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Canmukos  J[.I.  OcoOMMBOCTI  €JIEKTPOTPAHCIOPTY B  IUTIBKOBUX
HAHOPO3MIPHHUX CHCTEeMaX Ha OCHOBI (epomarHiTHuUX cmaBiB. — Ha mpaBax
PYKOIIHCY.

Hucepramisi Ha 3700yTTS HAyKOBOTO CTymeHS HoKTopa ¢imocodii 3a
criemianpHicTIO 105 — mpuknagna ¢i3uka Ta HaHomarepiaau. — CyMCbKUH
nepskaBHui yHiBepcuteT, Cymu, 2020.

Hucepramiitna  poboTta  TpHUCBAYEHA  BCTAHOBJICHHIO  3arajbHUX
3aKOHOMIPDHOCTEW BIUIMBY TEMIIEPATypHd 1 PO3MIPHMX Ta KOHIIEHTpaIlIMHUX
epeKTIB Ha EeJEeKTPO- Ta MarHiTOPE3UCTHBHI BIIACTUBOCTI OJIHOIIAPOBUX ILJIIBOK
Fe,C0,« Ta TpumapoBux miiBkoBux cucteM Fe,C01.,/Cu/Fe,Coyy.

BcranoBneHo 3akoHOMIpHOCTI (OPMYBaHHS KPHUCTATIYHOI CTPYKTYpH 1
¢dazoBoro ckmagy, TMOBEHIHKU enekTpodizuunux (mutomuit omip, TKO),
MarHiTOpE3UCTUBHUX  (QHI30TPONMHUN 1 TITAHTCBKUM  Mar”itoomp) 1 ix
B3a€MO3B 3Ky JUIS TUTIBKOBHX CIUIaBiB Ta TPHUINAPOBUX CHCTEM Ha iX OCHOBI B
iaTepBani  ToBmmH d=5-80HM 1 KkoHmeHTpamii Cr=10-90ar% vy
temnepaTypHomMy intepBam 120 — 700 K.

BusiBiaeHo, mo cBiXOCKOHAeHCOBaHI IuiiBkoBi cmiaBu Fe,Co;, (X > 0,3)
MarTh (azoBuil ckian, mo Bianosigae OLK - Fe,Co;, 3 mapameTrpom rpaTKu
a=0,292-0,293 uMm. Ilpu x<0,3 dda3zoBuii ckiaa CBIKOCKOHICHCOBAHUX
ognomaposux mIBok Bignosigae OLK - Fe,Coj.y+ 'III - Coy 3 mapamerpom
rpatku a = 0,291 — 0,294 um ta ac,= 0,250 - 0,253 ™ 1 cc, = 0,410 — 0,413 HM.
[Ticns BignamroBanns 3a 700 K mst mmiBok 3 x > 0,3 ¢dikcyerbest OLK - Fe,Cop
Ta npu X<0,3 OLK - FexCoi.y + 'K - Coy. dazoBui CKJIaf
CBIKOCKOH/IEHCOBaHMX TpUIIApoBHX IUIBOK 3 X < 0,3 Bignosigae OLIK - Fe,Coq.x.y
+ 'K - Cu+T'III - Coy.  Jna tpumapoBux miriBok Fe,Co,/Cu/Fe,Coix 3
X > 0,3dr =20-40 am Ta dy = 5—20 M (a3oBHii CKIIaJ BiIMTOBIAAE€ EBTSKTHIII
OLK - Fe,Co;x + THK-T.p. Cu(Fe) a6o t.p. Cu(Co) He3anmexHO BiT YMOB

TepMooOpoOku. Ilicas TepMooOpoOkKM Takux 3pas3kiB 3 X < 0,3 3a Temreparypu



700 K dazorwmii cxiran Bignosinae OLIK - Fe,Co;.+ I'LIK - Cu(Fe) a6o T.p Cu(Co).

3’scoBano, mo TwiiBku craBy Fe,Copx € TOMOTEHHUMH 3a TOBIIMHOIO.
BuBueno mudysiiiHi mnporecu y mmiiBkoBux cuctemax Fe,Cop,/Cu/Fe,Coyy
3 dg=30-40uM Ta dy=10-20 HM Ta mOKa3aHO, IO Yy HHUX B IIJIOMY
30epiraeThbCs 1HAUBIAYAIBHICTh OKPEMHUX IIapiB. TepMo- Ta 10HHO-CTUMYJILOBaHA
audysis crnpuunnse nudysito atromiB Fe ta Co, siki € pe3ynbratoMm Aucoriarii
modsekyn FeCo.

