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3AXBAJIHULIA

3axBasbyjeM ce KoJjieraMa M MCTpakMBauMMa KOjH Cy y CBOjUM jaboparopujama
CIpOBe/IM HayyHe eKCIepHMeHTe Haj ysopuuMa ¢epoMardHeTHHMX aMOpPQHHUX XKHULA
HCIHUTHBAHKX y OKBHPY OBe JJOKTOPCKe AucepTaluje.

Merogom ckeHupajyhe eneKTpOHCKe MHKPOCKONHje Ca  EHEepPreTCKOM
[MCIEP3UBHOM CIIEKTPOCKOIIM]OM je Hajipe POBEpeH XeMHjCKH CACTaB U XOMOr€HOCT
pacnojiesie KOHCTUTYTMBHMX e€JieMeHaTa HWCIMTUBAHUX aMopHUX Jerypa V
Jla6oparopuju 3a enektpoHcky Mukpockonujy [lomonpuspeanor daxyarera
YHuBepaureTta y Beorpagy noj pykoBOACTBOM pefoBHOT mpodecopa Ap Bnagumupa
[TaBsnoBuha.

[lpyMeHOM onTHYKE MHUKPOCKONHje KoOjy je o6baBuo joueHt ap bopusoje
Hepemkoeuh y Jlabopatopuju CAHY Opcex 3a amopdHe cucreme Ha @TH Yauak cy
ojpeheHH reoMeTpHjCKU NMapaMeTpPHU U MCNMTaHa MOpdOJorydja NoBpIKHA aMopPHUX
KULa.

PenareHocTpykTypHoM aHanuM3oM je BepudukoBaHa aMopdHa CTpPYKTypa
y3opaka ¢gepoMarHeTHHX KHMIQ, a MCOMTHBama cy cnpoBefeHa y Jlabopatopuju 3a
TeopHjcky GU3UKY U QU3UKY KOHJeH30BaHe MaTepHje MHCTUTYTa 3a HyKJIeapHe Hayke
BHHYA - UHcTuTyTa 01 HAlMOHaNHOr 3Ha4Yaja 3a Peny6nuky Cpbuje of cTpaHe HaydHOr
caseTHUKa Ap Muogpara Murtpuha.

[lpouena TepMHYKe CTaGMJIHOCTH aMOpbHHUX Jierypa je eKCImepUMeHTANTHO
HCIHTaHA MeTOZOM AudepeHUHjalHe TepMuUUuKe aHaau3e Ha PakyareTy 3a GU3HUUKY
xeMujy YHuBepzuTeta y Beorpaay y23 acucTeHUMjy BULler HaydyHOr capajHHKa Ap
Munune Bacuh.

Jenan peo ekcnepuMeHaTa Mepela MarHeTOMMIeJaHCe Ha BEKTOPCKOM
aHa/IM3aToOpy Mpexe je obaB/beH y JsabopaTopHujamMa BojHOTeXHHWYKOr MHCTUTYTA Y
Beorpapy y3 acucteHIujy HayuHor capagHuka ap Pagocnasa Cypie.

Jupexropy HanuoHanmHOr WMHCTHTYTa 3a WUCTpaXKHBamke M Pa3BOj TEXHUUKe
¢usuke y Jammjy, Pymynwja, gp Hukonerm Jlyny ce 3saxBasbyjeM Ha KOPHCHHUM
KOHCy/ITalnMjaMa ¥ cyrecTHjaMa oko u3bopa cacraBa aMopdHUX »KUIa Ha 6a3u kobasTa.

MeHnTOp aucepranyje je 61o npod. ap Hebojua MutpoBuh, koMe ce 3axBa/byjeM
Ha YJIOXKEHOM TPYAY U CMepHHUI[aMa y HayuYHOUCTPAXKUBAYKOM PajJly TOKOM JJOKTOPCKHX

cTyAyja.




PE3UME

Y oxBupy AMcepTaluje cy UCTpaxuBaHM GeHOMeHM KOjH MpUNAAajy Hay4dHO]
obJstacTH pa3Boja caBpeMeHMX ceH30pa Ha 6a3u MarHetoumnegancHux (MH) enemenara
Haqmbplx 0Ji aMopHUX MeTaJIHMX Jlerypa Ha 6a3u KobaJiTa M Jierypa Ha 6a3u reoxbha
(>kuue cacraBa Coss.isFea3sSi125B1s5, Co7z2551125B15s 1 Fe73sNb3CuiSiizsBe). CBe nerype
NpHUNajajy MaTepHjajiMMa ca MarHeTHO MEKHM CBOjCTBHMaA, LITO je IPBU IPeAyc/oB 3a
uspaxkeHu MU-edexar (mpomeHa uMneaHce oA yTHIajeM ClIO/balllber jeIHOCMEpPHOT
MarHeTHor no/ba Hex mpu ofpebenum ¢pexBeHnujamMa f HausMeHHYHe CTpyje Koja
npoTHyYe Kpo3 y3opak). /lakje, IeHTpalHa HUCTPaKHBawa Cy CIpOBejeHa y AOMeHY
dyHKHOHANTHE 3aBUCHOCTH uMneaaHce Z (Hes, f).

3a noTnyn' ananmuzy MMHW-ebekta mopen moayna umnejaHce, AeTabHO Cy
ananusupare u 3aBucHoctu peanHor MR e f) n nmarunapuor gena MX (Hex f)
uMnefaHce. TuMe je omoryheHa aHanusa HNpoMeHe JAy6uMHe MarHeTHOr NpoOAUpaka
Om(Hex, f)koputhemem ekcnepuMeHTanHUX NMojiaTaka 3a MmarHetooTnopHoctT MR (Hex, f),
JIOK je 3a aHaju3y MmarHeTHe nepMea6buiHocT [ (Hex, f) HeonmxogHo M mo3HaBamwe
3aBHCHOCTH MarHeTopeaKTaHce Mxﬁ'lex, f).

YnopeaHa MCTpakMBarmba 3aBHCHOCTH MarHeTHe JAy6uHe npoauparba o[
dpekBeHIMje ¥ MarHeTHOr mno/ka Om (Hex, f) koa amopduux skuna cacrasa
Coes.1s5Fe4355i125B15 u FerssNbzCuiSiiasBo cy nokasana fga ce kop jierype Ha 6asu kobasiTa
JIOCTHKY 3a peJi BeJIMUMHe HMKe BPeJHOCTH AyGHHe Npojvpama W 3a peli BeJH4YHHe
Buule BpegHoctH MU-opHoca (HEKOJIMKO CTOTHHA INpOLIEHATA KOJ| Jierype Ha 6asu
K0BaJITa HaclpaM HEKOJIMKO JeCeTHHA NpoLeHaTa Koj Jerype Ha 6a3y reokha).

OnTtumanne pagHe ¢pexsBenuuje MH-enemenara cy jgebuHmucaHe morpebom
usberaBama JOMHHAHTHOr YTHIAja JIOHTUTYJMHA/lHe aHU30TPONHje, Tj. AUHAMHKe
MarHehemwa JIOMeHa y YHYTpalllkOCTH aMOp(HHMX 3KHIA, KOja 3Ha4YajHO CMamyje
0CeT/bUBOCT MHKpPOMarHeTHOT ceH3opa. [loTpe6HO je ocTBapuMTH JOMHHAHTaH YTHUIAj
LUpKy/JapHe aHU30TPOMNHUje, Tj. MeXaHM3aM poOTalMje BeKTOpa MarHeTH3allhje y
nomeHnMa pacrnopehenum mo o6oay xuue. Hajsehe Bpeanocru ocetsbuBocru MHU-
e/leMeHTa cy eBMJAeHTHpaHe Koj, aMopdHux xuua Jjerype CoesisFes3sSi1zsBis npu
dpekeeniyjama 4-5 MHz, a nocturayre BpegHocTu cy oko 0,4 %/A/m.

Kbyune peun: CoFeSiB, CoSiB 1 FeNbCuSiB amopdne xune, marHeroumneaancau (MH)
epexkar, MMHU-censop, marHerHa pAybuHa mnNpoAHpama, MarHeTHa IepMeabHJIHOCT,
0CeT/bUBOCT




ABSTRACT

The development of advanced sensors based on magnetoimpedance (MI) elements
prepared on cobalt-based (Coes.1sFe43sSi125B1s and Co7zsSi125B1s) and iron-based
(Fe73sNb3zCuiSi135B9) amorphous alloys was investigated. All investigated alloys are soft
magnetic materials, which is the first prerequisite for a pronounced MI effect (impedance
change under the influence of an external DC magnetic field Hex at certain frequencies f of
alternating current flowing through the sample). Thus, the central research in the
dissertation is the behavior of the impedance on magnetic field and frequency Z (Hex, f).

In addition to the investigation of the Ml-effect by MI-modulus Z (Hex, f), a complete
analysis of two crucial MI-parameters: penetration depth &m (Hes, f), and relative magnetic
permeability of wire uw (Hex, f) were performed by exploiting all three electrical MI-
element components MR (Hes, f), MX (Hex, f), and Z (Hex f). A theoretical impedance model
for a cylinder, which includes both magnetoresistance MR and magnetoreactance MX, has
been successfully used to estimate the magnetic permeability values p (Hex, f).

Comparative studies of the dependence of the skin depth on the magnetic field and
frequency 6m (Hex, f) in amorphous wires of Coss.1sFe43sSi1zsB1sand Fez3sNbsCui1Si135Bg
alloys have shown that the cobalt-based alloy attains an order of magnitude lower values
of penetration depth and for an order of magnitude higher MI-ratio (several hundred
percent in cobalt-based alloy vs. several tens of percent in iron-based alloy).

The optimal frequencies of MI-elements are selected to avoid the dominant
influence of longitudinal anisotropy, i.e. dynamics of magnetization of domains in the core
of wires, which significantly reduces the sensitivity of the micromagnetic sensor.
Therefore, it is necessary to realize the dominant influence of the skin effect on circular
anisotropy, i.e. mechanism of magnetization vector rotation in domains distributed on the
shell of the cylinder. In these conditions of stiffhg skin effect, the values of the skin depth
are about one-tenth of the wire radius, and the influence of the magnetic field on the
increase of the penetration depth (i.e. on the decrease of the impedance) is pronounced.
The highest sensitivity of the Ml-elements was recorded with amorphous wires of
Coes.1sFes3sSi125B15 alloy at frequencies of 4-5 MHz, and the attained sensitivity is about
0.4% /A/m.

Keywords: CoFeSiB, CoSiB, and FeNbCuSiB amorphous wires, magnetoimpedance
(MI) effect, MI-element, skin depth, magnetic permeability, sensitivity.
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MaznemoumnedaucHu eghekam amopghHux Heuya ca MazHemHo MekuM caojcmauma | JeneHa Operns

1. YBOJ
1.1. llpeagMeT ¥ LW/b UCTPAKMBaHKA

1

[IpeameT HcTpakuBamba OBe J[JOKTOPCKe JHCepTaluje Cy >KHlle gmopcbﬂux
MeTaJIHHUX JIeTypa Ha da3u KodaiTa M Ha 6a3u reoxkha ca MarHeTHO MEKHM CBOjCTBHMA.
HcnutnBakuma cy odyxBaheHe amopdHe Jerype Ha ©OasM Kodaiara cacrasa
Coes.15Fea35S5i125B15 1 Co7255i125B15 kao u erypa Ha 6asu reoxha u3 cucrema FINEMET
Fe-M-Cu-Si-B  (M=Nb) cacraBa Fe73sNb3CuiSiizsBo. [lpema cBojuM MarHeTHUM
KapaKTepuCTHKaMa o0da THIIAa HCIHTUBAHMX Jlerypa IpHIajajy MarepujajdMa ca
M3y3eTHHUM MarHeTHO MeKHM CBOjCTBMMa, Tj. BHCOKMM BpeJHOCTHMA pesjaTHBHe
MarHeTHe HepMEﬁHJIHOLTH.

[TocTuzamwe onTUMaNHUX GYHKIMOHAIHUX KapaKTepUCTHKaA eJleKTPUUYHUX ypeDaja
uspahenux oz GpepomarHeTHnx serypa je moryhe tex HffoH AeTa/bHOr MCTpaKMBarba
eJeKTPUYHMX M MarHeTHHMX CBojcTaBa MarTepujaja. [lopej cBOjUX aTpaKTUBHHUX
MarHeTHO MeKHX cBojcTaBa, aMopdHe M HaHOKpHcTalHe ¢epoMarHeTHe Jierype
noceAlyjy u crnenuduyHe eJeKTPUYHE KapakTepuCTHUKe. EneMeHTH Koju mnokasyjy
NpOMEeHY eJIeKTPUYHEe OTHOPHOCTH MO JejcTBOM cHo/baumer dC MarHeTHOr IMoJba
R(Hex) (MarmeToornopuu MP edexkar / enrs1. Magneto Resistance MR effect) umajy Hucke
penatuBHe BpeaHoctd AR/R: 0,53% FeCrNbCuSiB @ 0.8 T [1]; 0,1% FeVCuSiB
@ 23 kKA/m [2].

Mebhytum, orkpuhe marseroumnegpancor (MH) edekra (ernrn. Magneto Impedance
MI effect) omoryhuio je HHTeH3WBaH pa3BOj CeH30pUKe Y3 Kopullheme aMOPOHHUX U
HaHOKpHUCTANMHUX pepoMarHeTHHX Jerypa 3a uspany MHW-enemenata. MU-edexar je
Hajnpe oTkpuBeH Koj amoppuux FeCoSiB xkuna, a kacHUje je maxkmka MCTpakHBaua
OKpeHyTa M Ka IUIaHapHO] reoMeTPHjH; HAapOYMTO Ka HAHOKPHCTAJIHUM TpaKaMma M
buamoBuMa HauMmbeHuEP serypa Ha dasu reoxkba cuctema FINEMET Fe-M-Cu-Si-B
(M =Nb, Mo, Cr, Ta, Zr, V). Penatusna npomena moaysna umnesiance AZ/Zy @rosapajyhem
bpexkBeHTHOM oncery Moxke focTihu U Bulle croTHHa npoueHara (enrn. Giant Magneto
Impedance (GMI) effect - Benuku MU edexar): 506% CoFeNiMoBSi @ 8 kA/m [3], 1200%
CoFeBSi @ 15 kA/m [4], wmTo amopdHUM 3xHUIAaMa OBHX (pepoMarHeTHHX Jerypa
oMoryhaBa mIMpoke MOryhHOCTH ycrellHe NPUMEeHe Y CaBPeMeHO0j CeH30PCKOj TeXHHIH

[>-7ig

3HaTHO BHIlle BpeHOCTH MarHeTHe nepMeadMIHOCTH JIeTypa Ha dasu KodasTa cy
CYLITUHCKa PeJHOCT Koje OHe UMajy y OAHOCY Ha Jlerype Ha da3u reoxkba na ogatTie u
NoTHYe aTPAKTUBHOCT 32 BUX0BO HCTpaxkuBame. [locedHo cy 3HauajHe HUXOBE BUCOKe
oceT/bMBOCTH MU-enteMenara y 0b1acTH HUCKUX BpeJHOCTH MarHeTHHUX I10Jba KOjHMa Cy
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MaznemoumnedancHu eghekam amopghHux Heuya ca MazHemHo MekuM caojemauma | lenexa Operbs

u3noKeHU. JJOK HAaHOKpHCTa/lHe Jierype Ha dasu rokha NOCTHIKY CBOje OfJIMYHE
KapaKTepUCTHKe TeK HAaKOH ONTUMaJIHMX TepMOMAarHeTHMX WIM TepMOMeXaHHYKUX
TpeTMaHa (TOKOM KoOjuUx ce Qopmupa CTPYKTypa Ca HaHOKPHUCTaJMMa XOMOTE€HO
pacnopeheHuM y amMmopdHOj MaTpHIH), Jerype Ha da3d Koda/Ta HMajy H3BaHpeaHe
MarHeTHO Meke TepdopMaHce ca MOTOYHO aMOPPHOM CTPYKTYypOM. JedaH of,
HeflocTaTaKa y3opaka Jierypa Ha 0asu rBokha HakoH HaHOKpPUCTalu3aludje je H
c/1ad/berbe MeXaHHYKHX CBOjCTaBa, LITO Aaje SUTHY MPEJHOCT 3a IPUMEHY aMOpHUM
JlerypaMa Ha dasu KodaJita.

Ysopuu wucnuTHBaHe 3KMLle Ha Oasu reoxkba JodujeHM Cy cTaHzapAHOM
TEXHOJOTHjoM xialema pacronaMmeTasHe Jierype Ha VYHYTpallikbo] MNOBPIIHHM
potupajyher nuannzpa (esra. melt-spinnifl technique). UcnutuBanu y3opuu xuua Ha
dasu kodasTa cy fodHjeHH TexHOJMOrHjoM Xaahewa pacrona y porupajyhem ciojy Boje
Ha YHYTpallkbOj l'lOBpLI.Il—nH porupajyher nuaungpa (enrs. in-rotating water melt-
spinning technique [8]), koju omoryhaBa dp3uHe xsahema pacroma no oko 106 K/s
HEONXOJHE 32 JOCTH3akhe aMOPPHEe CTPYKTYPE UYUMe Ce IpouIupyje dpoj bepoMarHeTHHUX
Jierypa Koje ce MOr'y yCIeL1HO [TPOM3BECTH.

llenTpanHa McTpaXHBamka y OKBHPY AUCEpTalMje Cy CHpoBefleHA y 0O/1acTH
MCIIUTHBAaKba yTHIAja paJHAX QpeKBeHIHja Ha NpOMeHe MarHeTOMMIIeJaHCHOT epeKTa
Ko y3opaka aMopdHHX >KMIQ H3JI0KEHHUX JejCTBY CIOJballllber jeJHOCMEepPHOr
MarHeTHor nosba Hex Tj. y fMeHy QyHKUMOHANIHE 3aBUCHOCTH MOJy/a MMIE/aHCe
|Z(Hex, f)| (yodu4ajena o3naxa Z (Hex, f)). PenaTuBHe npomeHe Moaysia uMmnezance AZ/Zy
oArosapajyheM ¢ppeKBeHTHOM OIICEry MOTy JOCTHNM HEKOJIMKO CTOTHHA NMpOleHaTa, Ha
YeMy Cce M 3aCHHMBAa paji CaBpeMeHWX MarHeTHHUX CeH30pa BMCOKE OCeT/bHBOCTH
(pesonyumje no oko 1 pT). ¥ censopckoj ynorpedu cy Hajuemhe amopdne xune
MarHeTHO MeKHUX JIerypa, OWJI0 a ce KOPUCTe y BEP3HjH ca CTaKJeHUM OMOTaYeM WIH
de3 oge zamruTe. MH-enemMeHTH Ccy BeoMa MorojHY 3a DpOjHe NMPHUMEHE Y CEeH30PCKOj
TEeXHMIM: 3a CeH30pe MarHeTHOr II0Jba, pOTAalMje, NMPHUTHUCKA, CTPYjHe CeH3ope, 3a
eJIeKTPOHCKe KoMmmnace, HaBurauuje/GPS, duomarnerHa mepema, MarHeTHe MeMOpHje,
cucteMe de3defHOCTH, KOHTpoJy caodpahaja U MHAYCTPHjCKMX Ipoleca, KOCMMYKa
UCTPaKHUBakha, CHOPTCKE PEKBU3HTE...

1.2. OCHOBHe XUIIOTEe3€e Ha KOjuMa Cy 3aCHOBaHa UCTPaKUBakha

CrnpoBe/ileHH CBEODYXBaTHHM TEOPHjCKHM M eKCHepHMEHTa/IHO - aHaJUTHYKH paj
dasMpaH Ha MYJITHAMCUMILUIMHAPDHOM IPUCTYNY HCTpaKHBama (QU3MYKHX [ojaBa
aHaJMM3MpaHUX y OKBHUPY OBe JOKTOPCKe JHcepTalllje je pe3y/qToBao y NOCTaB/baiby
c.ne,uﬁnx XHUIIOTe3a.

Ha marHetouMnegaHcHM edeKaT AUPEKTHO yTH4Ye WHTEpaKLdja CHOJballHer
jenqHOCMepHOr MarHeTHOT T0Jba Ca MarHeTHUM JJOMEHHMa 4Hja je CTPYKTypa nociefuua
YHyTpallbUX Halpe3amka HacTaJuX TOKOM MOCTYIKa dp3or xjJahema pacTomna KojuM ce
Jodujajy amopdne xuue. Ycnej MarHeToejlacTHuHe MHTepakiuje, KoA aMopdHUX
depoMarHeTHHX JKHIjA Ca HETaTUBHUM KoeQHIIHjeHTOM MarHeTOCTpPHKIHje (Jerype Ha
dasu KodasTa) AOMEHCKa CTPYKTypa ce CacTOju Of YHYTpalllkbUX MarHeTHUX JOMeHa,
OKpY>KeHMX LIUPKyJIapHUM 0MeHHMa HAU3MEeHUYHO pacrnopeheHUM Ay NpaBLa XKULIe.
llupkynapHa JoMeHCKa CTPYKTypa Ha MOBPIIMHU JKHMIEe je OKapaKTepHcaHa
Hau3MeHHYHHM paclopejjoM JOMeHa ca CyNpoOTHO OpHjeHTUCAaHHM BeKTOpHMa
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marnernsannje (T4) pasgsojenux pasuum gomenckum suzjoBuMa. Eo;:[ aMmopdHUX
dbepoMarHeTHUX KHLA Ca NOSHTHBHUM KoeQHLHjeHTOM MarHeTOCTPHKLHMje (Jlerype Ha
dasu reokha) JOMEHCKa CTPYKTypa ce cacTojy Of JIOHTMTY[JUHAIHO HaMarHeTHCAHOT
jesrpa (mo ocu xule) U pagujajJHOT cHoJballllber OMOTa4a ca MarHeTHUM JOMeHHMa Yy
KOHQUIypalujy JaBUPHHTA U LMK-LaK 3MI0BMMa, LITO YKa3yje Ha MIPHCYCTBO TPaKaCTHX
,uomeE ca He3aTBOPEHUM WJIM 3aTBOPEHUM MarHeTHUM QJIYKCOM.

Crnosbanimbe JOHIUTYAMHAIHO dc MarHeTHO nosbe Hex M UpPKyJIapHO ac MarHETHO
noJbe hac (HHAYKOBAaHO IPOTOKOM HAU3MeHUUYHe CTPYje iac) yTHYY Ha NIPOMEHY MarHeTHe
JybuHe mpojupama Om M MarHeTHe NepMadH/IHOCTH |, TakKo fAa je HMIejaHca Z
dbepoMarHeTHOr LUJMHAPUYHOr NpoBOJHHUKA (Tj. amopdHe Kulle) QyHKLHja TpHU
eKCllepMMeHTa/lHa HapaMeTpa: pajgHe ¢peKkBeHIHje f, MHTeH3WTeTa CcCHO/bAllbET
jenHoCcMepHOT MarHeTHor no/ba Hexy aMnnuTyge nausmennyte crpyje le koja npotuue

Kpo3 ﬁopax.
YTuuaj ppexsennuje Ha MU-edekaT je nosesan ca PpeKBeHTHHUM 3aBHCHOCTAMA
dusnuKux egeKara U reHepaaHo ce e Ha TpH Iofomncera:

(a) oncer Huckux ¢pexseHuMja (o oxko 10 kHz go oxko 1 MHz) y kojem je
JOMHHaTaH edekaT MoMepama JAOMEHCKMX 3MJI0Ba Ha NpOLEC LUPKyJIapHOT
MarHehema;

(8) oncer cpeamwux dppexkBeHunja (og oko 1 MHz no oko 1 GHz) y kojem cy miaBHH
YyTHULAju CKUH-eQeKTa M pOTallMje BeKTOpa MarHeTH3alMje Kao MeXaHHM3aMa
npoteca HipKyl1apHor Mariehema (momMepame J0MeHCKUX 31/10Ba je 810K paHo);

(B) Bucoko ¢pexsBeHTHM omncer u3Hafg 1 GHz y xojem skupomarHeTHH edekar
JIOMWHAHTHO yTHYe Ha POTAlLlUjy BEKTOpa MarHeTH3aluje.

