to investigate the differences between ground state properties of the mirror nuclei, the proton and neutron
density distributions of two pairs of mirror nuclei are displayed in Figs. 3 and 4. Two model spaces and interactions are
considered in these calculations, ckii (usd) interaction calculations are shown in part (a) in these figures and part (b) for
psdsu3 (sdpfwa) interactions. The red solid and dashed curves in these figures are the calculated proton density and the
blue solid and dashed curves represented the neutron density. These figures demonstrate how the calculated proton
density of halo nuclei differs from the calculated neutron density of their mirror nuclei because the outer proton density
is higher than that of the outer neutron in its mirror nucleus. These graphs make it clear that there are significant long
tails in the density distribution of the (’Ne, 22Al) nuclei, which correspond to the halo structure of these nuclei.

p(r)(fm*)
p(r)(fm?)

0.001 L 0.001 L

0.0001 L 0.0001 L

1E-05 T T T T T T T T T 1E-05

r(fm)

Figure 3. Proton and neutron density distributions of !’Ne — !’N mirror nuclei (a) for ckii (b) for psdsu3.
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Figure 4. Proton and neutron density distributions of Al - 2>Ne mirror nuclei (a) for usd , (b) for sdpfwa

The matter density distributions p, () of "Ne-!"N and *Al-**Ne nuclei are displayed in Figures (6a) and (6b)

respectively. The solid curve (blue and black) in this figure is the calculated matter density of the nuclei and their mirror
obtained with the p (sd) model space. The dashed curve is the calculated matter density with psd (psdf) model space.
The filled circles are the experimental nucleon density. It is evident from these figures that the calculated matter density
distribution for both model space are in good accordance with that of the fitted data, at » <5 fm for "Ne-'"N.
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Figure 5. Matter density distributions (a) for !"Ne-'"N, (b) for 22A1->*Ne mirror nuclei [31, 32]
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Figure 6. Elastic form factors (a) for '’Ne-!"N, (b) for 2Al->*Ne mirror nuclei

Finally, For the sake of completeness of the comparison, elastic form factors of two pairs of nuclei are calculated
using Plane Wave Born Approximation (PWBA). To compare the results of the form factor of the halo nuclei with that
of their mirror nuclei, we present the calculated CO form factor using ckii interaction for '"Ne-'"N and usd interaction
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for 2A1->*Ne nuclei as shown in Figure 6. It is seen from this figure that the charge form factors of the pairs of mirror
nuclei are different. Comparing the result of these nuclei, show that the form factors are sensitive to the change of the
tail part of the proton density since the ground state proton density is connected with the CO form factor. As one can see
that each black curve and the blue curve in the figures have one diffraction minimum and one diffraction maximum.
Also, because the center of mass correction varies depending on the mass number and the size parameter b, there is a
discrepancy between the form factors of mirror nuclei.

4. CONCLUSIONS

The relationship between a nucleus' proton skin and the difference between the proton radii of the mirror pair is
seen in the current work. Each pair of mirror nuclei has different sizes in terms of their nuclear size, and these
differences get linearly larger with increasing mass number A for both interactions. The rms radius of the valence
proton was also discovered to be greater than that of the valence neutron in its mirror nucleus. In addition, the results of
density distributions show that the two pairs of mirror nuclei have exotic structures. Finally, the form factor is sensitive
to the change of the proton density, since the ground state proton density is connected with the CO form factor and the
difference between the form factors of these nuclei is due to the mass correction which depends on the size parameter b.
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EK30TUYHA CTPYKTYPA J3EPKAJIGHUX SITEP '"Ne-'"N TA 2Al-**Ne
Pykas A. Moxammen?®, Bacan 3. Mamkun®
“Qizuunuil paxyremem, Hayrkosuil konedoc, bazoaocwruil ynieepcumem, Ipax

3 TOYKHU 30py AApa IUIFOC BaJEHTHOTO HYKJIOHA, JOCIIIKYIOTBCS PO3PaxXyHKH MOJIENi 00OJOHKU 3 BUKOPUCTAHHAM JIBOX MOJEIBbHHX
MIPOCTOPIB 1 B3a€MOJIii, B3a€MO3B 130K MK MMPOTOHHOIO OOOJIOHKOIO Spa Ta Pi3HUIICIO pajiiyciB MPOTOHIB A3CpKAIBHHUX Hap sSAep 3
OJIHAKOBMM MacOBHMM YHCJIOM. Y naHiit po6oti OymyTs gociiukeni asi napu n3epkanbhux suep: "Ne - N i 22Al - 22Ne. Jlna snep
17Ne - "N npwuiinsro p-0600HKY Ta 3MminryBanus psd-op6ir i3 B3aemonismu Koena-Kypara (ckii) Ta psdsu3. ¥ Toii yac sk mus 22Al -
2Ne obosnonku sd i sdpf npuitnsTo 3 yriBepcansnow monemno obononku (USD) i Bzaemonisimu sdpfwa. Takoxk IOCIIIKYOTECS
PO3MOIiIM I'YCTHHH OCHOBHOTO CTaHy, HpYHi GOpM(aKTOpH Ta cepeJHOKBAIPATHYHI paiycH sjep KX map Ta MOPiBHIOIOTHCS 3
HassBHUMH CKCIIEPHMEHTAIBHUMH JaHUMH. 3arajoM OyJio BUSBJICHO, IO CEPEAHbOKBAIPATHYHUM PajiyC BAICHTHOTrO MPOTOHA(iB)
OiIbLINiL, HK pajiyc BaleHTHOro HeiTpoHa(iB) y HOro A3epkanbHOMY siapi. Pe3ynbraTi moka3yioTh, IO Li SApa MAlOTh SK30THYHY
CTPYKTYpY I'ajio a0 IIKipH.

KurouoBi ci10Ba: 13epkaibHi siapa, TOBIIWHA 000JIOHKH MMPOTOHIB 1 HEHTPOHIB, PO3MOALT I'YCTHHH, EK30THYHE SIPO