BcTaHoBeHO 3aKOHOMIPHOCTI B MOJIbOBUX 3QJIEKHOCTAX aHI30TPOMHOTO Ta
130TPOITHOTO  MAar”iTOOMOpY JJIs OJHOIIAPOBHUX IUTIBKOBHX MaTepiaiiB Ta
TPUIIAPOBUX CTPYKTYP 13 P13HOIO TOBIIMHOK MATrHITHUX Ta HEMAarHiTHUX IIapiB Ta
KOHIIGHTpaIli€ro KoMmoHeHT B 1mapax Fe,Coj,. EkcnepumeHTaNbHO BUSBIICHI
IHTepBAJIM KOHIICHTpAIlI 1 TOBIIMH IIAPIB, Y SKUX CIIOCTEPIraBCs aHI30TPOMHUMN
(TTO3UTHMBHUMN MO3J0BXKHIN 1 HETATUBHUI MONEPEYHUI MarHiTOOIIP) Ta 130TPOITHUIN
(HeTaTUBHUI MO3I0BXKHIN 1 TONIEPEUYHUI MAarHITOOITP) XapaKTep MarHiTOOIOpy.

Pesynbpratu ekcrnepuMeHTaNbHUX JOCTIIKEHb BIUIMBY BiINATIOBaHHS Ha
BEJIMYMHY 130TPOIHOTO MAarHiTOONOpPY Ta BHJI MAarHiTOPE3UCTHBHUX METEINb
MOKa3yI0Th, 110 Xapaktep noseninku MO i fioro Beln4nHa B 3aralbHOMY BHIIAIKY
BU3HAYAIOThCA SK TOBIIMHOIO (EepOMArHiTHUX 1 HEMarHiTHUX IIapiB, Tak 1
KOHIIEHTPAIIEI0 KOMIIOHEHT y IIapax. EKcnepuMeHTalbHO IOKa3aHo, L0 MpU
dr.=25-40 um Ta dy =3 - 20 HM B yCiX JAOCTIIKYBaHUX CBIKOCKOHJICHCOBAHHMX
TPUIIAPOBUX CHUCTEMAX CIOCTEPITAEThCSA 130TPOMHUN XapaKTep MAarHiTOOMOpY,
OOyMOBJIEHUN  CIIH-3QJIEKHUM  PO3CIIOBAaHHAM  €JEKTPOHIB  IPOBITHOCTI.
MakcumainbHe 3HaueHHs 130TportHoro MO B 1 % npu KiMHaTHIN TeMIiepaTypi AJs
HEBINAJICHUX IUIIBOK CIIOCTEpiraeThes st cuctemu Feg1C0g o/ Cu/Feg1C0qg mipu
OJIHAKOBMX TOBIIMHAX MAarHiTHUX IapiB 1 TOBIIMHI mpomapky 3 uM. [lpu
TEPMOMArHiTHOMYy MOETAalTHOMY BiJMATIOBaHHI (4epe3 MPOMIXKHI TeMIlepaTypu
400, 500 K) mua Bcix CHCTEM 3a BHUKIIOYEHHSIM 3pa3KiB 3 YTBOPEHHSM
IPaHYJbOBAHOTO CTaHy CIIOCTEPIra€ThbCsl MEpexii BiJl 130TPOMHOTO  JIO
aHI30TPOIHOIO XapaKTepy MarHiToonopy. s cTpykTyp 3 KoHueHtpaiiero Cg =

10 — 20 ar. % Ta BigHOCHO ToHKMMH miapamu (dr = 10 — 20 M, dy = 5 — 15 HM)



CIIOCTEPITaeThCSl aHI30TPONMHUN XapaKTep MAarHiTOONOpY B BHXIJHOMY CTaHI.
BinnmamoBanns 3a temmeparypu 550 K mpu3BoauTh [0 MOSBU 130TPOMHOIO
MarHiToomnopy, 1o oOyMOBJIEHO (POpMyBaHHSIM I'PaHyJILOBAHOI'O CILUIABY HAa OCHOBI
Cu Ta aromiB Co. TepmooOGpoOKka 3pa3kiB HE3aJIEKHO BiJl BMICTY KOMIIOHEHT Ta 3
de=20-30 uM, dy=5-15 um mnpu temmeparypi 400, 550 K crumymioe
30uIbIeHHs 130TponHOTO MO 110 3,5 % mnpu KiMHaATHIM TeMriepaTypi. 3HUKEHHS
TeMIlepaTypy BUMIpIOBaHHs Bia kiMHaTHOI 10 120 K mpuBoauTh 10 301IbIICHHS
aMILIITYAU 130TPOMHOTO MarHitoomnopy B 1,2 — 1,5 pazu