Y omcery HMCKAX pajiHHX OpeKBeHIHja MarHeTHa MepMeadH/IHOCT |L omaja ca
nopacroM dc MarHeTHor nosba Hex (mp1 KoHCTaHTHO] PppekBeHIM|H f H IPH KOHCTAHTHO]
aMILIUTYAH CTpyje Kpo3 y3pak le). [lopehamwe mMarueTHe ayduHe npoaupama Om (Hex)
MMa 3a OCJeAULy CMatbehe MOAyJIa UMIeaHce y3opKa xkule Z (He). [Ipu noBehamwy
pasHe dpekBeHIHje y omcery cpeAmux GpeKkBeHILHja AydUMHA MpoAHMpara 3HadajHo
onaja (8m je 3HauajHO Mamba OJ MOJYNpPEYHMKA JKHMIEe a) U LMPKyJapHa MarHeTHa
IlepMeadUJIHOCT (Tj. MarHETHH JIOMEHH pacnopeheHH Ay MOBpIUMHE LUJIMHAPHYHOD
depomarHeTHOT y30pKa) mpeyauMa JOMHHaHTHY yuory. CkuH edekaT M MexaHM3aM
poTanuje BeKTOpa MarHeTHUsaliije Cy O[JrOBOPHH 3a MpOLEC LUpKyIapHor MarHehera
(kpeTarbe 3ul0Ba MarHETHMX JOMeHa je d/I0KHpaHO) IITO 3HAYajHO Mera 3aBUCHOCT
MHU-ogHoca o dc marHeTHOT moJba Hex.

3a nornyHy aHanusy MU-ebekra nopeg moayna umneaance Z (Hex, f), HeonxonHo je
JleT&/bHO aHAJIW3UpaTH M 3aBUCHOCTU peanHor fgena umnegance MR (Hex, f) u
umMarvHapHor fena umnegance MX (Hex f). [Ipomene ay6une marHeTHor npoaupaba
6m (Hex f) je moryhe ananusupaTuH KopullhemeM eKCNIepMMEHTIHMX MoJaTaka
marHetooTnopHocTi MR (Hex, f), 1ok je 3a aHanu3y marHeTHe nepMeabuHocT W (Hex, f)
HEONX0JHO H I03HaBamwe 3aBUCHOCTH MarHetopeakraHce MX (Hex, f). [Ipy ananuzama
3aBUCHOCTH OJi OBa /iBa HaBeJeHa MNapaMeTpa, Tpehu mnapamerap (aMIJIHTYyAa
HaHBﬁHI/]‘{He crpyje lcc Koja mpoTHye Kpo3 y30pak) ce oAp:kaBa KOHCTAHTHOM.

[lpepnoxkene xumorese cy OasMpaHe Ha OPUTMHAJIHUM IpPeJMMHHapHHUM
eKCIIepUMEeHTAIHUM pe3yjiTaTUMa WU AOCTYIIHUM NojalnyMMma U3 MebyHapojHe HayuHe
JMTepaType y odjacTH caBpeMeHHUX aMmopdHuxX QepoMarHeTHHMX MaTepHjana, a
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HapoOYMTO y30opaKa y OQJIMKYy HIa Koje ce JaHac YCHellHO KOPHCTe Y CeH30PCKOj
TeXHUI W 3aCHOBaHOj HA MarHeTHUM epeKTHMa aMOpPQHHUX JIerypa.

1.3. MeToge ucTpaKuBama

Ha ocuosy [cBeodyxBaTHe M CHCTEMaTCKe aHajJuM3e COpOBeleHe IMpu
IJIaHUpaHupawky paja Ha [AOKTOPCKOj JAucepTaudju, H3adpaHe cy ajieKBaTHe
eKCllepUMeHTa/JIHe M aHaJIUTHYKe MeTO/e 3a KapaKTepHu3alujy xuna depoMarHeTHHX
aMUpd)ﬁdX MeTaJIHUX Jierypa Kao CeH30pCKOT eJleMeHTa:

e CTpykTypHa KapakTepusauuja MmaTepujana (audpaxuuja X-3paka, XRD X-Ray
Diffraction),

e Tepmuuka KapakTepusanyja MaTepujaia (gudepeHlyjalHa TepMHjCKa aHaIN3a,
DTA Differential Thermal Analysis)

e HcnutuBame Mopdosioruje moBpHIMHA  aMOPOHMX  KMIA  ONTHYKOM
ﬁm{pocxonnjom (OM)

e CrpykTypHa M XeMHjcKa KapaKTepu3anuja MaTepujaia (ckeHupajyha
eJIeKTPOHCKa MHKPOCKOIIMja Ca eHepPreTCKOM JUCIEeP3UBHOM CIIeKTPOCKOIH|OM

X-3paka, SEM/EDS - Scanning Electron Microscopy with Energy Dispersive
Spectroscopy).

e HcnutuBamse EJIEKTPHYHHX KapaKTEPHUCTHKA aMOp(l}HIdX KHla MEPEHEM MOAyJia
MarHeToHMMIleaHCe Yy 3aBUCHOCTH 01 (l)pf.'KBE.'HU,Idje H CIIO/ballllb€r MATHETHOT
ImoJba.

e HcnuTuBame EJIEKTPHUYHUX KapaKTepPUCTHUKA aMOpEl)HIdX FHUILa MEPEHEM peajiHOT
H MMaruHapHOr AeJjla HMIIeJdaHCe ¥ 3aBMCHOCTH 0 CI)IJEKBE.‘HU,Hje H CIIOoJballlber
MarHeTHOT II0Jba.

e OppehuBame KpuTHUHe (QpeKBeHLMje MpPHU KO0joj IHOYHMBY JAa Ce onaxkajy
denomenu MH-edexra.

e OpapebuBame 3aBUCHOCTH MarHeTHOT [10J/ba aHU30TPOIK]je 04 dpeKBeHLH]e. @
1

e OppebuBame 3aBHCHOCTM MarHeTHe AyOuHe mnpoaupama of ¢pekBeHUHje U
CHOJ/BbAIIET MArHETHOT M0Jba.

L Oﬂ,peljuBaH)e 3dBHCHOCTH peJIaTHBHE MarHEeTHe nepmeaﬁuﬂﬂocm KHIOEe on
CPPEKBE.‘HU,HjE H CIIOJball €' MAHETHOT I10JbA.

e OppehuBame 3aBucHocTH oceT/buBocTH MMU-enemenra oj ¢peksBeHnuje U
CIoJballllber MarHeTHOT 110/ba.

1.4. llpernies cTamka y NOAPYYjy UCTPaKMBakba

Marueroumnesancu edexar je Hajffle otkpusen kos amopduunx FeCoSiB xuia
(cpeaunoM peBepecTux roavHa XX Beka), a KacHHje je NaKiba UCTPaKKBada OKPeHyTa U
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Ka IUIaHapHoj reoMeTpuju (cam kpaj XX Beka) Eapoqm‘o Ka HAaHOKPHCTA/JHUM TPpaKaMa u
duIMOBMMA HAYMBEHKUX OF Jierypa Ha da3u reoxba n3 cucrema FINEMET Fe-M-Cu-Si-B
(M = Nb, Mo, Cr, Ta, Z; V). Ioyetkom XXI Beka y pokyc ucTpakiBarbha CBETCKUX HAYYHUX
nadopartopuja ynaze amopdHe macuBHe MetasiHe Jerype (AMMJI), kapa ce passujajy
MYJITHKOMIOHEHTHH QepoMarHeTHM cucTeMHd Ha ©asu reoxkba (Hnp. Fe-(AlGa)-
(PC,B,Si,Ge), Fe-(C,B)-(C;Mo)-Tm u (Fe,Co)-B-(HfNb)-Y, kox kojux ce paau npouene
CKOJIOHOCTH Ka aMmopduszanuju (y3opuu y odJMKy Tpaka yBehaHHUX JUMeH3Hja - IPeKo
100 pm) ynpaBo KOPpUCTH TeXHHKa Op3or x/1ahera pacrona Ha potupajyhem qucky (eHm.
melt spinning).

HcTpaxuBarma Cy nokasana jja Cy NOrOIHM cacTaBu u odauuy EpomarHeTHux
amopdHux nerypa ca uspakenum MU-edbekToM Kako MarHeTHO Meke Jierype Ha 0asu
KODaJITa, TAaKO M Jierype Ha 0asu reoxkha M To y cBa TpH odsHKa [KHlle, Tpake H
¢busmoBn). CBakM 0/f HaBeJEeHUX I'EOMETPHjCKHUX 0JJIMKA je NoApasyMeBao pas3Boj M
ONTHMH3AUM]y 3acedHUX TexXHoJIoruja Aodujama ceH3zopckux MHU-enemenara, mTo je
JlyroTpajaH U 3aXTeBaH M0Cao.

Hanpepak MepHe TexHHKe OCTBapeH TOKOM I[OCHe/ie JAelieHHje je ToMepHo
TekuuTe ucrpakuBama MU-edexkTa ka ¢peKBeHTHUM OICEe3MMa M3 paHra ruraxepua,
any QYHKUHOHAAHHA QpEeKBEHTHHU OMCe3H Y CaBpeMeH0j CeH30PCKOj TEXHULIM Cy U Aasbe
oCTajliu y MeraxepuHoM noJpy4jy (mo oko 50 MHz) y kojeM je Beoma u3pakeH CKHUH
edekar.

BaxHo je HamoMeHyTH fa ce NOpej Hampe]| HAaBeJeHUX CTAHAAPAHUX 0dJMKa
MHU-enemenara cBe demhe wucTrpaxyjy u MyATHOYHKLHMOHAa/IHE KOMIIO3HTHE
KoHUTypalyje, TAe ce UCIUTY]y pa3auuuTe KoMOHHaluje aMmoppHUX GepoMarHeTHUX
Jlerypa y cBa TpH NOMeHyTa NojaBHa 0dJIMKa ca SPOjHUM HENPOBOAHUM MaTepHjalnMa,
Kao Ha NpHMep ca CTAaKJOM, IIOJIMMEPHOM MAarpuLoM, OeToHOM, acdaaToM,
eJlacTOMepHMa, CM0JIaMa, JIPBETOM...

1.5. llpernea u31arama

Y yBojgHOM geny pnokTopcke aucepranuje je Hafffpe npukasaH npersiej
UCTpa)KMBatkha MAarHeTOUMIMeAaHCHOr edeKTa Kao jeJHOT Of HajUHTepecaHTHUjUX
MarHeTHHX QeHOMeHa KOju Ce MO>Ke HCKOPUCTHTH 3a MarHeTHe CEH30Pe U CpofaHe
ypebhaje. CaBpeMeHH MUKpPOCEeH30PH 3aCHOBaHHM Ha uMnysicHoM MU edekty y amopdHuM
MarHeTHO MeKHM »KHllaMa ce ycjiefi BUCOKe OCeT/bMBOCTH NPUMEHY]Y Y MOOMIHUM
TesnedoHUMA, 3a AeTeKIHjy 6HOMarHeTHOT 110Jba, TaMeTHOM caodpahajy 3acHoBaHOM Ha
MHTEPHETY WHTEeJIMIeHTHUX ypebaja u ci1. 3a nocrusame OAJHUYHHX NepdOpMaHCH
e/leKTPUYHUX ypebhaja Koju KopucTe KOMIIOHEHTe H3pabeHe ojff aMOpHUX HIH
HAaHOKPUCTAJHUX (EepoMarHeTHUX JIerypa, HeONXOJHO je U3BPIIUTH JeTabHy
KapaKTepU3alijy OBUX MaTepHjaa.

[Tornassbe 2. (TeopHjcku eo JHCepTallHje) Cafpku YBOJHH CETMEHT 0 MO/Ie/I0BaY
aMOpQHUX CTPYKTYypa 3aCHOBAHOM Ha aMopdu3alMjH MeTalHe TEYHOCTHU MPH HEHOM
npenacky y 4YBPCTO CTake M TOM MPWJIMKOM OCTBAapeHHUM pacrnopefoM aToMa
KOHCTHTYTHBHUX eJleMeHara Jierype. Manaramwe je HacTaB/beHO Mperyef oM MarHeTHO
MEKHX JIeTypa M BbUXOBUX OCHOBHHMX (QYHKIMOHAIHHMX CBOjCTaBa MOrOJHHUX 3a U3pafy
KM1A, TPaKa ¥ TAHKUX pUIMOBA ca U3paXKeHUM MarHeTOMMIeJaHCHUM edeKTOM. 3aTHUM
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f) npesenToBana ocHOBHa objambera (peHOMEHA MAarHeTOMMIIEJAHCHOT edeKTa.
MMU-edekar je y JUpeKTHO] Kopeaalyjy ca 10jaBoM CKUH edeKTa y Y30pKy MarHeTHor
Marepujasa, Tj. cayTuuajeM ppeKBeHIHje Ha MarHeTHY AyOUHY Npogupama om. Umajyhu
y BHJy 3aBUCHOCT AyduHe mnpoaupara om ¥ o7 NirHeTHe MepMeaduIHOCTH N
depomarHeTHOr MaTepujaja, CIpoBejieHe CY U aHaJ/lk3e 3aBHCHOCTH OBe /1Be BeJIMYHHe
O/l MHTeH3UTeTa Cro/HElilber je/IHOCMepHOr MarHeTHOr nosba Hex. [lpukasat je Mosesn 3a
OpoLeHy MOBPLIMHE KPO3 KOjy MOCTOjH MPOTOK Hae/JeKTpHcamba Y LUAHHAPUYHOM
Y30pKy pagu JjebHUHHCakha 3aBUCHOCTH MarHeTHe AyOHHe NMPOAUpPaa O[] CIOJballlher
flruersor noma u pagHe ¢pekseniuje dm (Hes, f). 3aTum je mpesenToBaH Mogen
3aBHCHOCTH MarHeTHEe NepMeadHJIHOCTH Of CIOJ/ballllbel MarHeTHOT NoJ/ba H pajHe
dpexBennyje | (Hex f). [lprikazanu Mozen ykasyjy [ia je 3a KOMIJIETHY aHaJIMU3y 0Ba iBa
k/bydyHa MU-napameTpa HeonxoHo Kopulihemwe u peannor MR (Hex f) 1 uMmarunapsor
nesa umnegance MX (Hex, f).

Cam monyn umnepance Z (Hex, f) ce kopuctu 3a yoduuajeny pepuHuunjy T3B.
MarHeTOMMIEeJaHCHOT OJHOCA KOjUM Cce MpoLemyje aTPaKTUBHOCT MCIOMTHBAHOT
MH-enemMeHTa 3a CeH30pPCKY NpPUMEHY, Tj. 3a ofpebhuBame merose 0CET/bMBOCTH Ha
JlejCTBO cloJballliber MarHeTHOT moJba Hex. BHcoke BpefHOCTH 0CeT/bUBOCTU OBaKBHX
ceH30pa Ce 3aXTeBajy Yy MHOTMM HHKeHhepCKHM H HHAYCTPHjCKHM npHMeHaMa. [lopekso
MarHeToMMIe/JaHCHOT edeKTa Be3aHOo je 3a AMHAMUKY Npolieca MarHehema, 1a cy ¢ THM
y Be3u IPe3eHTOBaHH M MOJleJId CTPYKTYpe MarHeTHUX JIoMeHa Ko/l aMopdHHUX K11la Kao
UUJIMHAPUYHUX U KOJ, aMOPOHUX Tpaka ¥ PpHIMOBA Kao IJAHAPHUX (pepoMarHeTHHX
y3opaka.

Y excnepuMeHTaHOM Aeny (Mmor/as/be 3.) JOKTOPCKE AUCEpTaLHje Npe3eHTOBaHH
cy mnocTynuu pgodujama aMOpPHUX MeTajSHHX Jierypa y ODJMKY KHLEe, Kao H
MHCTPyMeHTa/He MeTo/le 3a KapaKTepHU3alHjy Koje cy kopuiiheHe TOKOM IJIaHMPaHHUX
U CIIPOBeJIeHUX HCTPaXKuBatba. Hajipe je onucaHa MeToaa CTPYKTYpHE KapaKkTepusaluje
MaTepdjana audpakuujom X-3padyema KojoM je BepudHKoBaHa aMopdHa CTPyKTypa
MCIIMTHBAHUX KUlA. 32 NPOLEHY TepMHUYKe CTadWIHOCTH y30paka aMopdHHX Jlerypa
kopuitheHa je metona nudepennujanse tepmujcke aHanuze DTA. [lorom je mpukasana
MeToJla CKeHMpajyhe esleKTpOHCKe MHKpPOCKOIHje ca eHepPreTCKOM JHCIep3HBHOM
cnextpockonujom SEM/EDS 3a cTpyKTypHY M XeMHjCKy KapakTepH3alHjy MaTepHjaa.

Onucad je cucteM 1/]-Xe/IMXO/NLIOBUX KaJeMOBa KOjHUM je reHepUCcaHOo CloJballibe
jelHOCMepHO MarHeTHO NMOJ/be XOMOTeHOCTH of, oko 99,7% y KojeM cy cnpoBejieHa cBa
Mepema HaJ MarHeTOMMIEeJAHCHUM eJleMeHTHMa. 3a HCIMTHBame eJIeKTPUYHHX
fhpaxrepuctrka depomMarHeTHMX aMOPQHMX KHMIA Hajmpe Cy COpPOBEfeHA Meperba
peasHOT ¥ MMarkiHapHOT JieJla MMIleJJaHCe Y 3aBUCHOCTH 0J] ppeKBeHIHje U CIIo/ballltber
MarHeTHor noJba. Y oBy cBpxy je kopumhen LCR-meTap Ha kojem je (o metdfjy uetupu
TayKe) 0daB/bEHO HCIHTHBaKA y30pakKa [0 pagHux ¢ppekseHuuja on 5 MHz. 3a mepema
MOJy/Ja MMIeJlaHCe y 3aBHCHOCTH 0f, QpeKBeHI|Uje W CIOo/ballllbel MarHeTHOT MO0Jba
nopea LCR Hi-TESTER-a kopuuihen je u Bekropcku aHanusarop mpexe VNA no paaHux
dpexBennuja o 12 MHz.

[Tornaeme 4. y KojeM cy npHKa3aTH OCTBapeHH pe3y/]TaTH M BUX0Ba AUCKYCcHja je
noje/beHo Ha BUlle cerMeHara.

Y npBoM cerMeHTy Cy Ipe3eHTOBAaHHM pe3yATaTH [JOOHWjeHH OMNTHYKOM
MHKpPOCKONMHjOM KOjoM ce opapelyjy reomeTpujcku mnapameTpu M MopdoJoryja
NoBpLUIMHA HCOIUTHBaHMX amopdHux xuua. DTA MeTogoM je mposepeHa TepMHMuKa
CTAdMJIHOCT y30paKa »KHUIAa HaKOH Jodujama TexHojorujom xiuabemwa pacrona y
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porupajyhem wiojy Bose. Bepndukanuja amopoHe CTpyKType xulla OdaB/beHa je
aHaJM30M peHjreHorpama JodujeHux Kopuuhemwem Cu-Ke« sMHMje X-3pauema. Cnepe
UCTpaKMBala CTPYKTypPe MHKDOHCKe pe3osyldje CKeHHpajyhoM esleKTPOHCKOM
nmpocxomdjom SEM y3 kojy ce napajenHoMmM npumMeHoMm EDS meroje CHpOBOAH H
[IpoBepa XeMHjCKOr cacTaBa M KeJbeHe XOMOIeHe paclojesle CBUX KOHCTHTYTHUBHHX
eJleMeHaTa y JIeTypH.

lpyru cermenT je noceehen nouernum angluzama MarHeToMMIE JaHCHOT e(eKTa,
Tj. UCMUTHBRaWkUMa (pexkBeHTHe 3aBucHOCTH MU-oaHoca (pavyHaTor kopuirhemem
moayna umnegance Z(0) des u Z(Hex) npu gejctBy Cl'[Omel-ber‘ jeAHOCMEepHOT MarHeTHOT
nosba ([Z(0) - Z(Hex)] /Z(Hex)) 3a pasnuyuTe BpeJHOCTHU MarHeTHoOr nosba Hex. Ha ocHOBY
JodujeHUX pe3yaTaTa Moryhe je NIpOleHUTH BPeHOCT KPUTHUYHE QpeKBeHIIHje Ha KO0joj
3anouMiby MPOMEeHe HMIeJaHCe NPH AaToj (KOHCTAHTHO]) BPeAHOCTH MarHeTHOT M0/ba
Hex, Kao ¥ pgocTurHyTe MakcuMaiHe BpegHocth MH-ogHoca paau nponeHe
aJleKBaTHOCTH MCIMTHMBaHMX y30paKa 3a Ja/ba HCTpakMBama CeH30pCKuX edekaTa.
C 0b63upoM Ha ppeKBeHTHY 3aBUCHOCT Pu3nukux peHomeHa MU-edekra, y HacTaBKy cy
Hajipe TpWKasaHW pesyiTaTH ocTBapenu npu Hwkfll pagHnM yuectaHocTHMa
(f<1MHz),a 3aTum ¥ Ha NO4YeTKY cpemwuX yyecTtaHocTH (f =2 MHz). Usmene npoduia
MH-onHOCa perucTpoBaHe npu noBehamy pagHux GpeKBeHIMja Cy IpUKa3aHe 3aCedHUM
aHajlM3aMa pea/lHOI M MMaruHapHOT Jesla UMIeJaHce Koje omoryhaBajy ¥ HakHaAHY
bpexsenTHffaHanusy camor MoayJia umnesiance. OBa aHaIK3a je HAPOYUTO 3HAYajHa jep
omoryhasa oapehuBame GpeKBeHTHe 3aBUCHOCTH T3B. KAPAKTEPUCTUYHOT MarHeTHOT
no/ba aHusorpondje Hk OMTHOr 3a mpolieHy ycmemHor KopuHmherma HMCOHTHBAHOT
MH-enemeHTa Ka0 MarHeTHOT CEH30pa.

Hampep HaBeieHM pe3yaTaTH U JUCKYcHje cy oMoryhuse ga ce y Tpehem cermeHTy
fhumenom Mojiena (MPUKA3HUX Y TEOPMjCKOM JieJly lucepTallyije) Hajipe ycneuHo obase
3acedHe aHa/JM3e 3aBUCHOCTM MarHeTHe JAyduHe NpojAMpama U TO Kako Of pajHe
dpeKBeHIHje, TAKO U 0] CHOJballiber dc MarHEeTHOT MoJba. YCBOjeHH MoJeJ peJlaTHBHe
MarHeTHe NepMeadMW/IHOCTH kMIle oMoryhasa cnpoBoleme aHajIM3e beHe 3aBHCHOCTH
0[, MarHeTHOr NoJ/ba HpH 4YeMy ce pajHa (peKkBeHILHja OfplKaBa KAa0 KOHCTAaHTaH
napameTap. 3aTHM Cy Ipe3eHTOBaHa HCTPAXKUBakba OCET/bMBOCTH MarHeTOUMIIeJaHCHOT
MH-enemenTa kop xuie amopdHe serype Ha dasu kobasnra cucrema CoFeSiB y oncery
BUCOKHX paAHUX bpekBeHuuja og 2 MHz go 5 MHz u omncery cpefwbux BpefHOCTH
cnosbammer dc MarHeTHOT 1osba (Hmax = 463 A/m) ca uu/bem npoueHe aTPaKTUBHOCTH
npuMeHe xuay ceHsopun. Crnese ncnutusama MH-edekra ko xuue amopdne nerype
Ha da3u kodaniffcucrema CoSiB (panne dppexksenuuje 10 12 MHZ u Hmax= 15 kA/m) u
KuLe amopdHe serype Ha dasu reoxba cucrema Fe-Nb-Cu-Si-B (pagHe dpekBennuje no
4,5 MHz 1 Hmax = 17 kA/m).

