AHOTANIA

IHlymakoBa M.O. Enextpodi3nyHi Ta MarHiTOpe3MCTUBHI BIACTUBOCTI
IJIIBKOBUX MarepiaiiB Ha OCHOBI ¢)epOMarHiTHuUX 1 OJIaropoJHUX METaliB. —
Ksamidikarmiina HayKkoBa mpaiisi Ha IpaBax PyKOIHCY.

Huceprartis Ha 3700yTTS HAYKOBOTO CTYIEHS MOOKTOpa (imocodii 3a
cunemianpHicTio 105 — npukiianHa @izuka Ta HaHomarepiaiu. — CyMCbKUM
nepxxasuuii yHiBepcuteT, MOH VYkpainu, Cymu, 2020.

Hucepraiiiina  pob6oTa  MPUCBSIYEHA  EKCIEPUMEHTAIbHOMY 1
TEOPETUYHOMY BHBUECHHIO OCOOJMBOCTEH €JIEKTPOTPAHCHOPTY TMPH 3MiHI
TeMIIEpaTypH 1 30BHIMIHLOTO MArHiTHOTO TMOJISI B HAHOPO3MIPHUX ILJIIBKOBUX
Marepiajiax y BUIJISI 0OMeXEeHUX TBepaux po3uuHiB (T.p.) aromiB Fe a6o Co
y 'K pemitkax Ag abo Au, B AKUX (POPMYIOTHCA €JIEMEHTH I'PAHYJIHOBAHOTO
cTaHy chepudyHoi ad0 HempaBWJILHOI (POPMU Ta y BUIJIAII OCTPIBUIB ILIIBKU
MarHiTHOi KOMIOHEHTU. B ocTaHHbOMY BUIAJIKy IUIIBKOBI 3pa3Kud OTpUMAIU
Ha3BY «KBa3IrpaHyJbOBaHI».

BignmoBigHO D0 METHM Ta IIOCTaBJICHUX 3ajJa4, AJOCIIJKECHHS MajHu
XapakTep KOMIUIEKCHUX, OCKIJbKUA OyJM BUKOPHUCTAHI PSAJl METOIIB 1 METOIUK,
K1 3HAWIIM CBOE 3aCTOCYBAaHHA y MeTanoQi3ulll IIIBKOBUX MaTepiaiiB.
3okpema, (opmyBaHHA TpPaHYJIbOBAHUX TIUIIBKOBUX T.p. 3I1HCHIOBAIOCS
METOJIOM OJTHOYAacHOi a00 MOIIapoBOi KOHAEHCAIli KOMIIOHEHT 13 HACTYIHOO
roMoreHi3aimiero (a3oBoTro CKJIaay MIISAXOM BIAMATIOBAHHS 10 TEMIEpaTypu
T, =700 -900 K. Kga3irpanynboBaHi TUJIIBKM KOHJCHCYBAJUCSI Yy BUIJISII
TPHUILIAPOBOT CUCTEMHU, Y SIKIH cepedHii map MpeacTaBisiB OCTPIBUEBY IJIIBKY.
Kpucraniuna cTpyktypa, ha3oBuil 1 €JIEMEHTHUN CKJIaJ TUTIBOK JOCIIIKYBaBCs
13 BUKOPUCTAHHSAM IMIAKIAJOK Y BUIVISIAI TUIIBKA BYTJICII0 TOBIIUHOIO
d=30-50um (mas enexkTpoHorpadiyHUX 1 EJIEKTPOHO-MIKPOCKOMIUYHUX
nociaigxenb Metogom IIEM) abGo npupoaHbo OKHCIEHOI MJIacTUHM Si 13