OtpuMaHi eKCHEpUMEHTANbHI pPe3yJbTaTH CBIAYAaTh MPO JOCHTH BEJIHUKY
TEeMIIEpPaTypHY CTaOUIBHICTh BIACTHUBOCTEH IUTIBKOBUX CTPYKTYp Ha OCHOBI CIUIaBY
FeCorx Ta Cu, 1o A03BOJIsIE  PEKOMEHAYBaTH IPH  BUTOTOBJICHHI
MarHiTOPE3UCTUBHUX €JIEMEHTIB, SK OJWH 3 €TamiB TEXHOJOTIYHOTO MPOIIECY,
TepMocTaluIi3aliiiHe BiANAIOBaHHA y BakyyMi 3a Temmeparypu 550 abo 700 K
0e3rmocepeIHbO MICIs OCAKEHHS TUTIBOK.

[lokazaHo, 1m0 Ha TEeMIEpPaTypHUX 3AIEKHOCTAX HUTOMOTO OIOpPY
TPUIIAPOBUX IUIIBOK HE3aJIE)KHO B1J] KOHIIEHTPAIlll KOMIIOHEHT (DIKCYIOThCS TPH
XapaKTepH1 JUISHKH, Ha SIKUX Peaji3yeThbCs pO3CIIOBAHHS €JIEKTPOHIB Ha AeeKTax
KPUCTAIIYHOI Oy/I0BH, MEXax 3€peH Ta iHTepdeiicax.

ExcriepuMeHTanbHO Ta TEOPETHYHO IMOKA3aHO, IO 13 POCTOM TOBIIMHU
iiBKoBoro cmiaBy FeCoj;x Ta TOBHUIMHHM MPOLIAPKY y TPHUIIAPOBUX CHUCTEMAax
(dr= 30 M) 3nauennss TKO 3pocrae. ExcriepuMeHTaabHI Ta pO3paxyHKOBI JaHi
CHIBIIaJIal0Th 3 TOUHICTIO 110 20%.

BuBueni ¢i3uuHi mpolecu B IUIIBKOBUX Marepiaiax 13 TOUKH 30py iX
MOJKJIIBOTO 3aCTOCYBaHHS SIK YYTJIMBHUX €JIEMEHTIB 3 BUCOKOIO TEMIIEPATYpHOIO Ta
YacOBOIO CTAa0UIbHICTIO 0araToQyHKIIIOHAIBHUX CEHCOPHUX Ta 1H(GOpMaliiHUX
NpuiIaAiB pi3HOTO MPU3HAYCHHS.

Kiro4oBi cjioBa: 1miiBKoB1 MaTepiaiu, CTPYKTYpHO-(})a30BUM CTaH, TUTOMUMN
omip, AUQy3isd, TITaHTCHKUN MAarHiTOOMip, aHI30TPOMHHUI MAarHiTOOIIp, CIIiH-

3aJIeKHE PO3CIFOBAHHS.
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SUMMARY

Saltykov D. I. Features of electron transport in the nanoscale film systems
based on ferromagnetic alloys. Manuscript

Ph. D. thesis submitted for the degree of doctor of philosophy, specialty 105
— “Applied physics and nanomaterials”. — Sumy state University, Sumy, 2020.

Ph. D. thesis is devoted to the established general laws of the influence of
temperature and size and concentration effects on the electro- and magnetoresistive
properties of Fe,Co, single-layer films and Fe,Co,./Cu/Fe,Co,. three-layer film
systems.

The regularities of formation of crystalline structure and phase composition,
behavior of electrophysical (resistivity and TCR), magnetoresistive (anisotropic
and giant magnetoresistance) and their interconnection for film alloys and three-
layer systems on their basis are established in the interval of thickness
d =5-80 nm and concentrations of Cr. = 10 — 90 at.% in the temperature range of
120 - 700 K.