JlodujeHH Hay4yHHM pe3y/lTaTH CIPOBeJeHHUX HCTPaXKHBara Cy CYMHpPaHH Kpo3
u3BeJleHe 3aK/bydKe [pe/iCTaB/beHe Y MOI/IaBby 5., Ha YMjeM Kpajy cy Npe3eHTOBaHU U
moryhu fajbi mpaBLM HCTpalKMBakba y IPe3eHTOBaHOj 0d/1acTH caBpeMeHe CeH30pCKe
TEeXHHKEe 3aCHOBAHO] HAa KOMILJIEKCHOM QM3HYKOM (EeHOMEeHY MarHeTOHMIIeJaHCHOT
edexra. [leo ocTBapeHHMX pesyJTaTa OBe JOKTOpPCKe [AMCepTalHje je YCINeLIHo
npe3eHTOBaH MelyHapoAHOM HayyHOM ayAMTOpHMjyMy Myd/JMKOBameM paja ¥y
BPXYHCKOM Mel)yHapoJHOM Hay4HOM 4acomucy kKateropuje M21, a apyru neo Beoma
aKTyeJIHUX pe3y/lTaTa Ce IpHUIPeMa 3a IpPe3eHTOBalbe Ha CBETCKOj HayyHOoj
KOoHepeHLHjU ToKOM 2024. roguHe.
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Kona4yHo, nurepaTtypHu nperief cagp:u 136 HacioBa Myd/IMKOBaHHUX HaydHUX
pesy/Tara MU CIO/bHEX M3BOpAa TeXHHYKHMX MOJaTaKa KOjU Cy NpeAcTaB/balH I0Ja3HY
OCHOBY MCTpaXXMBama CIIPOBeIeHMX TOKOM M3pajie 0Be JOKTOPCKe JAUcepTaluje, Kao H
pedepeHTHe H3BOpeE ca KOjHMa je U3BejeHa yrnopeJHa aHaa1i3a JOCTHIHYTHX Hay4HHX
pesyJTara.




MaznemoumnedancHu eghekam amopghHux Heuya ca MazHemHo MekuM caojemauma | lenexa Operbs

2. TEOPHUJCKE OCHOBE UCTPAZKUBAHA

OBO mornaB/be MpeAcTaB/ba YBoJ y aMopdHe MaTepujaie, METOAe HHUXOBOT
Jlodujarba U mperJie/] SUTHUX eJIeKTPUYHUX, MarHETHUX U XeMHjCKUX cBojcTaBa. [locedan
AKLeHAT je CTaB/b€H Ha y30pPKe y OJJIMKY JKHLE, C 003MpOM /a Cy CBa HCTPaKHUBakba
crpoBeZieHa dall Ha TaKBUM Y30PLMMAa M € 003UPOM Ja CY MHOTEe OCOOHMHE JJUPeKTHO
[oBe3aHe yIpaBo ca reoMeTpHjoM y3opka. [IpeBacxofHO ce eeso NpeACcTaBUTH Ha
KOjUM cy mnpehalllbuM HCTPpOKUBakUMa M MOTBphEeHHM HayYHUM YHBbeHHIaMa
yTeMe/beHa UCTPaXUBakha Y 0BOj AOKTOPCKOj AWcCepTauuju. ¥ Ty CBpXy HOI/IAaBJbE je
3aM0YETO M3J/IArarbeM 0 MOJEJIOBAaly aMOPOHHUX CTPYKTYpa, 4 HACTAB/BEHO IIPerie/loM
MarHeTHO MeKHX cBojcraBa ¢epomMarHeTHuMX aMopdHMX KMLA. 3aTUM Cy NpUKasaHa
TEeOopHjCcKa pa3MaTparma MarHeTOMMITeJaHCHOT edeKTa Kao LieHTPaJIHe TeMe 00aB/beHUX
HCTPAKMBaKa, y3 JeTas/baH Hperies A0 caJja M03HATHX MOJeJia CTPYKTYPe MarHeTHHX
JlOMeHa 4dje 03HaBakbe je HeONX0AHO 3a pa3yMeBame CBOjCTaBa MCIHTUBAHUX Y30 paka
aMopdHHUX KU IA.

2.1. AMopdHe MeTaIHe JIerype

Hayxka o maTepujanuma je MHTepAMCUMIIMHAPHA U BeOMa CJIO}KeHa Hay4yHa 0ds1acT
de3 uMjer pasBoja Hanpegak TexHosoruje HUje moryh. baBu ce npoyyaBameM cBojcTaBa
Y IpMMeHe pas/IMuMTHX BpcTa MaTepHjaia. O apyre nosoBrHe XX BeKa nocedHy rpyny
YyHHe caBpeMeHM MaTrepujanu. OBM MaTepujalu cy JuM3ajHMpaHH Tako Ja TOTOBO y
HNOTHYHOCTH OAroBapajy 3axTeBHMa crnenuduyHe HameHe. MerparxuiBaibe y 0BOj rpynH
MaTepHjaja ce MOXe CIPOBeCTH Yy HeKOoJMKO ¢dasa: cMHTe3a (Tj. cTBapame HOBHX
MaTepujasia - Jerypa), 3aTHM KapaKTepusauuja (Tj. aHasM3a U HCIMTHUBakbe J00HjeHe
Jlerype) M TMOCT-NpenapaTHBHa o0dpaja Jerype (HOp. TepMHYKa MCIHUTHBamA
MaTrepujasia). CBe Tpu dase HCTpaKUBAYKOT Mpolieca UMajy 3a Kpajib 1 LiH/b HoboJbllatbe
M ONTHMH3alHjy CBOjCTaBa, Ka0 M IOCTH3ame oArosapajyhux Qusnukux edekara
WCIHTUBAHKUX y30paKa. ¥ 0BOj JOKTOPCKO]j JUCepTaLUjH UCTPasKUBame je da3upaHo Ha
Apyroj u tpehoj dasu. AMopdHM MaTepHjasu npeMa HauMHY A00Hjarmba, YHYTPALIHKO]
CTPYKTYpPH, a MOCAEJHYHO H NpeMa CBOjUM CBOjCTBMMA, CBAKaKO IPHIAAA)y Tpynu
caBpeMeHHX MaTepHjaa.

C 0b3upoM Ha TeOpHjCKH MOZeJ TOTIYHO HeypelheHor cucreMa, ueaaHo aMmopdHo
cTamwe 01 Tpedaslo Ja KapaKTepHUlle U30TPONHOCT CTPYKTYPe LITO dU 3a pe3y/ITaT UMaJlo
M M30TPOIHOCT cBoOjcTaBa y3opka amopdHor martepujana. [locroje Tpu ocHoBHe
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rpynanyje aMopHUX MaTepujaia: NoJuMepH, SOpcUIMKaTHA CTaK1a, Kao U BEJTUKH Opoj
MeTaJHUX cTakaja (eHrn. Metallic Glasses MG) y koje ce ybdpajajy u amopdHe
depoMarHeTHe MeTalHe Jerype.

AMopdHe MeTa/He Jierype UMajy NOTIYHO HacyMU4aH paclopej, aToMa y CBOjoj
CTPYKTYPH, HACYNIPOT UHIYCTPHjCKUM MeTa/IHUM JlerypaMa Koje KapakTepuile BUCOKO
ypeheHna, kpucranHa crpykTypa. CTpyKkTypHa KoHHIypaluja MeTalHHUX CTakaja je
ogpebheHna T3B. ypehemeM KpaTKOr JOMeTa, TONOJOIKHM U KOMIO3UIHOHUM. To 3Ha4u
Jla 3a pas/IMKy Ofi CTPyKType Yy K0joj MMaMo TpaHCIAlMOHY CHMETPHjY, OJHOCHO
NepHOAHYHOCT y pacropejly aToMa o cBe TPH NpocTopHe AuMeHsHje (ypebemwe ayror
JloMeTa Koje MUMaMo Y KPUCTaJ/IHOj CTPYKTYPH), KoJ aMopdHHUX Marepujaia (MeTaJHHX U
HeMeTaJHUX) MOXKeMO MMaTH HajBHlle KJacTepe, 0JHOCHO Ipyle aToMa ca CIMYHUM
OKpY»KeHeM [Jle ce He MOKe YOUHMTH HHUKAKaB peJ U NepHOJUYHOCT u3Haj 2 nm. Ose
CTPYKTYpPHE pasJiMKe WiycTposaHe cy caukoM 2-1. pagushe G/10KoBe KoOJ, MeTaJHUX
aMopdHUX Jlerypa 0dMYHO 4YMHE MKOcaeJpHuHe jeAuHHIle (MOJHeApH) ca MeTaTHUM
BesaMa, LITO 3aBMCH Off CaMOr XeMHjCKOr cacTaBa Jierype. ['ycTiHa nakoBama aToMma y
0BaKBOM ypebemy CTpPYyKType Bapupa JIOKaIHO, LITO fAaje crnenddHYHA MeXaHHYKa,
MarHeTHa M TepMHYKa CBOjCTBA OBHMM JlerypaMa. |aB/bajy ce npasHHHe, T3B. C10dogHe
3anpeMKHe, AMCA0KaLUje U rpaHKLle 3pHa, IITO ce cMarpa JedekTUMa cTpykType. OBH
CTPYKTYPHH fAedeKTH cy Hajyemihe npeimeT HCTpaskMBama Yy MOCT-IpeHapaTHBHOM
TpeTMaHY y30pKa Kpo3 IIpoLec T3B. CTPYKTYPHe peJlaKcaluje.

(a) ()

Cnuka 2-1. Mnycrpaumja cTpyKTypHe pasnuke usmehy
a) amopdHoOr 1 6) KpucTWIHOT ypehema.

CnyyajaH aTOMCKM pacrnopefi NpejcTaB/ba 030M/baH MpodjieM y ONHCUBaBY
CTPYKType aMopdHHX MaTepujana, jep oHeMoryhaBa sako AepHHHCame PacTojarba
HajOMMKHUX CyceJHMX aToMa WM KOOpAMHauMoHM Opoj. Bepnan je mpsu myrt 1959.
roAuHe H3Heo Mo/JieJl 3a OIUCHBakbe CTPYKTYpe TEYHOCTH KOja ce Ha3uBa CAy4ajHU [YCTH
Mozien nakopama [9], a Hemrto kacHuje ®@uHen (Finney [10]) je kopucTehin BopoHojere
JujarpaMe (Tj. mocTaBJbakb e reOMeTPHjCKHUX 0O/IMKA y paBHU, de3 HpeK/Ianama U 3a3opa),
3aK/bydHo Ja Huje Moryhe mnomohy bBepHanoBux mosavenapa ca MHeTOYrAOHUM
nospuiMHaMa ¢OpMUPaTH CTPYKTYPY ypebhetba Ayror JoMeTa, Tj. CTPYKType pHUKa3aHe
Ha CJMIM 2-2 Cy BpJI0O BEpOBAaTHH CacTaBHU JIeJIOBH Y aMOP(HOj CTPyKTYPH.

10




MaznemoumnedaucHu eghekam amopghHux Heuya ca MazHemHo MekuM caojcmauma | JeneHa Operns

el

(a) (6) (e)

Cnuka 2-2. BepHanosu nosauepu: (a) TpUroHaJHa NpU3Ma ca TPH IOJIyOKTae A pa,
(6) ApxuMezoBa aHTHIIPU3Ma Ca [Ba MOJAyOKTaeApa 1
(B) TeTparoHanuu aoaekaenap [11].

CTpykTypa aMOppHHUX MeTaJHHX JIeTypa je CIMYHAa OHOj KOJ OOpPCUIMKAaTHHX
cTakasa3d0r yera ce oBe Jlerype W Ha3uBajy MeTaaHUM ctakauMa. [locroju BuLie MeToaa
3a Jodujarbe amopdHe CTPYKType KOJ METATHUX Marepujana, a jeJlHA O HHX
(HajsacTyn/beHH]a) jecTe MeToAa Op30T Kasbera (eHr1. Rapidly Quenching RQ), ogHocHo
ouBihaBamwe pacrona dp3um xsaahemeM. ¥Y30puu aMOpdHHUX SKMLA UCIMTHBAHU Y
UCTpaKMBambUMa CIPOBEJleHUM Yy OKBUPY OBe JOKTODPCKe AMCepTalluje cy A0dHjeHH
YNpaBo 0BOM TEXHOJIOTHjOM.

depomarHeTHe amMopdHe MeTajiHe JIECype, UMja CHUHTE3a je 3amoveTa CpefuHOM
HOPOLLIOT BEKa, ypaBo 300r CBOjUX je JUHCTBEHUX CBOjCTaBa M OTEHLMjaja 3a IPUMEHY
y pa3sHHUM odJlacTMMa TeXHHWKe U WHAYCTpHje (a Koju mpoucTudy u3 MoryhHocTH
MoaudHKallje CTPYKType Ha HUBOY HaHO CKaJle) M Ja/be 3a0Kyl/bajy HaKiby BeJIHUKOr
dpoja ucTpaskHBaya HajpeHOMHPaHHjHX CBETCKMX HAyYHHMX HHCTHTYLHja y 00/1acTH
caBpeMeHMX MeTaJHHUX MaTepujasa. XpOHOJIOUWIKM  [OCMAaTpaHO, 3HavajaH
WCTPaKHUBAUKKW pesynrar ce ofgurpao 1959. rop. y nadopartopuju npodecopa [lona
[JyBesa (Pol Duwez) Ha YHuBepsutety Kanrek (CalTech, USA) [12]. [lokasaHo je kako ce
cyrnepdps3um xyalemseM o, MeTa/IHe TEYHOCTH MOXe JOOUTH METAJIHO CTaKJ/I0, 0JJHOCHO
4YBpCTa CYNCTaHLA Ca CTPYKTYPHOM TOIIOJIOTHjOM BeoMa CJAMYHOj OHOj KOjy je umasaa y
TeuHoM crawy. UMajyhu y BuAy fa BehuHaA MeTa/THUX TeYHOCTH HMa HUCKY BUCKO3HOCT
(oxo 102 Pa's - ynopeguBy ¢ BOJOM) W Ja je KPUCTaJIHA CTPYKTYpa 0BaKBHX Jierypa
jelHOCTaBHA, HyKJlealyja W PacT KPUCTAJHUX 3pHA y OBOM CIy4ajy UMajy BeJIMKY
BepoBaTHOhy 3a Jiako U dp30 HacTajare [12]. To HaBOAM Ha 3aK/by4YaK Ja je HacTajarme
4yBpcTe aMopdHe CTPYKTYpe M3 MeTa/lHe TeYHOCTH ca BeoMa MajJoM BepoBaTHONOM u
jenuno Moryhe ako je nponec xyahema pacrona dSpKy 0 KpUCTaTM3aLMOHOTr Tpolleca.

[Ipouec amopdusanuje MeTasHe TEYHOCTH IIPH bEHOM IIPeJacKy ¥ YBPCTO CTame
je MIycTpoBaH Ha CAMUM 2-3, rZe ce MOry YOUHMTH pas/JiMuMTe dase y mnpouecy
ouBpurhaBamba pacrona MertasnHe nerype. Msuag tremneparype Tombeta Tm (MHAEKC M
O03HayaBa eHIVL. melting) uMaMo MeTaHy Jlerypy y TEYHOM CTaiby. YKOJIHKO Ce pacTon
MeTaJ/IHe Jierype xJIaJii MCIOJ, 0Be TeMIepaType JOBOJbHO CIOPO, TaKO Ja KHHeTHKa
Jl03Bo/baBa HyKJieallMjy KpucTaiHe dase, eHTalinuja (U1M 3anpeMuHa) he ce Harjo
CMamHTH 0 BpeJHOCTH Koja oAiroBapa KpUCTaIHOj CTPYyKTYpH. [lasbe xs1ahemwe kpucTana
jJosemhe W [0 Ja/ber CMamema eHTalnuje (3ampeMHHe) caMoO 300r TepMHYKe
KOHTpaKIHje KpUCTa/1a, [1a ce yo4asa djard naj eHTalluje, O4HOCHO 3allpeMHUHe.
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Cnugka 2-3. AMopdH3aumja MeTasHe TEYHOCTH NPH EbeHOM IPeJIacKy Y YBPCTO CTarmbe
npaheHa TeMIlepaTypCKMM 3aBHCHOCTHMA 3allpeMHHe /eHTalluje.

YKO/NIMKO ce pacToll MeTalHe Jlerype xjajd McnoJ, TemnepaTpe Tm JA0BO/BHO dp30
(bp3avHOM M3HAJ KpUTHYHe Op3uHe XJsahewa Kako He du gousio o GopMupama
KPHUCTaJIHUX je3rapa y CTPYKTYpPH) IOCTOje ABe 0OJacTH KpHBe: odiacT norxiaahene
MeTa/IHe TeyHOCTH (o Temneparype Tm A0 Tr, ogHocno T - nugexc f o3HayaBa eHT.
fictive) u odbnacT amopduzanuje (eHr. glass transformation) y okonuuu remneparype Te,
oaHocHo Tr. ¥ oBoM ciy4ajy He f0J1a3H4 40 HAaIVle IPOMeHe eHTaJlnHje (3anpeMuHe) 35or
¢dasnux Tpancpopmauuja. [Ipu Tome, cTpykTypa MMa BehH cTeneH aMOpQHOCTH ako je
ocrBapeHa Op3uHa xjahewa u3HaA kpuTHuHe Beha. [laknie, y oba cnydaja xnabema
Op3MHOM H3HAJ KpUTHYHE JodHja ce amopdHaA CTPYKTypa, ald OHa JodHjeHa Behom
dp3uHoM xsahema pacrona Jierype noceayje sehu crenen amopgHocTH.

Y odnactu norxsnaheHe MeTalHe TeYHOCTH BHUCKO3HOCT pacte M g0 15 peposa
BesquuyMHe. Kako ce Temneparypa cHH»kaBa Ka BpeAHocTH Tri, ogHOoCcHO T, CTPyKTypa
pacrona notxsaheHe TeYHOCTH NOYMHE Aa OACTYNA Of OHe Koja du du/a Kaja du ce
JIOIYCTHJIO JOBOJBHO BpPeMeHa 3a yCIoCTaB/batbhe KOHQUTrypaloHe papHoTexe [13], Tj.
eHTalNyja (3ampeMUHa) MOYHIbE Ja OACTYyNa 0f PaBHOTeXHe JHMHUje (MCIpeKHJaHa
JIMHUja Ay 3anoderor npasua). Cmameme 3anpeMuHe Npu xjahemy je geom
nocieAnLa cMawbeha aMIUIMTYAe aTOMCKHX BUOpalyja, a 1e10M IpoMeHa Y CTPyKTypH
pacrona Koje A0BOJe [0 TOTa [ja OHA [I0CTaje KOMIIAaKTHH]ja ca CHIKaBakbeM TeMIepaType
[14]. [lpaBay onajama No4YKbe MOCTENEHO Jja Meba Harud (mocraje MamwH 0] 01) CBE 0K
BHUCKO3HOCT He NOCTaHe TOJMKO BHCOKA Jla ce CTPYKTYpPHe NpoMeHe JellaBajy TOJIMKO
CIOpPO Jia CKOPO MU He 3aBHCE Of TeMIeparype (CTPYKTypa je MpakTH4YHO (QHKCHA), Tj.
Jlajbe IpoMeHe HUCY Moryhe y jladopaToOpUjcKU BpeMeHCKHUM cKkasaMa. Ca Ja/bMM 1ajjoM
TeMIlepaType, CMameke 3alpeMHHe je CKOpPO Y NOTNYHOCTH NOcleAulla CMamberbha
aMIIMTYAe aToMCKuX Budpauuja [14]. [lpecek oBor nmpasua (ca MakbUM HarudoM, yrao
0z) U MOYETHOr Kaja je BUCKO3HOCT OMJIa 3HATHO HM¥KA y MOTXJal)eHoj TeYHOCTH
oapebyjy temnepatypy Tr, ogHocHo Tr. To ce 0duuHO AemiaBa Npy BUCKO3HOCTH Of] OKO
1012Pa-s, mITo je HyCTPOBAHO HA CAMIH 2-4.

TemnepaTypcka odnacT usMelhy MeTalHe TEYHOCTH M MeTa/IHOT CTakJa je odjacT
amMopdHsalyje, 0JHOCHO Ipesa3Ha 0d1acT yHyTap Koje je Jouio Jo TpaHchopmaluje
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MeTaJlHe TeYHOCTH Y MaTaJHO CTaK/10. YecTo ce y muTepaTypu QUKTHBHA TeMIepaTypa
o3HayaBa ca Tg (enrs.. glass transition) kako 54 ce HarJacH/0 Ja ce y OKOJHUHH Te
TeMIlepayType AecHo NpeJia3 y CTaKJacTy CTPYKTYpy. ¥ 1leJIoM 0BOM MpOLEeCY, UCHOJ,
TeMIepaType Toll/beia, Tm, a usHajg KaysmanoBe Ttemmnepatype, Tk, cnenuduyna
3anIpeMHHa ce cMamyje, JJOK Ce UCTOBPeMEHO W yHyTpallilha eHepruja cMmatbyje ca
TeHJeHLMjoM JoJjlacka A0 MNOTeHIUjaJHOr MHUHHMMYyMa, KOjU MNOcCejyje KpHUCTajlHa
cTpyKTypa. ¥ ciaydajy fa je nponec xaahema 610 TakaB JAa je H30CTasa KPUCTAIU3ALM]a,
YHyTpalllihba eHepryja MeTaJHOr CTaKJ/1a He JOCTHKE CBOj OTeHI UjaTH! MUHUMYM, HaKO
je cTpyKTypa Ha HEKU HaYMH Y HOBOM PaBHOTEKHOM CTamby. 300T Tora ce 0BaKo J00HjeHH
MaTepHjaau Ha3WBajy MeTacTadUIIHH.