MTOBEPXHEBUM n1apom S10 (x=2) TOBIIMHOO 10 60 HM



(mIst mocmiKeHb METOA0M pacTpoBoi Mikpockomii PEM Ta wmikpoanamizy
XIMIYHOTO CKJaay MeToaoM eHeproaucnepciiinoi ciekrpometpii EJIC).
EnextpodiznyHi Ta Mar"HiTOpE3UCTUBHI BIACTUBOCTI JOCHIKYBaJIUCS
METOJIOM BHCOKOTOYHOI pPEe3UCTOMETpii 13 BHKOPUCTAHHSIM BiAMOBITHUX
KOMIT'FOTEpH30BaHUX KOMIUIEKCIB JIabopaTopHOTO BUpPOOHUIITBA. [HTENmpeTatis
pe3yNbTaTiB 3A1HCHIOBANIACH 13 BUKOPUCTAaHHIM KiacudHoi mozeni M.Csontos
et all. i 3ampormoHoBaHOT HaMM HAMIBKJIACHYHOI MOJIENi JJI1 MarHiTHOTO

.. din ) . . )
Koe]iieHTy ﬁmB =me (om — T.3B. MArHITHWH NHTOMHHA OMip) IJIs

po3baBiieHUX T.p., B SKUX Ie He cdopMyBajucs TpaHyJId MAarHITHOI
KOMITOHCHTH.

[lepmmit eran poOotu OYB TPUCBAYCHUM OCBOEHHIO METOIUKHU
(GbopMyBaHHS TpaHyJIbOBAaHUX IUIIBKOBHX CIUIABIB MpPH PI3HUX 3arajibHUX
KOHIIEHTPAI[IIX MAarHiTHOI KOMIIOHEHTU (TOOTO CyMapHUX KOHIEHTpAIlIsIX
aTOMIB, Ha OCHOBI SKMX (OPMY€ThCA pelIiTKa po30aBieHUX T.p. 1 CUCTEMa
rpaHyJs) Ta mnacrnoptusaiii iXx ¢a3oBOro i €JIEeMEHTHOTO CKJIaJy Ta CUCTEMH
rpaHyia. Y pesylnbTaTi OyJio BCTaHOBJIEHO, 1[0 a30BUN CKIaJ 3aBXKIU
BianoBigae 'K pemritmi t.p. Ag (Fe), Ag(Co), Au (Fe) a6o Au (Co) i3
canigamu OLK - Fe a6o I'IIIT - Co (Ha enexTpoHOorpamax (ikCyrOTbCS ClalKl
JiHIT TpM  HAJIUIIKY MarHiTHOI KOMIIOHEHTH abo0 TOYKOBI pediiekcu
Big rpanyin). O6poOka [TEM - MikpO3HIMKIB JO3BOJISIE PO3paXyBaTH CEpeaHIM
pO3MIp TpaHyJI 2r,=2-12 HM Ta X IIOBEPXHEBY
xounentpamio — (8 - 10 = 2:10") - M2, Ha mepmomy erami mOCTiIKEHb
ocobnuBa yBara Oylla NOpuIUIEHa MNUTAHHIO NP0 KOHIIEHTpAIll0 aTOMiB
MarHiTHOI KOMIOHEHTH Ta Jierkux razopux atromis (O, C, N ta iH).

Ilepen tum, sik ckopucrtatuca metoaom EJIC Oynu Bmepiie oTrpumani
PO3paxXyHKOBI (OPMYJIH IS KOHIIEHTpAIlli aTOMIB MarHiTHOI KOMIIOHEHTH Y
rpaHyJjiax 1 B po30aBjeHUX T.p. 13 ypaxXyBaHHSIM CEPEIHLOTO paalycy Iy IpaHyJl
Ta TOBIIWHH IUTIBKK T.p. PO3paxyHKOBiI BEJIWYMHU MOTJIM YTOYHIOBATHUCS TIPH

BUKopucTanHi BucokoTouHoro wmerony EJIC. IlapanensHo Bmepmie Oyia



YCTAHOBJICHA MAaKCHMAaJIbHO MOJKJIMBA KOHIIEHTpALlisl JIETKUX aTOMIB Yy ILIIBII
T.p. IpH yMOBi KoHAeHcarii B Bakyymi 10™ ITa. BUABHIOCS, 110 KOHIEHTPALLis
aTOMIB KHCHIO, BYTJIEIIO 1 @30Ty Mae€ Taki 3HaueHHs: 10 2 aT.% O; no 1 ar.% C
1 6mm3pko Hyns at. % N (i gaHi orpumyBanucs msixom mnopiBHsHHA EJIC
crekTpiB mnBku (T.p. + rpanyin)/SiO,/Si ta migkmaaku SiO,/Si.