It is revealed that as-deposited Fe,Coy film alloys (x > 0.3) have a phase
composition corresponding to bcc - Fe,Co, with the lattice parameter a = 0.292 —
0.293 nm. At x < 0.3, the phase composition of the as-deposited single-layer films
corresponds to bcc - Fe,Co;..y + hcp - Coy with the lattice parameter a = 0.291 -
0.294 nm and ac, = 0.250 — 0.253 nm, Cc, = 0.410 — 0.413 nm. After annealing at
700 K, the bcc - Fe,Coiiis fixed for films with x>0.3 and bcc- Fe,Coyyy +
fcc - Coy is fixed at x < 0.3. The phase state of as-deposited three-layer films with
x <0.3 corresponds to bcc - Fe,Coyx.y+ fcc- Cu + hep - Co,. For three-layer
Fe,Co,.,/Cu/Fe,Coy films with x > 0.3, de= 20-40 nm and dy= 5-20 nm, the phase
state corresponds to the eutectic of bcc - Fe,Co,4 + fcc-s.s. Cu (Fe) or s.s.
Cu(Co), regardless of the heat treatment conditions. After heat treatment of such
samples with x < 0.3 at a temperature of 700 K, the phase state corresponds to
bcc - Fe,Coyx + fcc-s.s. Cu (Fe) or s.s. Cu(Co). For films with x >0.3, heat

treatment does not change the phase state.



It is found that Fe,Co, film alloy are homogeneous in thickness. Diffusion
processes in Fe,Co.,/Cu/Fe,Co,x film systems with d:.=30-40nm and
dy =10 — 20 nm have been studied and it is shown that they generally preserve the
identity of is retained. The thermal and ion-stimulated diffusion causes the mutual
penetration of Fe and Co atoms, which are the result of dissociation of FeCo
molecules.

The regularities in the field dependences of anisotropic and isotropic
magnetoresistance for single-layer film materials and three-layer structures with
different thicknesses of magnetic and non-magnetic layers and the concentration of
components in Fe,Co,, layers are established. The concentration and layers
thickness ranges, in which anisotropic (positive longitudinal and negative
transverse magnetoresistance) and isotropic (negative longitudinal and transverse
magnetoresistance) character of magnetoresistance observed, have been identified.

The experimental results of the annealing effect on the isotropic
magnetoresistance value and the shape of magnetoresistive loops show that the MR
behavior and its magnitude in the general case are determined by both the
thickness of the ferromagnetic and nonmagnetic layers, and the concentration of
the components in the layers. It has been shown experimentally that for all
investigated three-layer systems at d-=25-40nm and dy=3-20nm, the
isotropic character of magnetoresistance as a result of the spin-dependent electron
scattering is observed. The maximum value of isotropic MR of 1% at room
temperature is observed for Fey;Coqo/Cu/Fey1C0q 9 as-deposited system with the
same thickness of the magnetic and copper layers of 3 nm. In the case of
thermomagnetic step-by-step annealing (through intermediate temperatures of 400,
500 K), the transition from isotropic to anisotropic nature of the magnetoresistance
Is observed. The exception is samples, in which the granular state forms. For
structures with a concentration of Cr, =10-20 at.% and relatively thin layers
(dr =10 —-20 nm, dy =5 - 15 nm) the anisotropic nature of the magnetoresistance
in the initial state is observed. Annealing at a temperature of 550 K results in an

Isotropic magnetoresistance, as a result of the granular alloy based on Cu and Co



atoms formations. The heat treatment at a temperature of 400, 550 K stimulates an
increase in isotropic MR to 3.5 % at room temperature for the samples regardless
of component composition and with dr =20 - 30 nm, dy =5 - 15 nm. Reducing
the measurement temperature from room temperature to 120 K leads to an increase
In the isotropic magnetoresistance magnitude by 1.2 — 1.5 times.

The obtained experimental results indicate sufficiently high temperature
stability of the properties of film structures based on the alloy Fe,Co; and Cu.
This allows recommending thermal annealing in vacuum at a temperature of 550 or
700 K directly after the film deposition as one of the stages of the technological
process at the formation magnetoresistive elements.

It is shown that at the temperature dependencies of the resistivity of three-
layer films, regardless of the component concentrations, three characteristic
regions are fixed. These regions correspond to the realization of electron scattering
on the defects of the crystal structure, grain boundaries, and interfaces,
respectively.

It has been shown experimentally and theoretically that the TCR value
grows at the increase of the Fe,Co. film alloy thickness and the spacer layer
thickness in three-layer systems (dr = 30 nm). The experimental and calculated
data agree with an accuracy of 20 %.

Physical processes in film materials studied from their possible application
as sensitive elements with high temperature and time stability of multifunctional
sensors and information devices for various purposes.

Keywords: film materials, structural-phase state, resistivity, diffusion, giant

magnetoresistance, anisotropic magnetoresistance, spin-dependent scattering.
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