[Toxasano ce Aa uucTy MeTaau He Mory nnpehu y cTak/acTo cTame, 4aK HH [IPH BPJIo
BHCOKHM CTOnaMa oyBpuhaBama, HaKo Cy MPBHU NPOPavyHH CyrepHCaau Ja &1 To dUJo
Moryhe ako ce MeTa/lHa TEYHOCT XJaAu dp3nHoM of oko 1011-1013 K/s [15]. [locrynak
ouBpirhaBama NpeBacXoHO je 0JIaKLIAH JJeTUpameM MeTalla, a KaCHHje U yHanpehembeM
pasHuUX TexHUKa dp3or xnabhemwa. Tako cy HaCTaIM CUCTEMM MeTaJHHUX CTaKasa KOjU ce
MOrY NOJE/NIUTH Y iBe OCHOBHE IpyIe: MeTal-MeTalou/| U MeTaj-MeTas. [IpBo MeTanHo
CTaKJIO 0dHjeHO je Ha Da3u OMHAPHOT cUCcTeMa (JABOKOMIIOHEHTHA MeTaJlHa Jierypa) U3
npse rpymne. Haume, dopmupame npsor metansor craxiaa AursSizs [12, 16] nodujeHo je
TEXHMKOM IpCKamba pacromna Jierype CnelujalHuM IHIITOJbEM, IPH YeMy je y30paK y
0dnuky dposnuje, nedbure of 10 um go 50 pm, xnahen Teynum xeaujymom. [locturayra
je dpauHa xnahetba Beha ox 108 K/s, mto 1 Ja/be Basky 3a eKCTPEMHO BEJIMKY OP3UHY
xnahewa. Kpajem XX Bexka cy pasBUjeHHM BHIIEKOMIIOHEHTHH cucTeMH (7o n=8
esieMeHaTa) amMOppHMX MacMBHHMX MeTtasHux Jerypa (AMMJI - BMG) 3a 4uje cy
ouBpirhaBame 0BO/bHE HUCKe Dp3uHe xyahemwa pacrona of oko 102-106K/s .

OcHoBy ¢depoMarHeTHHUX aMOPOHHUX MeTa/HUX JIerypa YMHe eJIeMEeHTH KOjU Cy
HOCHOIM MarHeTHHUX cBojcTaBa: reoxkhe, kodanT W HuKN (Hajuewhe oko 75-80 ar.%) u
MeTanougH (enrn. Metaloids M oxo 20 aT.%) 4uja je ynora ga omoryhe dopmupaibe
aMopdHe cTpykType. [lopes oBe Be BpCcTe e/leMeHaTa, JIerHpame ce M3BOAU U 10AaTKOM
oaroBapajyher npoueHTa npena3uux Metasa (enrs. Transition Metals TM) uuja je ynora
Ja rmodoseliajy mnojejuHa QYHKIUOHAAHA CBOjCcTBA aMmopdHe Jerype ¢ LU/bEM
ONTHMH3alMje TEXHHYKHUX KapaKTePUCTHKA HEONIXOAHUX 3a IbUX0BY GUHANHY I PHMEHY.
3d0r pas3auyKTe BeJIMUMHE aTOMa KOjH y/la3e y cacTaB jerype (Hmop. Tadesna 1) v kmuMxoBe
HAaCyMUUYHe TMPOCTOPHE pacnojiesie, TPHJAMKOM ouBprihaBamka pacTona BeJMKOM
dp3suHoM xstahewa, aTOMHM OHBajy OJIOKMpPAaHM Yy CTakJIacToj, Tj. XaOTHYHO]j
KOHQUIypalMjd IITO OTeXaBa KpeTamwe TIpyle aroMa KOju OuBajy MpaKTHUYHO
“zamp3nyTu’. Kao nocneguuny uMamMo MeTanHe Jerype ca BeoMa crnelquGHUYHUM
MexaHH4YKHMM (Hnp. TBpAoha, HHCKA eJJaCTHYHOCT,...) H eJIEKTPHYHUM (HIOp. crnenuduyHA
eJIeKTPUYHA OTIIOPHOCT) CBOjCTBUMA.

[Ipee npumMeHe oBUX Jierypa 61Jle Cy orpaHryeHe Ha y30pKe odjiMKa xulle, douje
Y Tpake, jep ce npeMa TaJallkb0j TEXHOJIOTHjU JodHjama y30pL M Behux [uMeH3Hja HUCY
MOLJIM I0BOJbHO OP30 OXJIaJUTH YUMe DM ce TOCTUIJIA XKeJbeHa HeKPUCTaIHa CTPYKTYpa,
Tj. Aa du cTpyKTypa ocrana amopdua. Kacnuju paspoj amoppHHX MACHBHHX METaTHHX
Jlerypa ca HM:KMM KPUTHYHMM dp3uHaMa xyahema pacrona je oMoryhvo v podujame
y30pakKa CJ10:eHHMX reOMeTPHjCKHX 08/1MKa YKMMe je ce ofcer IpUMeHa aMOpPHHUX Jerypa
3HavyajHo mpouKpuo. ¥ Ttabenu 2-1 je gaT ynopeAHH IpHUKa3 BeJMYHHA aTOMa CBHX
XEeMHjCKUX eJleMeHaTa KOju ce Hajlase y cacTaBuMMa Jierypa MCIMTHBaHHMX y OBOj
JOKTOPCKO]j AUCepTaLHjH.
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Tabena 2-1. [lonynpeyHnny aToMma KOHCTUTYTUBHUX eJleMeHaTa ¢pepoMarHeTHUX
aMopdHHX MeTaIHUX JIeTypa UCIMTHBAHUX Y JOKTOPCKOj AUCepTaLHju.

i M I

EeMeHT CHM601 TMoynpeYyHHK i . ® ©°0 o o i
(ATom. Bp.) (pm) : Ge Si P B C !

Bop B (5) 82.00 A TTTIMY M
Cunuuujym | Si (14) 115.30 T X N ) : o ; o :
Teobe Fe (26) 124.12 (T v G Cu o Fe
KobanTt Co (27) 125.10 E. . . i . E . i
yZr Nb Mo : Ag | Co :

Bakap Cu (29) 127.80 ; . : ; ® !
Huobujym | Nb (41) 142.90 'Hf Ta W | Au LN .

[Ipunukom pasBoja aMopdHUX MAaCMBHUX MeTasHHUX Jierypa (AMMJI - enrn. Bulk
Metallic Glasses BMG) kpajem 20. Beka yCTaHOBJ/bEHH CYy U EMIHPHjCKH NMPHUHIMIHU 3a
no/iM3ame CKJIOHOCTH JIeType Ka JOCTH3amwy cTak/aacTe-amopdHe cTpykrype [17-20]:

- HajMatbe TPY KOHCTHTYTHBHA eJleMeHTa Y JlerypH,

- aTOMCKM MpeYHMIH IPajUBHUX eJieMeHaTa Jierype Tpe6a Ja ce pas/MKyjy
Hajmarme 12%,

- y cucteMy je notpebHo ob6e3benuTH jAa Hajsehu 6poj esemenara mocepyje
HeraTMBHY TOIUIOTY Melllatba OUHapPHUX OCUCTeMa KOHCTUTYTUBHUX ejleMeHaTa.

Y Tabenu 2-2 cy npyMKasaHe BpeJHOCTH TOIJIOTA Mellamka dMHapHUX MOJCHUCTEMA
KOHCTHTYTHBHUX eJjleMeHaTa y CHUCTeMHMa Jerypa Koje Cy HCIHTHBaHe y OBOj
nokropckoj aucepranuju Co(Fe)SiB u Fe-Nb-Cu-Si-B.

Y npBom cucremy Ha da3u kodanra Co(Fe)SiB je y nornyHocTu ucnyweH Tpehu
OPHHLHKI peMa KojeM CBM OMHApHH MOACHCTEMH KOHCTUTYTHBHHX e/leMeHara HUMajy
HeraTHBHe TONJIOTe Mellawa. ¥ Apyrom cuctemy Fe-Nb-Cu-Si-B jeguno komduHanuje
eJleMeHaTa ca daKpoM (OCHM OWHApPHOTr MOJCHCTEMA OaKap-CUJIMIUjyM) He MoCceayjy
HeraTHBHE TOIJIOTE Mellakha, UITO je U YHaIpeJ OCMHUIBEHH YCIO0B, € 003UPOM Ja je
ysiora dakpa y JIerypu ynpaso Jja oMoryiu HyK/ieauujy LieHTapa 3a HAHOKPUCTa/IM3anujy
CTPYKTYpe TOKOM KOHTPOJIUCAHUX TEPMUYKHX, TEPMOMAarHeTHUX WK TepPMOMeXaHUY KU
TpeTMaHa.

[Tocnentsy, Tpehu npuHUKMO oMmoryhaBa fia MeTaJIHy Jierypy KapakTepHlile LIHpoKa
TeMnepaTtypcka odsaact noaxsnahene teuHoctH ATx. C 0d3upom ga ce HCIHTHBaHe
aMopdHe kulle J0odWjajy MeTojaMa Koje y OCHOBM HMMajy dp3o xusabewme pacrona
HEONXO0JHO je aHA/IM3MpaTH TeMIepaTypCKe IPOMEHe CBOjCTaBa Koje ce Taja ogurpasajy.
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Ta6ena 2-2. Tonnore mewama AHxy™i* (k] /mol) 6uHapHux noacucrema
KOHCTUTYTHUBHUX ejleMeHaTa y cucteMuMa aerypa Co-(Fe)-Si-B u Fe-Nb-Cu-Si-B
(BpegHOCTH cy f06HjeHe HA OCHOBY npopauyHa npema Mugema mogeny [17-20]).

Fe |Nb | Cu | Si B

Co | Fe | Si B Fe -16 | 13 | -36 | -26
-1 | -38 -24
Co Nb | -16 3 | -56 | -54
-1 -36 -26
Fe
o 38 | 36 14 Cu| 13| 3 -19 | 0
B -24 | -26 | -14 Si | -36|-561-19 -14

B |-26|-54| 0 | -14

Ha cnunum 2-4 je npukazaH MoJieN1 TeMIepaTypcKe NpoMeHe BUCKO3HOCTH, T/ie ce
Ha TeMIlepaTypH OcTaK/bHBamwa Tg yoyaBa mpesas U3 odnacTu noaxsaheHe Te4HOCTH y
CTaKJIaCcTO - aMOp@HO cTame. [Ipu BeoMa BUCOKHMM TeMIlepaTypaMa BUCKO3HOCT pacTona
1 ce cMamyje 1o oko 10+ Pa's, 1ok Ha TeMIepaTypH ocTak/bHBama Tg A0CTHXKe BpeJHOCT
oa oxo 1072 Pa-s [21, 22]. Bpauna xnahewa pacrona MeTajiHe Jierype Mopa 0de3deAnT
JipaMaTH4YHO nosBehamwe BUCKO3HOCTH CHCTeMa (3a rOTOBO JeceT [0 MeTHAeCT pejoBa
BeJIMYMHE Y YCKOM TeMIlepaTypPCKOM OICery) Kako du ce oHeMoTyhu/10 nperpynucaBatme
u ypehuBarbe aToMa YHyTap CTPyKType Ipe Hero LITO 0HA OYBPCHE.

T/Tg
2.0 1.0 0.5
LR L T T T T
20~
| CTAKIO
I
15 | 27
— L7257 7~ » e
»//’/ ~ “CTPYKTYPHA PETAKCAITH]A
2227 (dn/dt KoRCTAHTHO)
a NOTXAABEHA TEYHOCT L |7~
=} 10+ (METACTABH.IHO) 4
-~ “CTPYKTYPHA PEIAKCAIHJA
] (dn/dt 3ACHREFE)
g
=
g 5[ )/
A VOGEL- FULCHER-TAMMANN
JEAHAMHHA
/
/
[I]=
y
TEMHOCT _ .~
——
[N T TN N N SN TR SO S NN N O S
0.5 1.0 1.5 2.0
Tg/T
<— BHCOKe TeMIiepaType OCTaK/bHBak:E JIerype —

Cnuka 2-4. TemnepaTypcka 3aBUCHOCT BUCKO3HOCTH [21, 22].

Obdnact noaxnalleHe TEYHOCTH Jerype koja ce Hasa3u usmely Temnepatype
kpucraausanuje Tx 1 TeMnepatype ocrak/buBama Tg (ATx = Tx- Tg) je Moryhe ogpenutu
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nomohy excnepumenta audepeHnujanHe ckaHupajyhe xasopumetpuje (Differential
Scannig Calorimetry DSC). ¥ ycnoBuMa BHCOKOTeMINIepaTypCKOT eKcnepuMeHTa Moryhe
je oApeAUTH M TeMIlepaTypy TolubeHa (Tm) 1 Temnepartypy nuksuayca (T1). Ha camnu 2-5
cy npukasaHe DSC KpuBe nuBeHHX y30paka Jerype cactaBa FesssCraMosGasP12C0sBss y
0dnuky nuauHApa npeynuka og 1,5 mm u 1,8 mm [23]. ExcnepumenTanuo oapehene
BPeJHOCTH HaBeJEeHHUX KapaKTepUcTHYHHX TeMmmneparypa cy Tg = 754 K, Tx = 814 K,
Ti=1330 Kzanpeuynuk 1,5mm u Tg=753 K, Tx =812 K, Ti= 1330 K, 3a npeunux 1,8 mm,
JIOK je NIMpHUHA TeMIepaTypcke odaacTu noaxiaheHe TeuHoctu ATx of oko 60 K.

Temperature, T (K)
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. RLE
- ™
- = I, (10 K/min)
= ] 1 cooling
| - —
- L.
p =]
= .
[ =
- = —_—
— - —_—
& = T heating
: =] Tm (20 K/min)
ki =
- 3
z -
= z
- = ==1L5mm =
g 1.8 mm =
= = | (b
a ry
[ ) (20 ”mln) L L L 1 1 1 1
1100 1150 1200 1250 1300 1350 1400 1450 1500
Temperature, T (K)

Cnuka 2-5. DSC kpuBe 1uBeHHUX y30paka serype cacrasa Fess.5CraMoaGa4P120sBsss

y 00Ky nuanHApa: (a) 3a y3opke NpedyHHKa UMAMHApa o4 1,5 mm 1 1,8 mm npu

dp3uHu 3arpeBama o/ 20 K/min, u (0) 3a y3opaxk npeyHunka uuauHgpa oa 1,8mm -
BHCOKOTEMIIEPATYPHH PETHOH Ca MPOLecoM TOI/bea (Tm), NperpeBama 4 HAKHAZAHOT

xnabema (T1) npu 6psunu sarpeBama 20 K/min u 86psunn xnahemwa 10 K/min [23].

2.2. MarHeTHO  MeKe depomarHeTHux

aMopPHUX KHULA

KapaKTepUCTHKe

Ha cnnuu 2-6 je npukasaHa KopeJialjyja peJlaTUBHE MarHeTHe epMeadH/IHOCTH U
MarHeTHe MHAYKIHUje 3acuhera Bs KoJ| cBUX Kjaca MarHeTHO MeKUX MaTepHjana (@ 1
kHz). AmopdHe nerype Ha da3u KodasiTa UMajy HUCKe BPeJJHOCTH MarHeTHe HHAYKIHje
zacuhema asu Mehy CcBUM KjacaMa MarHeTHO MeKHX MaTepHjasa nocefyjy HajBuile
BpeJHOCTH MarHeTHe mepMeadUaHOCTH (decTo oko M u3Ha 10%) wrro ux nsmehy ocrasnor
cBpcraBa Mehy kanaugaTe 3a uspajy ypebaja HajBulle eHepreTcke edHKaCHOCTH.
OdpartHo, amopdHe serype Ha dasu reoxba mocenyjy HWwke BpeJHOCTH MarHeTHe
nepMeadHIHOCTH, aJIM UX BUX0BE BUCOKEe BPEJAHOCTH MarHeTHe MHAYKUMje 3acuhera
KaHAHUAYjy 3a ypehaje ca BUCOKHM CTeIEHOM MMHHMjaTypH3alyje.

3a mocrusare BHCOKUX BPeJHOCTH HpPOMeHe uMIefaHce QepoMarHeTHHX JKULA
0/1 /1ejCTBOM CIOJbAlllEber jeJHOCMePHOT MarHeTHor noJka (MUH-edekar), HeonxoHe cy
MarHeTHO MeKe KapaKTepUCTHKe aMopdHUX terypa (1UTo HHKe BPEAHOCTYU KOePLUUTHUBHOT
no/ba He ¥ 1ITO BHLIle BpeAHOCTH peslaTHBHE MarHeTHe NepMeadHIHOCTH Lir).
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Cnuka 2-6. Kopenanuja pesaTuBHe MarHeTHe NepMeabU/IHOCTH Jir U MarHeTHe
HHAyKLIHje 3acuhera Bs koJl cBUX KJlaca MarHeTHO MeKHX MaTepHjana (@ 1 kHz).

Cnuka 2-7a npukasyje XHUCTepe3HCHe KpPHBe KOJ Y/ITPAaTaHKHX aMOpdHHX
MHKpoOkHLa (MeTanHo je3rpo npeynuka 30 pm) nerype Fe73sSi1z.sBoCuiNbs npe u mocse
VKJIamaba CTak/JeHor omoTrada [24]. CTpykTypa ca CTakJeHMM OMOTadeM IoKasyje
ductadunny kpuBy ca He= 85 A/m (upseHa KpuBa), AOK je HAaKOH yK/akbarka 0MOTa4a
3aAp>kaH IMOXe/bHH OUCTadMIHM ODJIMK KpHBE aJM Ca H3y3eTHO HHCKOM
koepuuTuBHOWhyY of oko cBera 10 A/m (nnasa xpusa). [lapanenHo cy npahene u
NpoMeHe peJlaTUBHe MarHeTHe IepMeadWIHOCTH 0J, Co/ballilbel MarHeTHOT [o/ba Koje
HAKOH YKJalbalba CTaK/JEHOr OMOTava JOCTH)KY BHCOKE BPeAHOCTH of mpexo 5x104
(cnuka 2-7.9).

T T T L 5x10° T S —T I —
12} r}“_""_‘ 1 B0
- f=50Hz 4
L3 =30 Sx10
metalic N pm Ax1 US ., i
TT@a00C-1h L4X1D
06| | —e—cold drawn 1 =-z010°
—o— glass-coated .
—— glass-removed 3x10° 2!104 i
- 110
£ 00 -
= = . 10 20 30 40 50 60
= 2x10 o, =30um Hypgy (AIT) i
06 - TT@500°C-1h
5 —=—cold drawn
1x10 —o— glass-coated b
fa) L —— glass-removed fb)
A2t Voo -
[ RS N R PR TR TR SR | 0 L. il — T
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Cavka 2-7. a) xucTepe3nucHe KpHUBe M 6) 3aBHCHOCT peslaTHBHE MarHeTHe
nepMeabUJIHOCTH Of] CIIO/ballllber MAarHETHOT [10/ba KOJ, YJITPaTaHKUX aMOPHHUX
MHKpPOXKHULA (MeTanHo je3rpo npeyHuka 30 um) nerype Fe735Si135BoCuiNbs npe u

IocJIe yK/Iamamwa CTak/JeHor oMoTava [24].
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Ha cnumum 2-8 je mpukasaH edekar ofrpeBarba Ha KUIE OBe Jerype, Kaja ce
JIOCTHKE HAHOKPHUCTAJIHA CTPYKTypa ca JoAaTHMM nosehawmeM K MarHeTHe
nepMeadu/JTHOCTH W peMaHeHTHOr ofHoca MarHetusauuje Mr/Ms (T3B. Z-00/1MK KpHBe
MarHeTHOT XHCTepe3Hca). ¥3 HpuMeHy MeXaHMYKOI HCTe3ama TOKOM OArpeBaiba
(TepMOoMexaHMYKH TpeTMaH) noctuxke ce F-00/MK KpHBe MarHeTHOr XHUCTepe3uca ca
HUCKUM peMaHeHTHHUM oJlHocoM [25].

1 T T T

!MWW

[ Fe Si_BNbCu | #7 ]

05 L g / i

[ *—aq |4 ]

[ —&—ann / 1

g | +—t-ann 1
g /
> 1

| /

TS -
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Cnuka 2-8. YTHaj oArpeBama Ha KpYBe MarHeTHOT XUCTEPe3Kca Ko XU 1A JIEType
Fe73.55i135B9Cui1Nb3 (npeynrka 98 um), HaHOKPHUCTaIHA CTPYKTYpa ca Z-00JIMKOM
XHUCTepesunca (de3 Hanpe3amwa) U F-obnukom xucrepesuca (ca Hanpesamwem) [25].

KpuBe ca Z-05/MKOM MarHeTHOT XHCTepe3Mca M ca HUCKOM KOepLUTHUBHOIIhY cy
eBHJEHTHPaHe U Koj, aMOpdHMX ’KMIa Jerypa Ha dasm kodanrta: cimka 2-9.a Jserypa
Coe9.25Fe4.255i13B135sNb1 (mpeunuk 55 pm, He~ 0,125 Oe = 10 A/m [26]) u cauka 2-9.6
serypa CoessFes3sSi12sB1s (mpeunnk 125 um, He= 0,25 Oe = 20 A/m [27]).

PO ST =i e s o it Regular domain (middie)
1 10+ Wall region | . st
1 d
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3 = 05} J ©
o o |
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a 5 oo}
£] >
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~ i 10+ m.;:.:,_._...,.—_a»“.
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'} L L L L L |
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Cnuka 2-9. Z-061111 KpUBUX MAarHEeTHOT XKCTepe3uca KoJ aMopdHHUX KHIa Jierypa Ha
6a3u kobanTa: a) nerypa Coso.zsFes255113B135Nb1 (npeunnka 55 um, He= 10 A/m [26]) u
6) CosssFes4355i125B15 (mpeuynuka 125 pm, He= 20 A/m [27]).
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Ha ocHoBY Hanpes HaBe/leHMX MarHeTHUX UCOMTHBaba aMOPQHHUX KHIA CUCTEMA
Co-Fe-Si-B u Fe-Si-B-Cu-Nb jacHo je ga oda cucrema Jierypa nocefyjy oJIM4He MarHeTHO
MeKe KapaKTepUCTHKe, 1ITO je IPBU MpeJycioB 3a eBUAeHLH]y uspakeHor MHU-ebexra
KOjH Ce 3aTHM MOJKe YCHelIHO KOPHUCTH 3a H3pajy caBpeMeHHX MarHeTHHX ceH3opa [28-
33]. ¥ radenu 2-3 cy npHMKa3aH¥ IOFOAHHU CacTaBH M 00JIMIH pepoMarHeTHUX aMOpPHHUX
Jerypa ca uspaxenum MH-edexkrom, y3 HymMepHuKe eKclepMMeHTa/lHe NOAATKe MPHU
KOjUMa cy fodujeHe MakcumasHe BpegHoctu MU-oanoca (Hmax, fm).

Ta6ena 2-3. Cacrasu u 0binny pepoMarHeTHUX aMOPOHUX JIerypa ca H3paskeHHUM
MH-edpexToM, Hmax - BpeAHOCT IpHUMeHmEHOTr MAKCUMaIHOT Cllo/balllkber dc MarHeTHOT
nossa Ha MU-enemenT u fm-pagHa ¢ppekBeHIHja IpH K0jO] je leTeKTOBaHA
MaKcHMaJsIHa BpeaHoct MU -onHoca.

Jlerypa 0dnnk MU- Himax MHU-onHocC f. (MHz) Ped.

eJieMeHTa (kA/m) (%) nl )
(CogaFes)75Si10B1s KU 0,8 125 322 [34]
Co83.2Mn7.6Sis9Ba.3 XU 0,08 78 1 [35]
Fe735Si135B9CuiNbs JKHLLA 2 255 2 [36]
Co7oFesNbz.zCuosSiisB7 Tpaka 4 513 4 [37]
Fe71Al2Si14BssCuiNbas Tpaka 3 640 5 [37]
FegsZr7BsCur Tpaka 6 1100 46 [38]
Co7o3Fe3.7CrsSiizBio KOMIO3HUT [39]

KU1La- 4 470 10
HoJIuMep

H3 HaBegeHor mperiefa ce BHAM Ja cy y GOKYCy MCTpa)kMBakba MOJjeAHAKO U
MarHeTHO MeKe Jlerype Ha dasu kodanta [34, 35, 37, 39] u nerype Ha da3u raoxbha
[36-38] u To y 0da obnuka (kuie, Tpake). BaxHo je HarmacuTH Aa ce mopej| 0BUX
cTaHgapaHux odauka MMHW-enemenara cBe demhe wHcTpaxyjy W KOMIO3HTHe
KoHQUIypaluje, [[e ce HCIOUTYjy KoMOMHauMje aMopdHHMX Jierypa ca Jpyrum
MarepdjaiuMa, Kao Ha npuMep ca nonuMepHom marpuuom [39]. [lopen HaBegeHux
CBOjCTaBa, MCTPaOKHBama ODyXBaTajy M AMMEH3Hje, OCET/bBHBOCT (HA CHOJballlEbe
Mar"HeTHO MoJbe), ONCEr pajgHUX ¢peKBeHLHja U TEPMUYKY CTaOWIHOCT MCIOMTHBAHOT
MH-enemenTa.