JlonatkoBi nocaipkeHHs MetoaoM Benpa dyHKIi po3nmoainy aedexTiB
TUMy «BaKaHCI - I1HOPIMHWUK aTOM» TIOKa3ajdu, IO EHepris aKTUBaIii
3a1IKOBYBaHHs IIMX BaKaHCIMHMX KOMIUIeKciB MeHme | eB, mo mae Ttumose
3HAYEHHS I KOMIUIEKCIB («BakaHCIS-IETKUWA aToM rasy»). lle o3Hadae, mio
JerKl aToMHM Ta3iB JIOKANI3yIOThCA Y CBOEPIAHUX «IACTKAaX» y BHIIISAL
BAaKaHCIM MeTaJlleBUX aTOMIB (IIpU TaKUX YMOBax BOHU HE OyIyThb yTBOPIOBAaTH
XIMIYHI 3'€lHaHHS, 1 NOPUWMATH yYacTb B EJEKTPONEPEHECEHHI MUIAXOM
audy3ii B T.p.). Y pe3yibTari 3po0JIEHO BUCHOBOK, IO aTOMHU KHCHIO 1
BYIJICL}0 HE MOXYTh NMOMITHUM YMHOM BIUIMBAaTH Ha KIHETUYH1 BJIAaCTHBOCTI
IJIIBKOBUX T.p.

Ha apyromy etamni BuBuUamucst enexkTpodizuyHi BIACTUBOCTI (MUTOMUN OMIp
ta TKO) rpanynboBanux T1.p. Sk 1 ciig Oyjo OYIKYBaTH, BUXOJSIYM 13 aHAII3Y
JITEpaTYypHUX JAHUX, BEIMYMHA O MA€ BEJIMKE 3HAUCHHS MOpsJIKa 107 Om'M, mo
Ha TIOpANIOK Oiunblle, HDK y MacUBHUX MeTaneBux 3paskax, a TKO wMae
mopsimok 10° - K, 1m0 B mekimbka pasiB MeHINE y MOpPIBHSHHI i MACHBHHMH
3paskamu. OCHOBHA yBara Ha I[bOMY €Tall JOCIIPKeHb OyJa MpuijieHa MUTaHHIO
po BHECOK y 3aranbHy BenuuuHy TKO mporieciB po3citoBaHHs €JIEKTPOHIB Ha

dinp,
aT

rpanyiax (MoBa ijie mpo T.3B. TEPMIUHUI MarHiTHUN KoedirieHT ado f,; =

)-

Ha MoMeHT mnocTaHOBKM 3ajadi JOCHIDKeHb Oylna BioMa €auHa
dbenomenosoriuna mojenb Ais TKO rpaHyab,0BaHUX T.p., SKa J03BOJISUIA OLTBII-

MEHIII KOPEKTHO OLIHUTH £ . SIK PI3HULIO }3

eKc

- B,,,- byJ0 BCTaHOBIIEHO, IO JIaHa

pisuums mae mopsizok (0,10 —0,15) - 10° K mnst rpaHyapoBaHHX IUNBOK Ha
ocHoBl Ag 1 Co, OTpUMAaHHX SIK OJJHOYACHOIO, TAK 1 MOIIAPOBOI0 KOHJEHCAIIIEIO, a

TakoX y Bunaaky miiBok Pd/Co/IT ta Pt/Fe/Il. BigmiTumo, 1110 BKa3aHi BEIMYNHA



f.s Ha JaHUA MOMEHT MOXKHA PpO3TJIAJAaTH SIK HaWOUIbII KOPEKTHI, Xoua
BUKOpHCTaHa ()€HOMEHOJIOTIYHA MOJIC)Ib Ma€ CBOI OOMEKEHHS, TOYHICTb 1 TPaHUIIl
3aCTOCYBaHHS.