2.3. Teopujcku MoAe 1 MarHeTOUMIIeJaHCHOT edeKTa

2

gﬂaﬂ 0/l HajuHTepecaHTHHjUX GH3HIKKX PeHOMEeHa KOju Ce MOKe MCKOPUCTHUTH 3a
MartHeTHe ceH3ope je marHetoumneaancHu (MH) edexar youen Koz amopdHHX WU
HaHOKPHUCTAJHUX MarHeTHO MEKHX TPaKa, KULld UK TaHKUX ¢unmoBuMa. Oeaj dpekar,
npumehen Hajupe koxa amopdrux FeCoSiB xuna [40, 41], omoryhuo je nHTeH3UBaH
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pa3Boj ceHsopa Ha Gasu MH-enemenaTta, Koju cy gaHac y LIMPOKOj NPUMEHH KOJ
esleKTpoHCKHX Komnaca, ['[IC HaBurainuja, ceHsopa poTauyje, cucrteMa 6e36eIHOCTH,
fUOMarHeTHUX Mepetha U JIp.

Y ceHsopckoj ynoTpebu cy yriaBHOM ABe reoMeTpujcKe dopMme: LUAHHIPHYHA
(ckune [42-44]) u nsnanapHa (Tpake, ¢unmoBu [45-47]). AmopdHe xuine ce mory
KOPHMCTUTHU ca 3alITUHTHUM CTaxkJieHuM oMoTadeM [48] niu 6e3 omoTtaya [49]. Bucoke
BpeJHOCTHU MarHeTHe NepMeabU/IHOCTH Cy HEOMX0/JHO CBOjCTBO NpY U360py MaTepHjaia
3a MHU-enemeHnTe, Te cy nerype Ha 6a3u kobanTa ca TOr CTAHOBMIITA Y MPEJHOCTH Y
OJHOCY Ha Jjlerype Ha 6a3u reoxbha. 3a pas/uky o Jierypa Ha 6asu KobaiaTa Koje HMajy
M3BaHpeJHe MarHeTHO MeKe epdopMaHce ca NOTIYHO aMOPPHOM CTPYKTYpOM, Jlerype
Ha 6a3u reokba NOCTHXKY CBOje OJ/IMUHE KapaKTepPUCTHKe HAaKOH ONTHMaJHUX
TEePMOMAarHeTHUX HJ/IH TEPMOMEXaHMYKHX TpeTMaHa (TOKOM Kojux ce dQopmupajy
o—Fe(Si) HaHOKpHUCcTa/Ha 3pHa paBHOMepHO pacnopeheHa y amopdHoj matpuuu [2, 50]).

HUmnenanca ysopka ¢epomarHeTHor maTepujaia je cjoxeHa (Tj. BHIIecTyKa)
dyHKIMja BUIlle MapaMeTapa: 3aBUCH 0/l MarHeTHE NPeAUCTOPHje Y30PKa, eJIeKTP UIHUX
CBOjcTAaBa MaTepujana M reoMerpuje ysopka. WMcnuTuBama uMnefaHce cy jJakie
noBesaHa ca TpPH [apaMeTpa: OPHjeHTalHMjoM H HHTEH3HTEeTOM choballmer dc
MarHeTHOr no/ba Hex, MHTeH3UTETOM U ¢pexkBeHuujfM f HaM3MeHnuHe cTpyje iac Koja
npoTuye Kpo3 yzopak [51]. MarueroumnesnaHcHu edekar je AupekTHO mosesaH (&)
deHOMeHOM CKHH edekTa koji ¢epoMarHeTHHX MaTepHjajia, Tj. ca NpoMeHaMma y
JUHaMULIM npoueca mMarHehemwa. Te npoMeHe yTH4y Ha MarHeTHy IIepMeadMIHOCT, a
caMHMM THM U Ha JyOUHYy IpOAMparka Hau3MeHHUYHe CTPyje Kpo3 MarHeTHU NPOBOJHUK
ca nosehamem ¢pekBennuje [52]. Ilosnaro je ga Ao0dpHU NPOBOAHMIM Ca BEJIUKOM
nepmeaduaHowhy nokasyjy seauku MU edexar. [lopen Tora, 3a HausmMeHUYHY NOdyAy
BUCOKHX ppekBeHLHja (pefa o 1 MHz no 1 GHz) mogudukanuja gydbruHe npogupama
(ckvH edekTa) ¥ MarHeTHe MepMeadUIHOCTH MMa jaKy 3aBMCHOCT o7l (GpeKBeHIHje
npuMelbeHe NodyAe, Kao 1 0 CNIO/bALIbEer CTATHYKOT MarHeTHOT MoJba. Yele[ BAXOPHUX
CTpyja TOK HaejeKTpHCama je MOTUCHYT Ka MOBPLUIMHM Yy30pKa, LITO AOBOAW [0
nospehawa uMnejgaHce 7, 10K ce NPUMEHEHHM MarHeTHUM I10/beM TO MOTUCKHBaHbe
MOJy/IMILIE, OGHOCHO Meka ce epeKTHBHA MOBPIIMHA HOMPEYHOr NpeceKa KpPo3 Kojy
[IpOTHYe HaeJleKTpHcamwe (pHU oApelheHOj KOHCTaHTHO] PpexkBeHLMju 0dyae). [lakie,
BeJIMKa NepMeadUIHOCT U BUCOKa PpeKBeHIMja CMakbyjy MarHeTHy AYOUHY NPOAUpaha,
JIOK canpumeu;eﬂum MarHeTHUM [0JbeM OHa nosehaga.

HUmnenanca Z je KOMTMYHUK TPEHYTHUX BPEHOCTH HAU3MEHUYHOT HanoHa Vac(t) u
HausMeHH4He cTpyje ac(t) (cimxa 2-10).

1D-HELMHOLTZ COILS AMORPHOUS WIRE

Lac+ |

+ )h)

| e .
= @ =

Cnuka 2-10. /lepuHuLMja MarHeTOMMNeJaHce Ko/, pepoMarHeTHUX aMOPQHHUX KU LA,
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Kop ysopka ¢epomarHeTHOr LMJIMHJAPHYHOr MPOBOJHHMKA MOJyNpeYHHUKa a
KOMILJIEKCHA MarHeTOMMIeaHca je AaTa ciefehoM jeAHAYMHOM:

T | Jo (ka)
Z_R—FJX_ERJL(I(G)T}“I) [1]

rje cy Rdc eJIeKTPHUYHY OTHOP IpH jeJHOCMe pHOM curHaJy; R u X peasiHy U UMaruHapHU
Jleo MMIeZiaHce Z, pecieKTHBHO; Jo U |1 BecesnoBe ¢pyHKIMje Hy/ATOr W NpBOr pefa MpBe
Bpcte, k= (1+j)/8m; j?=-1[53]. OBaj Mogen MarHeToUM e JAHCe je U3BeJleH KopUIllhemeM
MakcBesIOBUX jeJHAUMHA W Y3 IPEeTHOCTABKY JIMHEApHe 3aBUCHOCTH U3Mehy meruerHe
MHAYKIMje 1 MarHeTHor nosba B = p-H.

Ha marueTtHoj nydnnu npoaupama ém

. p
éfi] = [2]
Top-f

KOJI MarHeTHO MeKMX MaTepHjaja ca HUCKHMM BpeJHOCTHMA crneludUyHe eJeKTpUIHe
OTIIOPHOCH P, BUCOKUM BpeJIHOCTHMAa MarHeTHe NepMeadUJIHOCTH |, a IPH PelaTUBHO
BUCOKHM pajHUM ppeKkBeHIMjaMa f, aMniuTysa BeKTOpa rycTUHe CTpyje onajHe Ha 1/e
CBOje BpeJHOCTH y3 NOBPLUIMHY y30pKa [54]. Cauka 2-11 npukasyje cMamberme MarHeTHe
JyduHe nponupama om ca nosehamem ppeksennyje (f1 « f2), Tj. yTuuaj ckun edpexra kog
¢depoMarHeTHOT UMJIMHAPUYHOT MPOBOAHHUKA.

Om

f1 f2
Cnuka 2-11. CMamerme MardeTHe Jy6HHe npoAvpama dm ca noBehameM ppekBeH1 Hje
(fi<<f2), yrunaj ckun edgexra Koz depoMarHeTHOr UHJAMHAPHYHOT IPOBOAHHKA.

@®pekBeHIMja NPHU KOjoj MarHeTHa AyOWHa Npojupama Om MOCTaje Mamwa 0f
no.ﬂyBEinIdHe y30pKa (3a Tpake gedsbuHe d je Sm<d/2 a Koz KuLla NOJyNpeyHHKa a je
8m < a) ce Ha3uBa KpuTHuHA dpekBeHnuja [53EH5], Tako Aa ce npu Aamem nosehary
y4ecTaHocTH 3anaxajy peHomenu MU-edekra. [[pomeHe u ocranux Hanpe/| HaBele HUX
¢dusnuKux cBojcTaga (p, 1) hie pesynToBaTH y M3MeHaMa pacnofiesie TOKa HaeJleKTPHCakba
no nc&:eqﬂom npeceKy »Hulle U YTHLATH Ha U3MeHy UMIIe[aHCe.

Criosbauribe JOHTATYAUHANHO dc MarHeTHO noJbe Hex M [UPKy/IapHO aC MarHETHO
nosbe hac (MHAYKOBAHO IPOTOKOM Hau3MeHHYHe CTpyje lac(t)=lccsin(wt)) yTudy Ha
NPOMEHYy MarHeTHe NEpPMadMJIHOCTH |, TakKo Ja je uMmegaHca d¢epoMarHeTHoOr
UMJIMHPHYHOT NPOBOAHMKA (y HaueMm oiy4ajy amopduux jkuua) ¢yHKIuja Tpu
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ekcrnepuMeHTanHa napamerpa Z = Z (Hex, f, Iec). Ha cnunu 2-12 je npukasan genomen
CKHH epeKTa Ko ¢epoMarHeTHOT LUJIMHAPHUYHOT IPOBOAHOT y30pKa.

Cnuka 2-12. @epomMarHeTHU LUJIUHAPUYHH MPOBOAHUK NOJyNIPEYHHKA a TOKOM
npahewa MarHeToMMneZaHcHOT edeKTa ca U3BMeHOM MarHeTHe AyGHHE NPOAUPaHa Om
1O/, 16jCTBOM CIIOJ/balll ibeT JIOHTUTYAUHANHOT dc MarHeTHOT nosba Hex.

HHTeH3UTeT UUpPKy/NIapHOr ac MarHeTHOr 1noJba hacje:

I r . .
h (r,t)=—“—sinwt=H _-sinwt
[ils 2 ae (3]
2-7-a
rje je r pagujaiHa koopauHara, 0 <r <a, 0K MHTEeH3UTeT [10/ba HAa NOBPLIMHYU Y30pKa-
kuue poctwke BpeAHOCT Hac = lcc/2m-a. TokoM BehmHe ekcrmepuMeHaTa aMILJIMTyJa
cTpyje le je ogp:xaBaHa KOHCTAHTHOM Jia 61 ce omoryhue sace6He aHaJIM3e yTHLA]a UJIH
pasHe ¢peKBeHUHje WM HHTEH3WTeTa JIOHTMTYAWHAJIHOr dc MarHeTHoOr mnosba Hex
(mpunnkoM Bapwujalyja je/iHe 0f OBe [iBe BeJHUYKMHe Apyra je oJpKaBaHa KOHCTaHTHOM).

Marnetoumnenanciun (MH) opHoc ce Hajuemrhe pgeduHHIIe Kao pesaTHBHA
npomeHa Mofysa umnegance |Z(H)| ysopka (Hagame y o3Haum Z(H) wmto je mpakca
[FhjpeHoMupaHHjuX CBETCKUX M3/laBaya Koju ny6.nKyjy pafose y o6nactu MU-edekra)
ca MpoMeHOM cnoJealimer dc marsetrHor noska (H) [7]:

AZIZ (%) =100 % - [[Z(H)| - |Z(Hmax][]/ [Z(Hma)|  (4)

rae je |Z (Hmax)| Mmosyn umnenaHce MpU MakCMMaaHOM CMOJballllkbeM MarHeTHOM MOJbY
Hmax. ¥Y30pak ce najuemrhe mosuunMoHHpa JOHTHTYAHHAAHO (y MpaBLy CHOJballiber
Mar"HeTHOT NoJba), Tj. y LeHTPpy cucTeMa 1/]-Xe/IMX0J/1110BUX KaJleMOBa [/ie je IOCTUTHyTa
cxopwo*rnyﬂa XOMOTreHOCT crojballimer dc MarHeTHOT noJjba Hex.

YTuuaj ¢pexkBeHuuje f Ha MarHeToMMnefaHcHH edekKaT je I1OBe3aH ca
¢$peKBEHTHUM 3aBUCHOCTMMA (QU3UYKUX QeHOMeHa M TeHepajHOo ce el Ha TPH

nogormcera [56]: a
1

1. Hucko ¢pexBenTHH oncer of oko 10 kHz no oko 1 MHz y kojeM je pomuHaHTaH
edpekaT moMepara JAOMEHCKHMX 3MJ0Ba Ha MOpolLec LUPKylapHor MarHehema
(nybHHa MarHeTHOr MpoAHupama dm MOCTaje Mama oj] nonyaeb/bHHe y30pKa; alu
KO/, y30pKa 06JIMKa LUJINH/pa U 1a/be UMa BpeHOCTH Om < a);

2. Cpenmwe ¢OpexBeHTHM oncer of oko 1 MHz po oko 1 GHz (marnerHa ay6una
npoaHvpama 8m je 3HaTHO Mama 0f noayaeb/bHHe y30pKa, Tj. KoJ y3opka o6/HKa
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uuauHgpa 8m << a) y KojeM cy IJlaBHU YTHLIAjU CKMH-edeKTa U poTaluje BeKTopa
MarHeTH3alyje Ka0 MexaHM3MH Ipolieca LUPKyJapHor MarHehemwa (momepame
ﬂmeﬂcxux 3M/10BA je BJIOKHUPAHO ycile] MHAYKOBAaHUX BUXOPHUX CTPYja), U

3. Bucoxo dpexBenTHH oncer u3Haz 1 GHz kapakupomarHeTHu edekaT JOMUHAHTHO
yTHYE Ha pOTalHjy BEKTOpa MarHeTH3aluje ¥ MAaKCHMyM MepMeabHIHOCTH ce
jaB/ba [pW BeJHMKUM BPEJHOCTAMA Cro/balliber dc MarHeTHOr M0Jba Hex
MarHeTH3auuja nonpyuMa NpenecuoHd KapakTep a NpoMeHe UMIIeaHCe Cy yCien
depomarHeTHe pe3oHaHUuje (Mase NpoMeHe Co/ballber dc MarHeTHOTr moJba Hex
J0BOJie 10 BeJIMKe NPOMeHe UMIeJjaHce Z).

Ytuuaj dpexBennyje f Ha od1uke kpuBux MH-ogHOCa, py M3MeHH CHOJballllber
MarHeTHOT 1oJ/ba Hex 0J1 HEraTUBHUX J10 MO3UTHUBHHUX BPeJHOCTH (- Hmax < Hex < + Hmax)
je mpukazaH Ha ciauou 2-13. Y HucKO QpekBEeHTHOM oOIcery OOJMK KpHBe HMa
KapaTrepucTH4HY GopMy T3B. jejHor nuKa (eHr/. single peak - ciuka 2-13.a), ok ce ca
nosehamweM QpekBeHUHje y cpefilbe GPeKBEHTHOM OIcery of oko pena MHz passuja
0dJIMK KpHWBe ca T3B. JABOCTPYKMM mnukoMm (eHrn. double peak - ciuka 2-13.9)
NO3HULHOHHPAHUM Ha BPeJHOCTHMMa MarHeTHOr MNoJ/ba aHW3oTpomndje * Hi. CranHo
nosehame ¢pekBeHlMje he UMaTH Kao NOC/IeJULY MU KOHCTAHTHO NOMepame OBHX
IIMKOBa Ka CBe BMIIMM BpeJJHOCTMMA [10/ba aHU30TPOMNHUje, 1a OU NPHU BeoMa BUCOKUM
¢dpexBennujama pepa GHz (camka 2-13.B) monpumuiie od/IMKe KPMBHUX ca ciaduje
u3pakeHUM MakcuMyMmuMa MH-ojHoCca No3UMIMOHUPaHUX Ha + Hk.

100 50 0 50 100
H [O¢]

F Y

Cnugka 2-13. ¥YTuuaj dpexsenuuje f Ha MarHetToumnejancHU edeKaT: 06JHIH KPUBHUX
MH-oaHoOCa 3a: a)HHCKO, 6) cpefibe U B) BHCOKOQPEKBEHTHH OIICET.

Ha cinou 2-14 cy npeseHTOBaHa eKCHepUMeHTa/lHA MCIHMTHBaba YTHIAjaA
dbpexsenyuje f Ha 06IMKe KPUBUX MOAYJIA HMIIEJAHCE KO MUKPOKuULEe aMmopdHe nierype
Coe92Fe4.1Si138B118C1.1 ca 3alITHTHHM CTakJIeHWMM OMOTa4eM M TO y BHIIA JBa
bpekBeHTHa mozoncera (MCTpa)KuBama Cy CIPOBeJeHa NPH MAaKCHUMAaTHO] BPeAHOCTH
CroJballlkber MarHeTHOT nosba o, 0ko 17 A/m [57]). [Ipu panHoj dpeksennuju ox 10 MHz
je eBUIEHTHPAH pa3Boj MHKA HAa HUCKHUM BPeJHOCTHMA MAarHeTHOI [10Jba AaHU30TPONHje
Hk, koju ce 3aTuM ca nosehameM ¢pekBeHIMje moMepa Ka BUIIMM BpegHocTHMa Hik
KonayHo, kaga dpekBeHLUje HOCTUIHY BeOMa BUCOKe BpeAHOCTH (peia ruraxepia)
eBU/IEHTHPA]y C€ IUHPOKH NHUKOBH MarHeTOUMIeaHce (MakCHMyM IepMeabUIHOCTH je
Ta/ja [PY BEJIMKKM BPEJHOCTHMA CIOJballllbel MarHeTHOL 110J/ba).
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Cnuka 2-14. YTuuaj dpexsBeHuuje f Ha MarneTouMnejaHcHY edpeKaT: 06JIULU KPUBUX
MO/IyJ1a UMM eflaHCe 3a MUKPOXKHUILE ca CTAKJIeHUM OMoTauyeM: a) aMmopdHa nerypa
Coss.2Fe4.151138B11.8C1.1 HHCKO, cpefibe U BHCOKO dpeKBeHTHH omcer U 6) amopdua

nerypa Cos7Fe3s.85Ni1.4551145B11.5M 017 cpembe M BUCOKO dpexkBeHTHH ormcer [57].

Yruuaj cnosbamiser dc MarHeTHor nosba Hex Ha MarseTHy Ayduny npfinparma 6m u
pesaTUBHY MarHeTHy NepMeadU/IHOCT [Ir je IpHKa3aH Ha cauuy 2-15 [7]. C 0d3upom ja
MarHeTHa IepMeadH/JIHOCT |r OMaja ca MopacTOM MarHeTHOr Mo/ba (MPH KOHCTAHTHO]
¢dpexBeHUjU f U IPH KOHCTAHTHO] aMIJIMTYAHX CTPyje Hamajama lcc), Ao1a31 A0 edekra
nosehama MarseTHe JyduHe MpPoJUpama, ITO KOHAYHO Y3POKYje CMambehe UMIeaHce

y3opka xuie Z (Hex).

O_A A m
(pm) g

>
H, (kA/m)

Cnuka 2-15. [Ilpomena MarHeTHe AyOuHe Npoupatma Om U peJlaTUBHE MarHeTHe
nepMead WIHOCTH |r Y 3aBUCHOCTH 0/ crio/baliiier dc MarHeTHor nosba Hex ko
LMJIMHAPHYHOT Y30pKa MarHeTHO MeKOr Marepujana [7].

C 003uMpoM Ha 3aBHCHOCT MarHeTHe JAyduWHe NpoAupama Om OJf MarHeTHe
nepMeaduaHoctu (Koja ce cMamyje npu nosehamy HWHTeH3MTeTa crnosbalimer dc
MarHeTHOT noJba Hex - ciMka 2-15), koHa4yHO ce f00uja nosehamwe MarHeTHe AydHHe
npoaupama (Hex T, 8m T, mpu kocTauTHOj pajHoj dppexpennuju - cnuka 2-16) a camum
THM H CMameme uMnegance Z (Z i] y3opaka pepomarHeTHe aMmopdHe MeTaIHe KHIE.
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H,y = 0 H,. > 0

Cnuka 2-16. [lorehame MarHeTHe Aiy6HMHe NMpoKMpama om NpU MoBehamwy MHTEH3UTETA
crnojbaulmer dc MarHeTHOr osba Hex

Jlaxse, MarHeToMMnefaHCHU epeKaT y y30pKy ¢epomMarHeTHOT MarepHjaia je
npeko ckuH edeKTa y KopeJsalMju ca MarHeTHOM AyOWHOM mpojupama Om. Kako
dpexBeHIyja HausMeHH4YHe cTpyje pacre iac (f, t) = leesin (2-n-ft), gyduna marneTHor
npoavpama om = (p/n-p-f)1/2 onaja, a NpoToK CTpyje ce moMepa mnpeMa IOBPLIMHH
y3opka. CaMHM THM je ¥ DOBPIIKMHA KPO3 KOjy Teue HaeJeKTpHUcabe CMakbeHa, a y XKULU
OHa MMa O0dJIMK MPCTeHa ca MOBPUIHHOM:

Sﬁm(He_XJ f) = a-m— [a = 6m(Hex, 1:)]2 T (5)
M Cca E‘ﬁd,[[EHTHOM nmocjaegun oM noBehama HMIIeJaHCe.

Hmajyhu y BUy 3aBHCHOCT AydHHe IpoJuparba Om 0Jf MarHeTHe nepMead MJIHOCTH
Koja onaja ca noehameM HMHTEH3UTEeTa MarHeTHor mosba Hex, Joduja ce nosehame
JyduHe mpopupamka. Jlakse, cMamere MarHeTOMMIE[aHCe y30pKa aMopdHe Kuie
Z (Hex, f) = MR (Hex, f) + j*MX (Hex, f) (nmpu xoHcTanTHO] pagHoj dpekBeHIHjH) je
eBH/IEHTHO.