Ha TpetboMy erami mnpoBeneHi JOCHIIPKEHHS MarHITOPE3UCTUBHUX
BJIACTUBOCTEH TUTIBOK 1 OyJia 3BepHyTa yBara Ha aHoMajabHO Maji BenuuyuHu MO,
KU y OUIBIIOCTI BUMAJKiB Mae yci o3Haku ['MO, ane mpu MEeBHHX yMOBax
peanizoByBaBcs aHi3oTponHu MO 13 Takowo ) aHOMajJbHO MaJOK aMILIITYIOKO.
BigmiTiMo, 1m0 y 1IbOMy BHMIAJKY MPaKTUYHO TOBTOprutacs cutyailis 13 TK op.

BuHukiia HEOOXIJHICT y PO3pOOLIl TEOPETUUHOI MOJIEN] Ul B, pPO30aBIECHUX T.D.

0e3 Mar”HiTHUX rpaHy.

3anmpornoHOBaHA HaMHM  HaMIBKJIACMYHA MOJENb, Ha BIIAMIHY  BIJ
BUKOPUCTAHOT (PEHOMEHOTIYHOI MOJeNi, OUIbII KOPEKTHO BPAXOBYE MOMKIJIHBI
BapI1aHTH PO3CIIOBAHHS €JIEKTPOHIB 1 3aJIEKHICTh BiJI MAarHITHOTO TOJISI HE TUIbKU
CEpellHbOI JIOBKMHU BUIBHOTO MpoOIry, ajie 1 KOoe()illeHTIB I3€pKajIbHOCTI 1
MIPOXOJIKEHHS MEXI1 Ta 1HTEp(EiCiB (B OCTAHHBOMY BHUIIAJIKY - MIPU YMOBI IIOBHOTO
a00 YacTKOBOro 30€peKCHHS 1HIWBIIyaIbHOCTI OKpemux mapi). ILle mano
MOJKJIMBICTh OLIHUTH MaKCHUMAaJIbHO KOPEKTHO BEJIWYUHY g}, fAKa MpHUiiMae
saauennst 10°-107 T,

AnanrtyBaBmu kiacuuny mojaens M.Csontos et all., sika onucye 3anexHICTh
Om BIJ BEJIMYMHUA MAarHiTHOIO MOMEHTa (CriHa S) rpaHysd, MU BIEPIIE OTPUMAITH
CHIBBITHOWIEHHS ISl B 1 B,y 3a’nexHocTi Big S. Ilpu ¢i3uuyHO KOpPEKTHHX
BennunHax S (Big 1 go 50 marnetoniB bopa) po3paxyHkoBi g . 1 g, CHIBIalal0Th

13 eKkcnepuMeHTalIbHUMHU. Ha OCHOBI IIMX pe3yibTaTiB cPOPMYJILOBAHO BHCHOBOK
po Te, 10 Majl BEIUYUHU [, 71 [,3 PEATI3YIOThCS Y IUTIBKAX 13 BIAHOCHO MaJuMU
sHaueHHssMu TKO (1 — 3) 10° K" { anomampHO Mammmu BeamumHamu MO
(0,01 - 0,40 %). Kputepii ManocTi 10 AesKOT Mipd YMOBHI 1 HAMU BHOpaHi TaKUM
auroM: TKO mermre 5 - 10° K™, a T'MO menrmre 0,5 %. ®isnuna Opupoja 1boro

NOB’si3aHa 13 HEJOCKOHAJOK CHCTEMOIO TpaHyjd (06araTo 13 HUX 3HAXOIATHCS Y



cylepriapaMaraTiHoMy CTaHi a00 MarTh BIJHOCHO MaJHil CITiH), III0 HE J03BOJISIE
peaizailito €epeKTUBHOTO CIIH-3aJIC)KHOT'O PO3CIIOBAHHS €JIICKTPOHIB.