[Tonazehu of yoduvajeHe neduHuLMje enekTpudHor otnopa R =p -1/ S, ogHoc
eJIEKTPUYHOT OTHOpa Npu jeaHocMepHOj nodyau Rdc u marHetoornopHocT MR (Hex, f)
je 0dpHYTO MpoHoOpUMOHAJIAH OJHOCY MOBPLUIMHA OOJIACTH KPO3 KOje MOCTOjU HPOTOK
HaeJleKTpUcama:

az—az-[1—w]2

: (6)

KonauHo, jeaHaurHa 3a H3padyyHaBakbe MarHeTHe AydHHe NpoAHpaha je:

Rge _ SSm(Hex-f) _
MR(Hex,f) Sdc a2

8 (Hop ) = a- (1 ~h Rid) )

MR(Hey.f)

Tj. 8m (Hex, ) ce Moxce nspauynatu kopuithemem MepHUX nojgaTtaka 3a Rac 1 MR (Hey, f)
JI0dMjeHUX IPU NPOMeHaMa CHOJballller MarHeTHOT 10/ba U GpeKBeHIje.

Y ycnoBrMMa M3paXKeHOr yTHLlaja MarHETHOT 110/ba Ha AyDHHY NMPOAHparba, MOKe ce
M3pPa3WTH pejlaTURHA MarHeTHa nepMeadunHocT kuie pw (Hex, f) y 3aBucHOCTH 0f1
MarHeTHe AyduHe npojupama om (Hex, f) 1 MmarneTopeaxtance MR (Hex, f) [58]:

2-a-MX(Hay,
uw(Hex;f) = w

Ho Fl1-8m(Hex.f)
25
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1

Ha cam MH-!(beKaT JHMPEKTHO yTHYe HHTepaKI{ja MarHEeTHOT [10/ba CA MAarHETHUM
JlOMeEHMMa 4Hja je CTPYKTypa Mocjiejulla YHYTPallkbUX Halpe3aka HacTajluX TOKOM
MOCTyIKa Spnr xnabewma pacromna kojum ce fodujajy amopdHe nerype (y 001UKy Tpake
WM okuLe). Yole[ marHetoeslacTHYHE HHTepakuuje, kKoJ aMopdHHX GpepoMarHeTHHX
¥KHlla ca MO3UTHBHUM KOoeDHLMjeHTOM MarHeTOCTpHUKLHUje (cauka 2-17.a, Jerype Ha
dasu reoxkba As > 0 1 Hajuemhe pega BeanduHe off oko 105) noMeHCKa CTPyKTypa ce
cacToju of JIOHTMTYAWHAJIHO HAaMarHETHCAHOT je3rpa (IO OCH JKUIe) U pajHjasHOr
CcroJballilkber 0OMOTa4a ca MarHETHUM JIOMeHKMMa Y KOHQUTrypal iju JaBUPUHTA U LIUK-LAK
34I0BUMa Ha LieJloj MOBPIUHHM, WITO yKa3syje Ha NMPUCYCTBO TpaKaCTUX JOMeHa ca
He3aTBOPEHUM HJIH 3aTBOPEHUM MarHeTHUM (JIYKCOM.

Cnuka 2-17. lllemaTcky npyKas CTPYKType MarHeTHHX JJlOMeHa KoJ, pepoMarHeTHUX
aMOpHHUX KULa ycjle] fiejcTBa Cno/ballilkber MarHeTHOT [10Jba: a) XKUIle ca MO3UTUBHUM
KoeHIIMjeHTOM MarHeTOCTpUKILH]e (Jlerype Ha 6a3u reoxbha As > 0) u 6) »xune ca
HeraTMBHMM KoeHIMjeHTOM MarHeTOCTpUKLUje (Jlerype Ha 6a3u kobasra As <0).

Kox amopdHux depoMarHeTHMX HKMIA Ca HeraTMBHUM Koe(QMIIHMjeHTOM
MaI‘HOCI'pHKH,HjE (1erype Ha dasu KodanTa As < 0 u Hajuewhe pesa BeUYKUHE Of OKO
10°6) moMeHCKa CTPYKTYpa Ce CAcTOjU Of, YHYTPAIlbHX MarHEeTHHX J0MEeHa, OKPYKEHHX
LUUPKyJapHUM JOMeHMMa HaW3MeHHMYHO pacnopeheHMM JyxK IpaBlia KHIlEe, CIMYHO
NOBPLIMHH dambyca (cauka 2-17.6 ,bamboo domain structure” [59]).

Magnetic Probe

Cnuka 2-18. Moges cTpyKType MarHeTHUX JJOMeHa KoJ, aMmopdHe »ule ca HeraTUBHUM

KoedHI[MjeHTOM MarHeTOCTPUKILHje (Jierype Ha 6a3u kobanTa), a) koHburypauuja 6e3

JlejCTBa CHOJ/balllEbel MarHeTHOT 110/ba Hex U 6) HCIHUTHBAaM € MOBPIIMHCKUX MarHeTHUX
JoMeHa TEXHUKOM MHKPOCKOIIa MarHeTHUX CHJIA.
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1

Eﬂpl{y.napﬂa CTPYKTypa Ha NOBPUIMHH JKULE je oOKapaKTepHcaHa ca
Hau3MeHWYHHM paclopejjoM JOoMeHa ca CyNpOTHO OpHjeHTUCAaHUM BeKTopuMa
Mar"eTusaluje [T,Jf] pazjBojeHux ca paBHUM (T3B. 1800) momeHckuM 3ugosuma. [Ipu
JIOBOJbHO BHCOKMM ¢pekBeHIMjaMa (kaja je ayduHa npogupama 8m A0BOJ/BHO Masa)
NOBPLIMHCKY [le0 MaTepHjajia ca OBAKBHMM pacnopejoM MarHeTHUX JJOMeHa JOMHHaHTHO
yTH4Ye Ha UMM e[aHCy y30pKa (cauka 2-18).

ExcnepumeHTalHa eBHJEHLMja CTPYKType MarHeTHMX JOMeHa Ha MNOBPIIMHHU
amopdHux pepoMarHeTHUX )KHULA JodujeHa 3/l-TeXHUKOM MUKPOCKOIA MarHETHUX CHJIa
je npesenToBaHa Ha cauuy 2-19 [60].

& i -\/\ Magnetic probe
M WadV Probe trajectory .-~=~~-._

27mV~ L. M. .
3 1 .’_. ;ﬂﬂ
P Surface Vol AN XT‘-'.?,
e domain — ‘/“ i b
. 4 structure | | = A
\ =

A Circumferential Bloch domain

° domain wall

Cnuka 2-19. EkciepuMeHTa Ha eBH/IeHIIMja CTPYKTYPe MarHeTHUX JOMeHa odujeHa
3/1-TeXHMKOM MHKPOCKOIIA MATHETHHX CHJIA HA IOBPIIHHY aMOpbHUX bepoMarHeTHUX
skuua cacrasa Coes.1sFess3sSit225B1525 ca HeraTuBHUM KoeguuujeHTOM

MarHeTocTpukiyje (serype Ha da3u kodanTta As< 0) [60].

Hajjacuujy excnepumenTanny notspay camor MU-edekra npukasyje ppekBeHTHa
3aBHCHOCT MOJIyJla UMIle[laHce KoA y3opka xulle amopdHe nerype FeCoSiB (nyxune ox
5 mm) de3 gejcrsa (Hex = 0) 1 npu fejcTBy cno/balliber jeJHOCMEPHOr MarHeTHOT [oJba
(Hex =10 Oe =~ 800 A/m), koja je npuKa3aHa Ha ciunu 2-20 [61].

80

FeCoSiB L = 5mm
I(w) = 5mA

__60Ff

=)

N

- ]

2 40

<

g

= 20

H, = 100e

1 Ll 1 L raenl 1 L aianiil 1 L1 1 1111

0
10k 100k 1M 10M 100M
Frequency (Hz)

Cnuka 2-20. PpeKkBeHTHA 3aBUCHOCT MOAyJ1a UMIIeJlaHCe KOJ JKH1e aMopdHe Jierype
(Feo.06Co0.94)72551125B15 €3 fiejcTBa crio/ballllber je/JHOCMEPHOT MAarHeTHOT MoJba Hex =0
H IIPH [1€jCTBY CNO/balllbel MarHeTHOT 1oJba HHTeH3uTeTa Hex= 10 Oe = 800 A/m
(cuHycHa nodyna ammautyze 5 mA, f € [10 kHz, 100 MHz]) [61].
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¥ obda ciyyaja (ca fejcrBoM H des aejctBa Hex) ca mopacrom dppexseHnuje (cTpyjHe
nodyjie CUHYCHOT 0OJIMKA) PEerucTpoBaH je OYeKUBaHW CTaJHU MOpACT HUMIeJjaHCce.
MebhyTuM, yTHLAj crio/ballilber MarHeTHOr NoJba Hex €BUJIEHTHO JOBOAM 0 CMamerha
MoJy/aa uMneAaHce (MpH pagHuM ¢pekBeHIHjaMa BehHM o] KpUTHYHe QpPeKBeHIHje -
oa oko 50 kHz) u To nytem edekra nosehawa mMarHeTHe AydHHe npojupama dm NPH
JlejCTBY croJballilber MarHeTHOT noJba Hex (MoBehambeM MarneTHe yduHe NpoAuparsa ce
nopehaBa noBpixHa 051aCTH KPO3 KOjy NOCTOjH MPOTOK HaeJeKTPHUCAaHa, LITO KOHAM0
JIOBOJIM 10 CMatbea MoAlyJla MUMIefjaHce).

MH-edekar je excnepumeHTanHo norephen 1994. rogune kox amopduux FeCoSiB
XKu1la, a 3aTuM 1 Kl 0CTaIMX MarHeTHO MEKMX MaTepHjaia - HAHOKPUCTAJIHKX TPaKa 1
¢unmona nerypa cucrema FINEMET Fe-M-Cu-Si-B (M = Nb, Mo, Cr, Zr, V). Kacuuju
MHTEH3MBaH pa3Boj aMOP(pHHX MaCHBHMX METaJHUX Jerypa (My/JITHKOMIIOHEHTHH
dbepomarHeTHH cucTeMM Ha da3M reoxha [62], roe ce Kao NUJIOT-TEXHHWKA IpPOLieHe
CKOJIOHOCTH Ka aMopdH3aliji KOPUCTH TeXHMKa dp3or xjahemwa pacrona jierype Ha
porupajyhem gucky - mpousBoamwa aMmopdHUX Tpaka AedsbuHe npexko 100 um) je foseo
Jl0 UCTpa>KhBatba NJ1aHapHux MH-enemenara kopg cucrema Fe-(Al, Ga)-(P, C, B, Si, Ge).

3a konTpony MH-edexra kopucre ce u npomeHe cnepuduyHe esIEKTPUYHE
OTIIOPHOCH p aMOppHHUX Jierypa HOPUMEHOM MeToJe CHeLyjalHO MOpojeKTOBaHUX
TepMHYKHX TPeTMaHMMa C L[H/beM A00Hjara MaTepHjaia 3a KOHCTPYKLHjy MarHeTHHUX
ceH3opa BHCOKe oceT/bHMBOCTH [63-65]. Ha cannum 2-21 cy npukasaHa HCIUTHBama
MarHeTouMIefaHcHOr epeKTa KoJ Tpaka amopdHe Jerype Fe7zAlsGazP11CeB4, pe u
HaKOH TepMOMarHeTHHUX TPeTMaHa CTPYjHUM HMIy/acuMa (oArpeBame Ha dasu llynosor
edekra) [55].

0.56 0.6
—7— as-cast 49 Wiem? 03 N
0481 | —4—22 Wicm? —A— 3 MHz 49 Wicm™
o —B— 10 MHz %\ K 3MHz
*— 3.7 Wiem? —0— 15 MHz 02
040 - —0—4.3 Wiem?
—h— 4.9 Wiem® -
o3 I 0.1 \Q
4 b= =_
024 S ook |
- 0 1 2 i 4 5
- H_ (kA/m)
016 N o
0.08 F -
A oot
L == I O
I '1‘,“13-5__
0.00 _Q: . |- Ll . s Ll 0.0 K | 1 1 1 1 L 1 1 e 01
0y 107 107 107 0 2 4 6 8 10 12 14 16 18 20 22
Frequency, f, (Hz) Magnetic field. H,,. (kA/m)

a 0

Cauka 2-21. 3aBucHoct MH-0oaHOoca ko Tpake amopdHe serype Fe7zAlsGazP11CeB4 pe
M HAaKOH TPeTMaHa CTPyjHUM uMnysacuMa (oarpeBame Ha dasu llynosor edekra):

a) ¢pexBeHTHe 3aBUCHOCTH (@Hmax~ 21 kA/m) 1 &) 3aBUCHOCTH Off ja4HHe MarHeTHOT
noJba 3a Tpu dpekseHnyje (3 MHz, 10 MHz u 15 MHz) kog onTHManHo oArpeBaHor
y3opka ca 4,9 W/cm?2 (Ha nHCcepTy je npukasana suHeapHocT MU -ogHOCa npu pagHoj
¢bpexsennuju og 3 MHz) [55].
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[Ipu $pexsenuuju ox 3 MHz eBupentupan je MH-ognoc op oxko 56% HakoH
ONTUMAJIHOT OJrpeBama NNpH MOBPIIMHCKO] CHa3K oArpeBama of 0ko 4-5 W/cm?, mrto je
OKO TpH nyTa nosehame y ogHocy Ha MU-ojHOC KO HeorpeBaHOr Y30pKa UCIUTHBaHe
amopdHe Tpake.

3a pa3siMKy 0] MOHOTOHOT onafamwa yodeHor npu f < 3 MHz, kpusa nodujena Ha 10
MHz nokasyje dsi1aro koJsieHo (3anaka ce noveTax pasBoja IMKa), 10K je fa/be moBehamwe
¢dpexBennyje npaheHo eBosynujom caador nukaHa 15 MHz. OBakas pa3Boj nuka ykasyje
Ha NopacT AOINpHHOCA MeXaHHW3Ma poTalldje BeKTOpa MarHeTH3allHje KOjU ce [ojaBJjbyje
u3Ha ¢peKBeHLH]e peslaKkcalldje 3MA0Ba MarHeTHHX JoMeHa. /lak/e, 3a pas/iMKy of
KOHCTaHTHOT C(Mamekha yOYeHOr Ha HUXKHUM paJHUM QpeKBeHIIHjaMa, MH-npodunu
Tpaka KOjU Iocejyjy jacaH NHUK MO3MLHMOHHMpaH NPH BPeJHOCTH I0/ba MarHeTHe
anusorponuje Hk, ykasyjy Ha [JoMHHaHTAaH MeXaHHM3aM poTalldje BeKTopa
MarHerusanuje.

Pa3Boj TpaHcBep3asiHe MarHeTHe aHU30TPOIHje KO aMopbHUX TpaKa H3JI0KEHUX
OATrpeBamy jeJHOCMEPHHM CTPYjHHM HMIYJCHMa KOjU MCTOBPEMEHO Kpeupajy
TPaHCBep3aJiHO (MPKY/JIapPHO) MarHeTHO MoJbe je NPUKA3aHo Ha CIuLH 2-22. 3akJbydyje
ce Aa je duHANHA CTPYKTypa Cca NONPEYHO OPHjEHTHCAHMM MAarHeTHHM JOMEHHMa
KpeupaHa dc cTpyjHUM uUMNy/icuMa (Tj. TEpMOMAarHeTHUM TPETMaHHWMa) He3aBHCHA O
no4yeTHe JOMEHCKe CTPYKType aMOpdHUX TpaKa.

(1)

Cnuka 2-22. ¥Tunaj renepucasor dc MarHeTHOT noJba H Ha M3MeHy CTpPyKType MarHeTHUX
JAoMeHa aMopdHHX Tpaka TOKOM TpeTMaHa dc cTpyjHHM HMnyscuMa (oArpeBaibe Ha da3u
IlynoBor edexra): (a) u (8) TpaHcBep3anHa, (B) U (I) IOHTUTYAMHAIHA I09eTHA
opujeHTaIHja JoMeHa, (e) mocTurHyTa pUHANHA IO MEHCKA CTPYKTYPa KPeupaHa CTpyjHUM
HMITYJICHMa HE3aBHCHO Of] IOMETHE JOMEHCKE CTPYKTYpE.

[lnaHapHa reomerpuja ceHZBHY CTPYKType TaHkuX ¢unmosa serype NisoFezo/Ti
npHKasaHa Ha i M 2-23, Takole nocenyje Bucoke BpegHoctu MU-onHoca og oxo 350%
(npu ¢pexsenuuju ox 23 MHz). OBy cTpyKTypy KapakTepuile M M3y3eTHO BHUCOKa
BpeAHOCT oceT/bUBOCTH MU-enemenTa o 0ko s =300%/0e (1 Oe = 80 A/m) npu HUCKHUM
BpeJHOCTHMA CIOJbAllbET jeJHOCMepHOT MarHeTHor NoJsba (Hex < 5 0e = 400 A/m) [66].
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Cnuka 2-23. 3aBucHoctr MU-oiHOCA ceHIBHY CTPYKTYpe TaHKKUX QUiIMOBa jerype
NisoFez0/Ti (11eB0), npvKa3aHa je ¥ pajiHa TauKa MaKCHUMaJ/lHe OceT/bMBOCTH MU-
esieMmeHTa of; oko s =300%/0e (npu ppexsennuju og 23 MHz- necuo) [66].

[lorpedHo je HariacuTH M Jia NOjeiMHe MHTepIpeTaluje eKClepHMeHTaJIHHX
pesynrara MHU-edekra kopucTe M KOMHYHHK Mozy/na MarHetoummneznaHce Z(Hex) u
eJleKTPUYHE OTHOPHOCTH NIpH jefHOCMepHOj no6Gyau Rdc, ¢ 063MpoM Ha mpakTH4HE
npuMeHe MMH-enemeHaTa 3a KOHCTPYKLHjy MarHeTHHUX CeH30pa Kao eJleKTpHU4He
koMnoHeHTe. OBUM KOJIUYHUKOM (Z(Hex)/Rdc) ce aHanusupa npoueHTyasHo yeehame
MMIIe/laHCe TOKOM eKcllepHMeHTa nosehawa MHTeH3UTeTa CHoJballber dc MarHETHOT
noJspa (Mpu ofrosapajyhoj KOHCTaHTHO] pafiHOj PpeKBeHLHjH U KOHCTATHO] aMIIMTY U
CTyje Koja MpoTHYe KPO3 UCTMTHUBAaHU y3o0pak). Ha cnunum 2-24 cy npukasaHne ode Bep3uje
HMHTepIpeTauyje ekcnepuMeHTanHuX pesyntata U (Z(Hex)/Rd) n A Z/Z xox amopdue
nerype (Feo06C00.94)725Si12.5B15 [56]).
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Cnuka 2-24. Hopmanusanuja Mogyna MarHetouMneiatce Z(Hex) ca e1eKTpU4HOM
OTIOPHOCTH NPH jelHOCMepHOj no6yau Rdac ko aMmopdHe nerype
(Feo.06Co094)7258i125B15 y HuckoPpexkBeHTHOM pervony npu 500 kHz [56].
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[Ipu carypaumju MHU-edexTta (kaga MHTEH3IUTET CHOJbALLEEr MAarHETHOT I10/ba
JocThke Hajsehe BpeIHOCTH, Tj. Kaja je Hex ® Hmax) y HUCKOQpPEKBEHTHOM PerioHy 0Baj
KOJIMYHHUK JocTiKe jefUHUYHY BpeAHOCT Z (Hmax)/Rdc = [(k-a)-Jo(k-a)]/[2]1(ka)] = 1.
Taja MarHeTHa AySOWHA TP oAMpaka UMa BPeJHOCTU NPUOIIMKHO jefiHaKe MOJNYIPeYHUKY
amopdHe xulle (Om= a) ¥ IPOTOK HaeJeKTpHCcatba je MPAKTHYHO M0 LeI0M IOMpeyHOM
npeceKy y30pKa.
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3. EKCIIEPUMEHTAJIHA AEO

Y oBOM MOTJIaBJby CY Ipe3eHTOBaHM CIPOBe/ieHH eKCllepUMeHTH Ha UCIUTUBAHUM
¢epomarHeTHUM amoppHHUM xkuiama. Hajnpe cy mpeseHTOBaHe MeTofe A0dujarha
aMOpdHHUX MEeTaJHHUX KHIa dp3uM xnahemeM pacrona Jerypa, a 3aTHM Cy NpHKasaHe
JiIBe OCHOBHe eKCllepUMeHTaJIHe MeTo/le Koje ce IPBO CIPOBO/ie Ha/Jl yIIpaBo A00UjeHUM-
M3/MBEHHMM y30pLMMa: pPeHATeHOCTPYKTYpHA aHalM3a 3a MpoBepy [AOCTUCHYTe
ctpykrype (audpaxnuja X-3paka, XRD X-Ray Diffraction) u gudepennujanna repmujcka
anasmsa (DTA Differential Thermal Analysis) 3a npoueHy Tepmuyke CTabWJIHOCTH
amopdHux Jjerypa. [lotom IpHKasaHa MeToAa CKeHHpajyhe eseKTpoHcke
MHKPOCKOIIHje ca eHepreTcKoM JUCIep3uBHOM crnekTpockonujoM (SEM/EDS - Scanning
Electron Microscopy-Energy Dispersive Spectroscopy) kojom je wucnuTHBaHa
MHUKPOCTPYKTypHa u xemujcka [fapakrepusanuja amopduux Jserypa. KonauHo,
Npe3eHTOBaHA Cy MWCNUTHUBaba eJeKTPUUHMX KapaKTepUCTHKAa aMOpOHUX KHUIla
MepemeM Mojyjla MarHeTOMMIeJaHce Y 3aBUCHOCTH oJ, GpeKBEeHIHje M CIOJballltber
MarHeTHOT 10J/ba, Koje Ipe/CTaB/bajy ¥ eHTpalHa UCTpaKUBakba CIpoBeieHa ¥ OKBUPY
OBe JOKTOPCKe AucepTalyje.

3.1. NNocrynuu aodujakba aMOpPPHUX METAJTHHX XXHULA OSpP3UM
xj1aherweM pacrona

AmopdHe sxuLe MetasHMX Jerypa je Moryhe Jo06MTH IyTeM HEKOJIHKO
TeXHOJIOLIKHX NOCTyNaKa.

1. Bp3um xnaheweM pacrona Ha YHYTpallk0j NOBPUIMHU poTupajyher (Hajuemrhe
6GaKapHOT MJIM YeJIHYHOT [UJIHHApa - melt spinning), TokoM Kojer neHTpUyranHa
cuna oMmoryhaBa KOHTaK pacTona ca MOBPIIMHOM JMCKa rfie yciaen 6p3uHe
xnahewa oj oko 10%-109 K/s pacron ouspuhaBa u dopmupajy ce xuie
depomarHeTHux serypa usmehy 100 pm u 200 pm y npeunuky [67]. ¥3o0puu
amopdlix »xuiia Ha 6a3u reoxia UCIMTUBAHKX Y 0BOj AOKTOPCKO] AUCEPTALMjH -
snerypa u3 cucrema FINEMET Fe-M-Cu-Si-B (M=Nb) cacrasa Fe73sNb3Cu1Si135Bo cy
yIIpaBo Ipou3Be/leHH 0BOM TexHosorujoM. KopuuherweM criosballitbe HOBPLIKMHE
porupajyher gucka 3a xsalemwe pacrona ce mpoU3BoJe Y30pLH aMopPHHUX JleTypa
y 06sMKy Tpaka. MoaudukanujoM oBe MeTO/e, KOjOM ce O4YBpC/a xula Kpehe
Kpo3 pacTton cTaksa, Jobujajy ce amopdHe 3xulle ca MeTaJHHM je3rpoma
(mpeuHuka oko 50 pm) y3 3alITUTHH CTaKJIeHH oMoTay (aebsbruHe oko 30 um) [68].
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2. bpsum xmahewem pactona y porupajyhem ciojy Boge (in rotating water
quenching) Koju ce Hajla3u Ha YHYTpPaLIkO] MOBPIIMHYU LUIHUHAPA, TOKOM Kojer
neHTpudyranHa cusa omoryhaBa KOHTaK BoJle ca MoBpuIMHOM Aucka. IIporec
ouBpmhaBama pacTomna ce oJurpasa yHyTap poTHpajyher cioja Bofe 4HUMe ce
JocTWKy 6p3uHe xnabema of oxko 10°-106 K/s u 06aukyjy kune og 30 um go
300 pm y mpeunuky. /luMeH3Hje Kulle 3aBUCe 0] MpeYHHKa OTBOpa CTaKJeHe
ammyse ca pactonom serype u nputicka uHepTHEF raca - wajuemhe aprowa,
KOjuUM ce pacton HCTHCKyje. AmopdHe »xuiue Ha 0asum kobaarta cacrtasa
Coes.1s5Fe4.355112.5B15 1 Co725S1125B15 vcnuTiBaHe y 0BOj JOKTOPCKO] fucepTaLHju
Cy ympaBO IpoH3BefleHe OBUM mnoctynkoMm y HauuonanHom HHcrutyTy 3a
HCTpaKHBake U pa3Boj TexHUuYKe ¢pusnke y Jamujy, Pymynuja (cnuka 3-1.a [69]).

3. Excrpaknujom pacromna jerype (ciauka 3-1.6), TOKOM Kojer ce KOHTaKTOM BeoMa
OLITpe CIOJbHE HBMIE poTHpajyher amucka ca pacronoMm omoryhaBa Heroso
ouBpihaBame U popmupaxkuna [70]. 3a pasauky o npeTxo/iHe JBe TEXHOJIOTH]e,
oBaj nocrynak omoryhasa goctusame HajBehe 6p3une xiahemwa o oko 106 K/s u
NpPOU3BO/HY aMOPPHUX MHKPOXKHULA, Tj. y30paKa ca HEIITO MambKUM MPEeYHHKOM,
06u4Ho u3Mehy 30 pm u 60 pm [71].

POTUPAIYRM
ANCK

POTUPAIVRM

v

EE AMOP®HA
KBAPLIHA HULUA
ENPYBETA APTOH WK HEKW
‘ APYTW NNEMEHMTM  PACTON NIETYPE —
PACTON NIENYPE | MHAYKUMOHW (&} > °
' IPEIAY o
a L ° o WHAYKUWOHKU
. FPEJAY
o

(]
KBAPLIHA e

BO,
A EPU3TANMLA

Cnuka 3-1. lloctynak a) npousBo/ikbe aMoOpQHUX MEeTATHUX KHIla 6p3UM xutahemem
pacromna Jsierype y porupajyhemM c/10jy Bojie Ha yHYTpallb0j OB PLIIHMHY IMWIMHApPa [69)]
u 6) npuHUMNU X1ahera pacrona y potupajyhem ci1ojy BoJie U eKCTpakliMje pacTomna.
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3.2. CTpyKTypHa KapakTepu3aldja MaTepujaja audpakumjom
X-3payema XRD

PenarenoctpykrypHa ucnutuBama (XRD X-Ray Diffraction)) ysopaka xuna cy
cnipoBefieHa y JlaGoparopuju 3a Teopujcky GU3HKY U GU3HKY KOHAEH30BaHEe MaTepHje
Hucruryra 3a HykseapHe nayke BHUHYA - Hucruryra of HaumonanHor 3Hauvaja
Peny6nuke Cpbuje. EkcnepuimeHTH cy cnpoBefieHH Ha ypebajy Philips PW 1050 koju
kopucTu Cu-Kq 3pauemse TanacHe ayxuHe A = 0.154 nm ca Bragg-Brentano reomeTtpujom
bokycupama cHoma X-3pauema, OpH 4YeMy je Kopak Mepewa uzHocuo 0.050 ca
3a/pkaBalbeM JeTeKTopa MO Kopaky of 1 s. 3a eBHAeHLHjy KapaKTepHCTHYHHX
pednekcuja kopunihene cy vHTepHanuoHanHe etasoHcke JCPDS (Joint Committee on
Powder Diffraction Standards) penjreHosomke kapTuie.

[IpoBepa amopdHOCTH y30paka Jierypa J06HjeHHX TeXHOJI0rujoM Gp3or xnahemwa
pacrona (6n10 Aa cy y 06/1MKy Tpaka HJIH 3KyLa) ce o6aB/ba Ha OCHOBY Bragg-osor
3aKOHa 0 pa3/uuy npeheHux mytesa Npu Audpakiujd peHAreHCKOr 3payetba TajlacHe

nyxuHe A [72]:
z-A=2-d-sin 6 (9)

rjejez pes uHTepdepeHIMOHUX MaKkcuMyMa X-3pauena (pedJieKTOBaHH TalacH cy Taja
y dasu), d je pacrojare n3mely paBHH KpHCTaJIHe pelIeTKe Ha KO0joj HacTajy epeKTH
uHTepdepeHnuje, a O je pudpakuuoHd yrao wusMehy cHona X-3pavema U
KpucTanorpadCcKux paBHA y3opka (ciuka 3-2).

[ ynagiHu cHonl

X - 3paka
Il ynaguu
cHon X - 3paka
™
A
™ ™
o A

Cnuka 3-2. Bragg - oB npuHiun uatepdepeHumje npu gjudpaxuuju X-3pavema [72].

JletexkTop peHparenckor cHomna 6poju audpaxrosaHe 3pake y yHKIHjH yria 20
u3Meby ynagHor U AudpakToOBaHOT Tajlaca. YraoHa 6p3KHa poTaljije Hocaua y30pKa ce
nojiewmasa npeMa AeGUHUCAHUM yCl0BHUMa M3Bohemwa ekcriepumenTa [73]. [Ipunukom
NpHUNpeMe HCIHTHBAHOT Y30pKa NOTPe6HO je BOJUTH padyyHa Ja OH 6y/ie MO3MIMOHHUPAH
y paBHM Hocaya y3opka. Ha ciunu 3-3 je npukasan ypehaj Philips PW 1050 ca Bragg-
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Brentano reomerpujom dokycupamwa cHoma X-3padema MNpPUJIHKOM ofpebhuBama
KpHcTajorpadCKux napaMerapa HCIIMTHBAHUX y30paKa aMOPQHHUX KULIA.

Detector
X-rays

Source
X-rays

sample

Cnuka 3-3. ¥Ypebaj Philips PW 1050 ca Bragg-Brentano reometpujom dokycuparma
CcHona npu fudpaxkuuju X-3pauema.

3.3. icnuTHBamke TEPMHYKHUX CBoOjcTaBa aMoppHHUX Jierypa
AudepeHIdjaTHOM TepMHjCcKOM aHa 30M DTA

ExcnepumeHTH [JudepeHlLidjalHe TepMHjcKe aHaause Cy CIOPOBEJEHHM Ha
dakynrery 3a ¢u3nuky xemujy VYuupepsurera y beorpagy nHa ypebajy TA
Instruments DTA SDT 2960. Mepemwa cy odaB/beHa y TeMIepaTYpPCKOM HHTepBaly OJ
CODHe TeMIepaType A0 MakcuMainHe TeMenparype of 700 OC, y 3aurTutHoj aTMochepu
NPOTOYHOT XejujymMa KoOja ce KOPHUCTH paJu ClpedyaBara HeXe/beHOr Ipoleca
OKCHJJallHje HAa MOBPLUIMHH HCIIMTHBAHHUX y30paKa aMopHHX METaIHHX JIErypa y 08/IHKy
KULIA.

Ha campm 3-4 je npukasana DTA henmja ca nosunujama ucnuTUBaHOr M
pedepeHTHOr y30pKa y yCJI0BUMA 3ajeJHHYKOT rpejama. TokoM ekcnepUMeHTa ce IpaTH
TeMmnepaTypcka paznuka AT (M3mMehy TepMUUYKM aKTUBHOT Y30PKa M HHEPTHOT eTajoHa)
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HacTajla ycjef pasJMYMTUX (HU3NYKO-XeMMjCKMX Ipoleca KOju ce OAurpasajy Kof,
WCIUTHUBAHOr y30pKa. PeasHo, MepH ce passiMKa TepMoeeKTpoMOTOpHUX cuja - TEMC
KO/ /iBa eKBHBaJIeHTHA TepMoIiapa [03ULMOHHWpaHa y3 NoCcy/e Hocadya y30pKa M Hocaya
eTaloHa.

cup

——— SAMPLE CUP WHEPTHH
Y30PAK  ETAJIOH
SAMPLE HOLDER

BALANCE ARM

PLATINUM AT
SENSOR YV VY V.Y Y VY.V —
THERMOCOUPLE 3AJEAHHYKO I'PEJAHGE

Cnuka 3-4. ¥Ypebhaj TA Instruments DTA SDT 2960 3a odaB/bathe UCIUTHBAKA
TEepMHUKHUX CBOjCTABAa MaTepHjaia ca MPHKAa3aHUM MO03HIHjaMa HCITHTHBAHOT
y30pKa ¥ MHEPTHOT eTaj/l0Ha [74].

JudepeHnyjasHa TepMujcKa aHalM3a ce KOPUCTH 3a MCIHHUTHBama TEPMUUYKHX
CBOjcTaBa MaTepHjajla IO3HATOI XeMMjCKOI cacTaBa, WITO je M OMO clyyaj KOZA
HCIHTHBAHUX ¢QepoMarHeTHUX ulla aMopHUX Jerypa. Hajuyewhe ce npatu
TeMIepaTypcKa od/1acT y Kojoj ce ogurpasa ersoTepMHH Ipolec KpUcTanusaluje, Tj.
npolebyje ce 0dacT TeMIepaTypcKe CTadM/IHOCTH Jlerype YKOJHKO ce He KeJid ja ce
TepMHYKHMM TPeTMaHOM M3a30Be IpoLec KpHcTanu3alyje, Beh ce caMo 2xe/li MHHULLMpaTH
mponec CTPYKTYpHe pejakcalyje KOju ce OJMIpaBa IPH HHXHMM TeMIepaTypaMa
oJArpesama.

36




MaznemoumnedaucHu eghekam amopghHux Heuya ca MazHemHo MekuM caojcmauma | JeneHa Operns

3.4. Ckenupajyha esleKTpoHCKa MHKPOCKOINHja Ca eHEPreTCKOM
JAUCTIEP3UBHOM cnieKTpockonujom SEM/EDS

MuKpoCTpyKTYpHa M XeMHjCKa KapaKkTepH3aliija HCIMTHBaHUX aMOpdHUX Jlerypa
cnpoBejieHa KopuiiheweM cKeHUpajyha eleKTpOHCKe MUKPOCKOIHje Ca eHePreTCKoM
aucnepsuBHoM cnektpockonujom (SEM/EDS-Scanning Electron Microscopy-Energy
Dispersive X-ray Spectroscopy) (ciuka 3-5). ExcnepumeHTH Cy COpoBefieHH Y
Jlaboparopuju 3a eneKTpoHCKy MuUKpockonujy [lossonpuspesHor dakynrera
Yuusepsureray beorpapg, na ypehajy SEM JEOL JSM-6390 LV onpem/beHnM ca f0AaTKOM
3a EDS ananusy Oxford Instruments X-MaxN.

Cnuka 3-5. Ypebhaj 3a ckenupajyhy enekrpoHcky MUKpockonujy JEOL JSM-6390 LV.

Ckenupajyha esnextpoHcka Mukpockonuja (SEM) mnocenyje wmoryhaoctu
MCIIUTHBaba OBPIIMHCKe MOP(OJIOrHje M MUKPOCTPYKTYpPHE KapaKTepHu3alije U UCIIO,
MHUKPOHCKHX AUMeH3Hja. UHTepakuja koja ce ofBHja u3Mehy ymagHor eleKTPOHCKOT
CHONIA W YBPCTOT y30pKa Pe3y/ATyje ¥ eMHCHjH pacejaHUX eeKTPOHA, CeKyHJapHHX
eJIeKTPOHA U KapaKTepUCTHYHOT X-3pauerba Koje oMoryhaBa aHa/IM3y XeMHjCKOT cacTasa
ucnutusaHor ysopka (EDS) [75].

EnleKTpoHCKH M3BOP MUKpPOCKoIa ¢opMHUpa CHOI e/IeKTPOHA KOjy HaJlasbe poJia3u
KpO3 TPH CHUCTeMa COYMBA Ha MyTy Ka y30pkKy (csauka 3-6.a). EMUTOBaHU cHON Hajmpe
IpoJia3H Kpo3 COYMBA 3a KOHJAEeH30Bame Koja GopMHpajy y3aK CHOII eJIEKTPOHA, a TOTOM
Kpo3 ckeHupajyhe HamoTaje koju oMoryhaBajy KpeTare CHOIIA 110 IOBPLIMHH Y30pKa U
KOHA4YHO Kpo3 08jeKTHUB Koju cHoll ¢oKycHpa Ha UCNUTHBaHY MaTepujy. UHTepakuuja
eJIEKTPOHA HA MOBPLIMHY Y30pKa JOBOJH 0 BHIIe TeHEePUCAHKX CUTHAJIA KOje NpUMajy
oArosapajyhu feTeKTOpH, a 3aTUM Cce CUTHAJIM II0javaBajy U 00JIMKY]y.
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Cnuka 3-6.0 wnycTpyje MHTepakuujy usmely cHoma esleKTpoHa M 10ja y3
NOBPLUIMHY UCIIUTHBAHOT Y30pKa. PediekTOBaHU e/IeKTPOHU U CeKYH/JapHH eIeKTPOHH
ca kopucre 3a redHepucamwe SEM mukporpaduje, 10k ce kapakTepUCTHYHO X-3padere
kopucrH 3a EDS ananusy.

(a)

H3BOP
~4——¢IeKTpoHa

CHOIT
CIICKTpPOHA a

®)

~-—— aHO/a

@NeKTPOHCKH

moBpmuEA cron

ylopxa
MarHeTHo
COYIBO

Ouweonn
CeRVEIApHE eAeKTPOEE

EJeKTPOHH

: pacejasn
cKeHupajyhi enexTponn
HAMOTAjH | KapaxTepucTIIEO

X-mpaveme

——————KOHTHHYAJIHO

JeTeKIIH]a
peIeKTOBaHIX
CIEKTPOHa ~——=

AYMHHHCUEHTHO x“fl]a'(eﬁ?
IpaIeme

CEKYHIapHIX
elekTpoHa

Cnuka 3-6. a) lllemaTcku npukas ckeHHpajyhe eJleKTPOHCKe MHKPOCKOIHje, H
8) uHTepakiHja u3Mel)y cHOMA eJIeKTPOHA U CJIoja Y3 MOBPIIMHY y30pKa IpH
K0jOj ce reHepHlile BUIIe CUTHAJIA.

IIpu cnpoBefeHUM HCIUTHBAaKBKMA Y30PLUH aMOPHUX KULA Cy (HAKOH cevera U
duKcHpama Ha HoOcay) HamapaBaHM TaHKMM CJojeM 3/1aTa paju eJuMMHHaluje
HaroMuJjaBatba HeraTUBHOT HaejleKTpHUCaha Ha MOBPIIMHU y30pKa. Ydp3amwe ynajgHor
CHONA eJIeKTPOHA je NOCTHUIHYTO NMPHUMEHOM MakcHMasaHor HamoHa og 30 kV, a 3a
aHa/IM3y MUKPOCTPYKTYpe kopuliheHa cy yeehamwa ciuke fo 6000x.

3.5. Mepeme MarHeTouMIefaHce

2

gepelbe MarHeTOMMIIe/IaHCE je M3BeJeHO Y XOMOTeHOM MarHeToM IOJby
reHepucaHoM nomohy 1/]-XesMxo10BHX KaJleMOBa NP U JIOHTUTYAUHAIHO] OpUjeHTalUj1
MHU-enementa. Mepewa y dpexsentHom oncery Ao 5 MHz cy cnposemena y
JladopaTopuju 3a ceH30pHKy Ha Paky/nTeTy TeXHUUYKHX HayKa y Yadky npu 34pyKeH0j
JladopaTtopuju 3a caBpeMere marepujane CAHY, nok cy Mmepewa y dpekBeHTHOM omcery
oA 1 MHz o 12 MHz obassbena y JlabopaTopuju 3a eJleKTpoMarHeTHy KOMIATHOHIHOCT
Ha BojHoTexHUMuKOM HHCTUTYTY ¥ Beorpapgy.
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3.5.1H3e0p jegHocmepHol mainewiHoi Uosmsa - 1/ Xeamxoayosu
Ka.1emogu

Cuctem XenMxoJ/IIOBUX Ka/leMOBa je KOHCTpyHcaH y 3apyxeHoj JlabopaTtopuju
CAHY na Texnuuxkom ¢axynrety y Hauky npema mMojeny JiBa CperHyTa CoJIeHOHJa ca
BHIlle c/J0jeBa HaBojaka [76]. [I[poBepa xoMoreHOCTH je/JTHOCMEPHOr MarHeTHOT M0Jba ¥
LIEeHTPaJIHOj 30HM XeJIMXOJILOBHX KaJeMoBa je cnpoBejeHa nopelemeM HyMepHYKHX
BpeJJHOCTH jaulHe MarHeTHOT N0Jba A00HjeHUX Ha OCHOBY TEOPHjCKHX M3pa3a 3a jaulHy
MarHeTHOor Mno/ba KoOJi JBa eKBHMBaJleHTHa BHIIECJIOjHO MOTaHa CoJIeHOHJAa
NO3ULMOHHPAaHA Ha 3ajeiHHYKOj IOHTUTYAUHAIHOj OCH.

Ha oBaj HauuH mporiermkeHa XOMOTEeHOCT MarHeTHOT Mo/ba ¥ IEeHTPATHOM JIeny
KasleMOBa je 0k0 99,73%.

ITopen oBora, cipoBesieHO je 1 nopehewe BpeIHOCTH jaulHe MarHeTHOT I0/ba MO
ocu XeJIMXOJILOBUX KaJeMoBa [0OHjeHHX eKCIIePUMEeHTOM ca BpeJHOCTUMA ofpel)eHux
Hanpej ONMCAaHUM TEOPHjCKHUM MPOPAuyHOM. Y Ty CBPXy Cy M3BeJleHHM eKCIepUMeHTH
Mepema jaydHe MarHeTHOr NMOJba Ha OcH XeJIMXOJIIOBUX KajJeMOBa y3 Kopuitheme
onpeme komnanuje Data Harvest: pmata sorep V-Log (cimka 3-7.a - neBo), ceH3sop
Mar"eTHor no/ka (go * 10 mT) (cimka 3-7.80 - gecHo) u oarosapajyher codrBepa
EasySense-Data Harvest [77].

/\n’

o

a 3

LLLLULLLL R TR T
i

Cnuka 3-7.a) Jlara norep V-Log, 8) cenzop MmarHeTHOT nosba (0 + 10 mT) u
B) eKCIIEPUMEHT MPOBEpe MHTEH3UTETA MarHeTor 1noJba o ocu 1/1-Xeamxonuoeux
kasiemoBa (JladopaTtopuja 3a cenzopuky ®TH Yauak).
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Ha cnuuu 3-8 cy npesenToBaHe ynopeHe BpeJHOCTH jaylHA MAarHETHOT I10/ba MO
ocu XeJ/IMXOLIOBMX KajeMOBa M3MepeHMX CeH30pOM MarHeTHOr MoJba U J0dMjeHHX
TEOPHUjCKUM NpopauyyHoM (IpH BpeJHOCTH jeJHOCMEPHe CTpyje Koja HpoTU4e Kpo3
penHy Be3y coseHouga o 1 A).

9x10°

—s—1 A, exp
—v—1 A, teor

8x10° -

7x10°

6x10°

H, (A/m)

5x10°

4x10° -

3x10° —T T 1 - 11 T T -~ T "~ T -~ T "~ T - T1°
-2 0 2 4 6 8 10 12 14 16 18 20 22 24
X, (cm)

Cnuka 3-8. [lopehewe BpeIHOCTH jaulHe MarHETHOT 110/ba 10 OCH XeJIMXO0JIL0BUX
KaJIeMOBa M3MEePEeHUX TOKOM eKcriepuMeHTa (1) 1 1061jeHux TeopujckuM npopadyHoM (V).

Y ueHTpanHoj 30HM KanemoBa (rjie ce MO3WIUOHHPAjy UcmUTHBaHH MMU-enemenTtn
aMopdHUX depoMarHeTHUX KUlla) Hewlarame BPeJHOCTH jauMHA MarHeTHOr MoJba
[00MjeHUX eKCIEPUMEHTOM ca BpPEJHOCTHMA oApeheHUM Ha OCHOBY TEOPHjCKUX
npopauyHa je cera 0,3%.

3.5.2 Mepersa maiHetwioumiiegarce Ha LCR-metipy

2

EMH&L[EIHCE HMCIHTHBAHHUX y30paKa aMopHHX XKUILA AY:KHHE 0Ko 17 mm, MepeHa je
no meroau derupu tadke nomohy muHcrpymenrta LCR Hi-TESTER HIOKI 3532-50, y
dpexBenTHOM oncery of 50 Hz go 5 MHz y JlabopaTopuju 3a ceHsopuky Paxynrera
TeXHMYKUX HayKa y Yauky. TokoM ekcniepuMeHaTa aMILJIMTY/a HAU3MEHHYHE CTpyje lcc je
MemaHay oncery o 3 mA 1o 10 mA npu ueMy je HHTEH3UTET UMPKY/IApHOT aC MarHeTHOT
noJba hac Ha MOBPIIKMHK y30paKa aMOpPHHUX KHLA TPeYHHKa 2+a AOCTUTrao BpeAHOCT hac
=lec / 2-m-a. CTpyja kpo3 pejHy Be3y 1/l-XenmxonoBUxX KaseMoBa je ode3dehena nomohy
BHCOKOKBaJIHTETHOT Hsﬁg)a Hamnajama - “tHcTpyMeHT Keithley Series 2400 SourceMeter.

Ha caunu 3-9 je mnpukazaHa eKcoepUMeHTajlHa IIOCTaBKa 3a Mepeme
Mar{HeToMMiefiaice ysopaka amopoHux d¢epomMarHeTHUX xulla y cuctemy 1/1-
XeJIMX0/I0BHX KaJleMOBa.

40




Mazrnemoumnedancnu ehekam amop@rux Hcuya ca MazHemMHo MekuMm caojcmauma | JeneHa Open

Cnuka 3-9. JlabopaTopujcka nocraBKa eKCllepUMEHTa Mepetba Mar HeTOMMIIeJaHCe 110
MeTO/IM UeTUPHU TauKe y XOMOreHOM MarHeToM NoJ/by reHeprcaHoM nomohy
1/1-XenMxX0/IIOBUX KajJleMOBa.

lllema Bese 1adopaTOpHjCKe NOCTABKE €KCIIEPUMEHTA Mepelba MarHeTONMIIEaH e
aMOpdHUX XKH1A [0 METOAH YeTUPH Ta4yKe ¥ XOMOreHOM MarHeToM M0J/bY FeHepHUCaHOM
nomohy 1/[-XenmMxomoBUX KaJieMOBa je NpuKa3aHa Ha caunu 3-10.