VY pe3ynbTaTi OCHOBHUN BHECOK y MUTOMU OMIp IUIIBKH Ja€ MUTOMUN OMIp
T.p., OCKUIBKM B O00’€Mi HaHOTpaHyJl peami3yeTbCsi OaliCTUYHHIA MeXaHi3M
npoBigHOCTI. HemockoHanii HU3bKOOMHHM CIIHOBHUM KaHaJl HE IIYHTYE Yy MOBHIN
Mipi BUCOKOOMHHMM OMIYHUHN KaHaj MPOBITHOCTI, 110 OOYMOBJIIOE MaJli BEIUYUHU
TKO 1 I'MO. Ha d¢enomeHonOriYHOMY PpiBHI MpOAaHATI30BaHI MHUTAaHHSA TIPO
TEeMIIepaTypHy 1 KOHUEHTpaliiny 3anexHocti [MO 1 AMO, mo moxe OyTtu
BUKOPHCTAHO TPU BUPIMIECHHI 33/1a4 MPHUKJIATHOTO XapaKTePy.

KarwuoBi cJjioBa: rpaHyiabOBaHI IUIIBKOBI CIUIaBH, TBEpPJl pPO3YHHH,

rpanyinu, TKO, 'MO, mani sennuuau TKO 1 I'MO, criin rpanynim.
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SUMMARY

Shumakova M.O. Electrophysical and magneoresistivity properties of film
materials based on ferromagnetic and noble metalls.— Qualification scientific
work with the manuscript copyright.

The thesis submitted for the degree doctor of philosophy, specialty 105 —
applied physics and nanomaterials. — Sumy State University, Ministry of Education
and Science, Sumy, 2020.

The thesis is devoted to the experimental and theoretical study of
electrotransport features in changing temperature and external magnetic field in
nanoscale film materials in the form of limited solid solutions (s.s.) Fe or Co atoms
in hcc lattices Ag or Au, in which granular state elements of spherical or irregular
shape in the form of islands of magnetic film component. In the latter case, the film
samples were called «quasi-granular.

In accordance with the purpose and the study objectives were complex in
nature, because they used a number of methods and techniques that have found
application in the metallophysics of film materials. In particular, the formation of
granular film soils. were carried out by the method of simultaneous or layered
condensation of the components, followed by homogenization of the phase
composition by annealing to a temperature T,, = 700 — 900 K. Quasi-granular films
were condensed in the form of a three-layer system, in which the middle layer was
an island film. The crystalline structure, phase and elemental composition of the
films were investigated using carbon film substrates with a thickness d = 30 — 50
nm (for electron diffraction and electron microscopy studies using the TEM
method) or a naturally oxidized Si plate with a SiO, surface layer (x = 2) thickness
up to 60 nm (for REM scanning microscopy and chemical composition by energy
dispersion spectrometry EDS).

Electrophysical and magnetoresistive properties were investigated by the
method of high-precision resistometry using appropriate computerized laboratory

complexes. The results were interpreted using the classic M.Csontos et all. model



. . . . . dl
and our proposed semiclassical model for the magnetic coefficient S,z = 2; -

(om — so-called magnetic resistivity) for diluted s.s. in which magnetic component
granules have not yet formed.

The first stage of the work was devoted to the development of the method of
formation of granular film alloys at different total concentrations of the magnetic
component (i.e. the total atoms concentrations, based on diluted s.s. and the
granule system is formed) and certification their of phase and elemental
composition and granules system. As a result, it was found that the phase
composition always corresponds to the FCC lattice s.s. Ag (Fe), Ag (Co), Au (Fe)
or Au (Co) with traces of BCC-Fe or HPC-Co (weak lines are recorded on the
electrongrams with excess magnetic component or point reflexes from the
granules).

TEM micro-images processing allows us to calculate the average granule
size of 2r, = 2 — 12 nm and their surface concentration - (8 - 10** — 2 - 10®) m™. In
the first stage of research, particular attention was paid to the magnetic component
atoms concentration and light gas atoms (O, C, N, etc.). Before using the EDS
method, the first formulas were obtained for the concentration of magnetic
component atoms in granules and in diluted s.s. given the average granules radius
ro and the thickness of the film, etc.

Estimated values should be specified when using the high-precision EDS.
For the first time, the maximum possible concentration of light atoms in the so-
called film was established. subject to condensation in a vacuum of 10 Pa. It was
found that the concentration of oxygen, carbon and nitrogen atoms has the
following values: up to 2 at % O; up to 1 at % C and about zero at % N (these data
were obtained by comparing the EDS of the film spectra (s.s.+granules)/SiO,/Si
and SiO,/Si substrates.

Additional studies by the Vend method of the function of the distribution of
defects of the type «vacancy - foreign atom» showed that the activation energy of
healing of defects of these vacancy complexes is less than 1 eV, which has a
typical value of complexes («vacancy-light atom of gas»). This means that light



atoms of gases are localized into peculiar «traps» in the form of vacancies of metal
atoms (under such conditions they will not form chemical compounds, and
participate in electrical transfer by diffusion in s.s.). As a result, it is concluded that
atoms oxygen and carbon cannot appreciably affect the kinetic properties of s.s.
films.

In the second stage, the electrophysical properties (resistivity and TCR) of
granular soils were studied. As expected, based on the analysis of the literature
data, the p value is of great importance on the order 10”7 Ohm, which is an order of
magnitude larger than in massive metal samples, and the TCR has an
order 10 K™, which in several times smaller compared to bulk samples. The main
focus at this stage of the research was on the contribution to the total value of the

TCR of electron scattering processes on the granules (we are talking about the so-

dln pm)
ar 7’

At the time of formulation of the research problem, a single

called thermal magnetic coefficient or 5,1 =

phenomenological model was known for TCR the granular s.s., which allowed

more or less correct estimation g, of the difference g,,- g... This difference

was found to be of the order (0,10 — 0,15)10°° K™ granular films based on Ag and
Co obtained by both simultaneous and layer condensation in the case Pd/Co /S
and Pt/ Fe/S. Note that these values f,,r can currently be regarded as the most
correct, although the phenomenological model used has its limitations, accuracy
and limits of application.

In the third stage, the studies of the magnetoresistive properties of the films
were carried out and attention was paid to the abnormally small values of the MR,
which in most cases has all the features of GMR, but under certain conditions
anisotropic MR with the same abnormally small amplitude was realized. It should
be noted that in this case the situation with TCp, practically repeated. There was a

need to develop a theoretical model for g, of dilute s.s. without magnetic granules.

Our semiclassical model, unlike the phenomenological model used, more correctly

takes into account possible electron scattering and dependence on the magnetic



field not only of the average free path length, but also the parameter of specular
reflection from external surfaces and the transmission parameter at the grain
boundary and interfaces of electrons (in the latter case, provided that they are
complete).

This made it possible to estimate the maximum correct value g__, which

takes on value 10— 107 T™. Adapting the classic model of M.Csontos et all.,
which describes the dependency p,, from the magnitude of the magnetic moment

(spin S) of the granule we first obtained the relation for g

mT

and g . depending on

S. At physically correct values S (from 1 to 50 Bohr magnets) are calculated S (Bix

1 mo 50) Bohr magneton settlement g and g . coincide with experimental ones.

Based on these results, we conclude that small quantities S,r and S,z are
implemented in films with relatively small values TCR (1-3) 10°K™ i abnormally
small quantities of GMR (0,01 — 0,40 %). The smallness criterion is to some extent
conditional and we are chosen as follows: TCR is smaller 510 K* and GMR less
than 1 %.

The physical nature of this is due to the imperfect granule system (many of
which are in superparamagnetic state or have relatively small spin), which does not
allow efficient spin-dependent electron scattering. As a result, the main
contribution to the resistivity of the film is given by the resistivity of the so-called,
since the ballistic mechanism of conductance is implemented in the nanogranule
volume. The imperfect low-ohmic spin channel does not completely shunt the
high-ohmic conductivity channel, which causes small values of TCR and GMR. At
the phenomenological level the questions of temperature and concentration
dependence of GMR and AMR are analyzed, which can be used in solving
problems of applied character.

Keywords: granular film alloys, solid solutions, granules, TCR, GMR,
small values of TCR and GMR, spin granules.
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