KEITHLEY 2420
source meter

HOLDER

HIOKI 3532-50

J:&leester

1D-HELMHOLTZ COILS AMORPHOUS WIRE

Cnuka 3-10. lllema Bese nabopaTopujcke NOCTaBKe eKClIEPUMEHTa Mepema
MarHeToMMIefaHce aMOPPHHUX KULlA 10 METOAH YeTUPH TauKe y XOMOT€HOM MarHeToM
noJey reHepucaHom nomohy 1/1-XesMxonosux kanemMoRa.
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Pesyntaru mepemwa Mogysa MarietonuMnezance Z (He, f) mo MeTogu yeTnpu Tauke
Kopx oxkuue amopdHe Jserype CoesisFeassSiizsBis cy mnpukasanm Ha caugu 3-11
(f € [150 kHz, 5 MHz] @Hmax =463 A/m).

4‘ "'
’\.\ “ . 150 kHz

30 Ty - 300 kHz
500 kHz
700 kHz
1 MHz
2 MHz
3 MHz
4 MHz
5 MHz

* ok o % % >

Cnuka 3-11. 3aBHCHOCTH MO/JlyJla MarHeTOMMIIEJaHCe O/ CHOJ/balllkber je JHOCMePHOT
MarHeTHOT 10/ba KO 2kuIle aMopdHe serype Coes.1sFes3sSi12sBis (paguefhpexsennmje
y onceryf e [150 kHz, 5 MHz] @Hmax=463 A/m, mepera uMneAaHce 10 METOAU
yetupy Tayke nHCTpyMeHToM LCR Hi-TESTER HIOKI 3532-50).

3.5.30gpehusaree Mogyna maiHetioumiiegaHce UOMORy 6eKUWOpPCKOI
aHaauzatiopa mpedsce VNA

JlabopaTopujcka nocraska 3a ofpehuBame Mmogyna marHeroumiesnance Z (He f) na
OCHOBY eKcIlepuMeHTa ofipehuBama napaMmeTapa pacejama (y MUKPOTAIaCHOj TEXHULH
S11, S12, S21 1 S22 scattering parameters [78]) MmepeHux noMohy BeKTOPCKOT aHa/JIM3aTOpa
mpexxe VNA (nacTpymeHnT Vector Network Analyzer Agilent 8753ES [79]) je npukasaHna
Ha omgu  3-12  (JlabopaTopuja 3a eeKTpOMarHeTHY KOMIAaTHOWJIHOCT Ha
BojHoTexnuukom uHcTHTYTY ¥ Beorpany).

Mepemsa cy cipoBefieHa ¥ XOMOTeHOM MarHeTOM [10/bY FeHepHcaHOM KopuliihemeM
JBa mapa XeJIMXOJIL,OBHX KaJjleMOBa CIHPErHyTHX IO HCTOj MarHeTHoj ocH. Ycien
TeXHHYKHUX OrpaHHYera Halajalkba Il0jeJUHaYHHMX KajJleMOBa OrpaHHYeHe Cy H
MaKCHMaJ/lHe BpeJHOCTH MarHeTHOT 110/ba Koje NojeJHHAYHO FeHepHILy, [1a ce CIIPOBOAH
U cnpesame fABa mapa 1/ - XeaMxonLOBHX KajleMOBa Pas/IMUMTHX [pPeYHHKa paju
nosehama MakCHMaJIHe jauMHe YKYITHOT CII0/balllkbel MarHeTHOT [10/ba KOjeM je u3JjioxeH
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MCIHTHBAHU y30paK pepomMarHeTHe aMmopdHe Kulle NO3HIMOHWPAH Ha 3ajeJHHYKOj 0CH
OBHX KaJleMOBa - JIOHTUTYAHHaHAa KOHQUTypaluja Mepeba.

Cnuxka 3-12. EkcnepuMeHT Mepera Mo/1yJla MarHeTOMMITeJaHCe 110 METOAH
ozpehuBama napameTrapa pacejama (ypehaj BekTopcku aHasiusatop Mmpexke VNA Agilent
8753ES) y xoMoreHoM MarHeToM [10/by TeHepHCcaHOM noMohy ABa napa
1/1 - XenMxo/[0BUX KaJieMOBa pa3IMYUTHX npedyHrKa (J/labopaTopuja 3a
esiekTpoMarHeTHy kKomnarubuaxnoct BTH Beorpan).
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Hocau ysopka je npunaroheH reoMeTpHjCKMM HapaMeTpUMa MCHOMTHBAaHHMX
amMopdHHUX KU1lA ¥ ToBe3aH je ca VNA MepHUM HHCTpyMeHTOM nnpexko SMA (SubMiniature
version A) moznaheHHWM KOHEKTOpHUMAa MOCTAB/LEHHMM HAa KpajeBMMa KOaKCHjaJIHHUX
KabJioBa KapakTepucTH4He umnefgaHce Zo = 50 Q. Ha caunu 3-13 je mpepcrasibeH
KOHLEMNT NapaMeTapa pacejama MMKpOTasacHe Mpexe (MCIMTHBAHOT Y30pKa XHlle) rae
cy S11 - koedHULHjeHT pediekcHje u S21 - KoePUIUjeHT TPAaHCMUCH]e JeQUHHUCAHU TPEKO
jenHaYMHa Koje cajpyke MHTEH3UTETe JUPEKTHOr M pedeKToBaHOr Tajaca (y Kojuma
burypuuy koebuuujeHTH a1, az, b1 u bz [78]).

JHpeKTHH TalIac TpaHCcMHCHja
a | b,

S
Pednexcnja HCIIHTHBAHH 4
Y30PAK ¢ }(: 2

n

Cnuka 3-13. [lapameTpu pacejama MHKpoTanacHe Mpeske (MCIIMTHBAHOT Y30 PKa):
S11 - koeduLUMjeHT pedJieKcHje U S21 - KoeQHLMjeHT TPaHCMHUCH]e.

Cnuka 3-14 npukasyje oapeljuBame napaMeTpa pacejama pedJiekcuje Mpexe Su
y KoHdUrypanuju MOBe3uBamka y30pKa MpeKo jeJHOr MPUCTYNAa BEKTOPCKOM
aHanuzatopy Mpexe VNA pagu oppehuBama HenozHaTe UMIefaHce Zx UCOMTHBAHOT
MH-enemenTa ¢pepomarueTHe aMmopdHe KUIle.

Port1 Port2
O O

SiT5 o
-1 Zx +Z0

Cnuxa 3-14. [loBe3auBame HCIUTHUBAHOT y30pKa aMopdHe Kulle 3a ofpehuBamme
napameTtpa pacejama pedsiekcuje S11 IPeKo jeJHOT IPUCTYNA BEKTOPCKOM aHAU3ATOPY
mpeske VNA Agilent 8753ES.

[Ipema koHduUrypaunuju ca caivke 3-14 napameTtap pacejara pedJiekcrje Mmpexe
S11 ce MoKe U3Pa3UTH Kao:
_ Zy—Z

Si1 = 717y (10)
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ojakae ce [Jobuja jeAHauuMHa 3a ofpehuBame HenosHaTe uMIeAaHce Zx KOJ
MHU-enemenTa ¢pepomarHeTHe amopdHe KULE:

Z,=7Z," (HS“) (11)

rje je Zo KapaKkTepUCTUYHA - HOMHHAJIHA MMIleJJaHca [IPUCTyNa MUKpOTaJlaCHe Mpeske
Zo=50 Q.
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4. PE3YITATU U JUCKYCHJA

Y oBOM MOT/IaBJby Cy MPHUKa3aHH OCTBAPEHHU Pe3yJTaTH TOKOM MCTpaxXUBama TPU
BpcTe aMOpdHUX KHUIAa ca MAarHETHO MEKUM CBOjCTBHMMA, Kao M JHUCKYCHja CBUX OBHX
pesy/Tara.

Y mpBoM cerMeHTy Cy Hajipe Hpe3eHTOBaHH pe3y/aTaTH ONTHYKe U cKeHupajyhe
eJIeKTPOHCKe MUKPOCKOIHje KojuMa Cy M3MepeHH reOMeTPUjCKY IIapaMeTpH M HCIIUTaHa
MopdoJsioryja noBpuiHa aMopOHHUX KUIA Ha da3u kodanTa. 3aTum je npuxasaH DTA
JujarpaM KojuM je aeduHHcaHA 0O/aCT TEePMHUYKe CTAadMJIHOCTH amopdHe Jerype
cactaBa Coes1sFe43sSi1zsBis.  CTpykTypHa aHanusa je 3ano4yeTa CHHMamHUMa
audpaxkrorpama X-zpadewa, HakoH 4era je EDS meromom norBpheHo mpucycTBo U
XOMOTeHEe pacnojiefie CBUX KOHCTUTYTUBHUX eJIeMeHaTa y JierypaMa Ha Da3u KodasTa.

Jpyru u Hajpehu cermeHT nocBeheH aHa/nM3aMa MarHeTOMMIeAAaHCHOr edeKTa,
sanounme Hiintrueamuma dpexsenTHe saBucHocTn MU-oaroca ([Z(0) - Z(Hex)]/Z(Hex)
3a [IpoLleHy KPUTHYHe QppeKBeHIIHje Ha K0joj 0OTIOYHIbY NPOMEHe UMIIe[laHce [IPH JaToj
BpegHocTH Hex. Y HacTaBKy cy Hajmpe mpHKasaHu pesyaTaTH Mepera OCTBapeHU MpH
HW¥HUM paaHuM ¢pekseHnuyjama (f < 1 MHz), xao u Ha mouyeTky omncera cpefmbHUX
¢pexsennuja (2 MHz < f = 5 MHz) nobujenunx na LCR metpy. l’n19He npodusia MU-
0[lHOCa perucTpoBaHe npu noBehamwy GppekBeHIHje Cy NpHKa3aHe 3aCedHUM aHaIH3aMa
peasiHOT ¥ KMarMHapHoT JieJla MMIle/jance Koje omorfllaBajy 1 HaKHa/IHy aHaJIM3y caMor
Mofayna umneaance. Cienn GpeKBeHTHA 3aBUCHOCT MarHETHOT MoJba aHu3oTponuje Hk
Koja je DMTHa 3a MpOLEHY yCHelIHOT KopHuilhema HcOUTHBaHOr MMW-enemeHTa y
MarHeTHHUM CeH30pUMa.

Ha ocHOBy HaBejleHux pesy/iTata u Auckycuja cy y Tpehem cersfButy (npumenom
Mojlesla MPHUKa3HUX Y TEOPHjCKOM Jely fAucepTaldje) odaB/beHe 3acedHe aHalu3e
3aBHCHOCTH MarHeTHe iydHHe IIpofiMpatba i TO Kako off pajHe GpeKBeHIHje, TaKo U 0f,
cno/bamimker dc  MarHeTHOr I0/ba. YCBOjeHM MOJeJl peJlaTUBHE MarHeTHe
nepMeadUJHOCTH JKHIle je MOCAYKHO 3a cnpoBobeme aHanM3e beHe 3aBUCHOCTH Of
CHo/ballllkber MarHeTHOr M0Jba NPH 4YeMy je ppeKBeHIHja ofp:KaBaHa Kao KOHCTAaHTaH
napametap. Ha kpajy cy odaB/beHM MpoOpauyyHH OCeT/bMBOCTH HcnUTHBaHOT MHU-
e/lleMeHaTa Ha CHOJ/balllltbe MarHeTHO MNoJ/beé NpH paAHUM pekBeHILHjaMa peda
Meraxepua.

YeTBpTH Jieo je mocBeheH aHaiW3aMa MarsHetoumiegaHcHor edexkra amopdHe
*u1e Jerype Ha dasu kodanTa cactasa Co7z255i125B15, y KojeM cy cnuTHBama odaB/beHa
npu HewTo BUIMM ppekBeHlHjama 1 MHz < f < 12 MHz na VNA ypebajy. Pagu nopehema
ca 0d0aB/bEHHMM MCIHUTHBakMMa Kkof amopdHe xulle nerype Coes.isFes43sSi1zsBis
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CIpoBeJeHa je W aHaIOrHa aHaun3a (QpPeKBEeHTHE 3aBUCHOCTH MarHeTHOr [0/ba
anusorponuje Hi.

Y nocne/iibeM [IETOM CErMEHTY, MCIMTHBabe MU-eneMeHTa amopdHe Kulie jerype
Ha ba3u reokha us cucrema FINEMET Fe-M-Cu-Si-B (M=Nb) cacraBa Fe7ssNb3CuiSiizsBg
je 3amo4yeTo NpPOLEHOM KPUTHYHe QpekBeHIWje riae sanouynwe MHU-edekat 3aTum je
cnpoBeZieHa fleTa/bHa GppexseHTHa aHa/fa peanHor n KMarMHapHOT Je/1a HMIe/jaHce
(npu f < 1,2 MHz) u koHa4HO oApeleHe 3aBUCHOCTU MarHeTHe AydHHe NpoAupama 0f
0da kJbyyHa napameTpa (ppexBeHIlHje U crnojballkber dc MarHETHOT N0Jba).

4.1. AcnutuBamke Mopdosioryje aMopPHHX KHIA ONTHIKOM H
SEM MHMKpPOCKOIIHjOM

MeTofama ontuuke MUKpockomnuje OM u ckeHMpajyhe es1leKTpOHCKe MUKPOCKOIH]je
SEM oaipehuBamu dffreomerpujcku napamMeTpu M McnMTHBaHa MOpdOIOTHja MOBpIIMHA
amMopdHHUX kKHIAa Ha Oasu Kodanrta cactaBa CoesisFes3sSiizsBis n CorzsSiizsBis.
[IpesenTOBaHa Cy UCIIUTHBabA JBe Bep3Hje y3opaka aMOpQHUX *KHIla: Ca CTaKJIeHUM
oMOTayeM U de3 0Be 3aLITHTe.

Ha cnukama 4-1.a-6 u 4-2.a-0 cy npukasaHe NOBPLIMHE HCIUTHBAHUX aMOPOHUX
JKHIA De3 CTAKJIEHOT OMOTaya CHHUMJ/bEHE ONTHYKOM MHKpocKomnujoMm. Ha moBpuiuHu
y3opaka HpUMeTHe cy odsacTu noBehawme XpanaBoCcTH HacTajlle TOKOM MOCTYIKA
Jlodujama xuua dp3uM xaahemwem pacrona. [[puamkom npoueca marHehema Kuna, oBe
00J1acTH Ce jaB/bajy Kao eHTPHU MHHUHTA HAa 3W/I0BUMAa MarHeTHuX AomMeHa [80], yume ce
HapyllaBajy MarHeTHO MeKa cBojcTBa ¢pepoMarHeTHHX ierypa (HHCKa KOep M THBHOCT U
BHCOKa nepmeadunnocT) [81]. McnuTHBamUMa y3 noMohh MUKPOCKONA aTOMCKUX CHJa
(AFM) moryhe je KBAaHTUTAaTBHO OMHCATH MOBPLIMHCKY MOPGOJIOTH]y - XpanaBoOCT, TAKO
Jla Cy eKCOepHMEeHTH CHpoBeJeHHM Ha aMopdHHUM Tpakama JIerype cacrasa
Coe9FessNi1sSi1oBis mokasanm aupekTHy Koopesauujy MH-edexra ca moBpiimHCKOM
xpanasouhy [82].

Ha cnivkama 4-1.8-a u 4-2.8-7, cy npukasaHe SEM mukporpaduje amopPpHUX KULLa
(0e3 crakneHor omoTavya) nmoMoly KOjUX Cy ca BeJWKOM mnpenusHoumhy ojpebene
BpPEAHOCTH NpeUHHUKA HCIHTHBAHUX y3opaka. CHUMIM TPHUKa3yjy He3HATHA OACTYHAKka
0/1 Cpe/iibe BpeHOCTH [IpeYHHKa JKHULEe youeHa Ha MCIIMTUBAHOj 1Y;KMHM y30pKa, Y4MME je
norBpheHa BHCOKa MOY3/aHOCT TEXHOJIOTHje Aodujarba amopdHHX kula xaahermem
pacromna MeTaJHUX Jlerypa y potupajyhem ciojy Boge.

Ha cnukama 4-3.a-B, cy NpUKasaH¥ CHUMIM aMOPPHHUX MUKPOHHIIA ca CTAKJIEHUM
OMOTa4yeM CHHMJ/b€HHM ONTHYKOM MHKpockonujom [83]. JacHo ce 3anaxajy odsactu
MeTaJIHOr je3rpa MpeyHHKa of, 0KO 25 Um M CTakJeHH oMoTad fed/bhHe oko 7 um. Ha
NOBPLUIMHK METa/IHOT je3rpa HUCY 3anaxeHe 0d/1acTH ca U3paKeHOM Xpamnasoluhy, Kao
LITO je TO yOYeHO Ko/l y30paKa XKHia de3 cTaK/IeHe 3alITUTe, a 0AaT/Ie U NOTUYY U3y3eTHa
MarHeTHO MeKa CBOjCTBAa O0BaKo INpPHUIOPEM/beHHX (QepoMarHeTHUX aMOp(pHUX
MUKpoxuLa [84].
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30kV X200 100pm

30kV  X1,200 30kV  X6,000 2pm

r A

Cnuka 4-1. OnTruyka Mmukpockonuja (a, 8) u SEM mukporpadwuja (B, r, ) y3opKa kuie
amopodHe snerype cacraBa Coes.1sFes35Si125B15s npeunnka oko 120 pm.

Ha camkama 4-3.r-5 u 4-4 cy npukasaHe SEM mukporpaduje amopdrux
depoMarHeTHMX »KMIjAd ca CTakJIeHUM omoTauyeM. OBakBa CTPYKTypa MHpejcTaB/ba
KOMIO3MTHY KOHQUrypauujy Ase UUAMHApHUHe ¢opMe: y je3rpy - MeTasHa Jerypa ay
OoMOTa4y - JOPCHJIMKATHO CTakjo. [[pHIMKOM MOCTYNKa NMPOHU3BOAIbE KHIA, a YCaeq,
Mamer koeduijeHaTa TEPMHMYKOT IIKMpema craksaa (oko 3 x 1076 K-1 mito crakny
oMoryhaBa U3pakeHy OTIIOPHOCT Ha TepMHUUKe IPOMeHe ) U MeTasla, A0dHja ce U3MeheHa
pacrofiesia MarHeTHe aHU30TPOIKje y 0AHOCY HA aMOpHe MeTaTHe XKUlle de3 CTaK/IeHOor
oMoTaua.
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SEl 20kV WD21mm  §567 —
Co72.58112.5B15

30kV X450 50pm

r A

Cnuka 4-2. OnTuyka Mukpockonuja (a, 8) u SEM mukporpaduja (B, r, ) y3opka xkule
amopdHe snerype cacrasa CozzsS5ii12.sB1s npeunuxa oko 110 um.
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r A
Cnuka 4-3. OnTuyka Mukpockonwuja (a, 6, B) u SEM mukporpadwuja (r, a) xuie nerype
cacraBa Coss.15Fes35Si125B15 ykynHor npedynunka oko 40 pm, ca cTak/leHHM OMOTa4yeM.

30kV X450 .
50pum X1,400 10pm o |

Cnuka 4-4. SEM mukporpaduje y3opka xxune amopoHe serype cacraBa CorzsSii1zsBis
YKYIIHOT IpeYyHHKa 0Ko 40 pm, ca cTakJeHHM OMOTa4yeM.
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4.2. AcnuTHBambe TePMHYKHX CBojcTaBa amopdHe Jierype
Coss.15Fe4.358112.5B1s AudepeHI HjaTHOM TEepPMHjCKOM
aHanausom DTA

DTA Tepmorpam y3opka xule amopdHe serype cactaBa CoesisFes3sSiizsBis
fedsmrHe 120 pm, je npukazaH Ha caund 4-5. ExcnepumeHT je cmpoBejieH y
TeMIepaTypPCKOM HHTepBaJy of codHe TeMnepaType [0 MaKCHUMalHe TeMIepaType of,
700 OC, a mpuKka3aHa KpHBa je JodHjeHa HaKHaJHUM OJy3uMameM da3He JuHHUje DTA
MHCTPyMeHTa.

0,18 -
0,16 4

S 0,14 20 “C/min

-‘“.i' 4
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Q

=

g 0,10 4

£ |

O 0,084

]
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= 0024
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Cnuka 4-5. DTA Tepmorpam y3opka kulle amopdHe serype cacrasa Coes.15Fea355i12.5B1s
nebsbrHe 120 pm (6p3uHa rpejamwa o 20 °C/min).

Tepmorpam mnpHKasyje MPHUCYCTBO €aMo jeJHOr ers0TEPMHOT IpOLeca Koju je
pesysaTar oAWrpaBama Hpoleca KpUcTajusaldje ca TeMIoeparypoM nuka ox 566 OC.
TepMHYKH MpoLECH KOjU Ce 0JUrpaBajy y TeMIepaTypCKOM HHTepBaty Ao oko 400 °C
Mory usasBaTH edHKacHy CTPYKTYpHy penakcauujy (de3 oTnouumama npoueca
KpHCTaJr3alnyje) 3a0CTaluX MeXaHHMYKUX Hanpe3ama HacTaJuxX TOKOM Ipolieca dp3or
xnaljema pacrona NpuauKOM MPOU3BO/(Ibe Y30paKa aMOopOHUX KULA.

4.3. UcnutuBamke aMopPpHUX Kuua jgerype Coes.15Fes3sSiiz.sBis
audpakuujom X-3payema XRD

PenareHorpam HeojrpeBaHOr y30pka amopdHe Kulle Jierype cacTaBa
Coes.1sFes3sSi125B1s npeunuka 120 um je npeacraB/beH Ha ciuny 4-6. Kao miro ce moxe
BHU/IETH PEH/AreHOrpaM [oKasyje BeoMa c1ad wupoku audysuu nuk (oxo 20 ~ 450) koju
notsphyje nornysHo amopdHy CTPYKTYpPY HCIMTHBAHOT y30pKa JKule. 3a yCHellHy
npuMeHy gpepoMarHeTHHX »KMILA Kao CeH30pa BeoMa Cy OMTHA U OAJIMYHA MeXaHHuKa
CBOjCTBA KOja yBeK IpaTe IOTOYHO aMopdHe Jierype (M3y3eTHa elacTUYHOCT), 3a
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pas/MKy of, AeJUMHYHO KPHUCTAJHUX MHKPOCTPYKTYpa KOJ, KOjHX MexXaHHYKa CBOjCTBa
Aerpaaupajy [7].

150

8

Intensity, counts

3

c———_

0
30 40 50 60 70 80 20 100 110
24}, degree

Cnuka 4-6. PeHareHorpam HeorpeBaHOT Y30pKa »Hlle aMmopdHe Jierype cacrasa
Coes.15Fe4.35Si125B1s npeuynnka 120 pm.

Ha caunu 4-7 je mpukazaHa JieTa/bHa aHa/IM3a KPUCTANHUX daza peHAreHorpama
3arpeBaHOr y30pKa »uile aMmopdHe Jerype cacraBa Coes.1sFes35Si12.5B1s (dp3uHa rpejama
oA 20 °C/min go makcumante temneparype 700 0C).
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Cnuka 4-7. PenaireHorpam 3arperaHor y30pKa xHuile amopdHe Jerype cacrara
Coss.isFes3sSi125B1s npeunnka 120 pm (6p3uHa rpejama o 20 °C/min g0 MakcumanHe
Temneparype 700 °C).

PerucTpoBaHa je Tek 1ojasa pa3Boja ABa AU paKlMOHA MUKA: IPBOT IpH yriy 20 =
28,59 (kpucrtanue daze: g-CoSi (kpucranna crpykrypa tuna P2) u BsC) u gpyror npu
yray 20 =~ 459 (kpucraane dase CozB, e-CoSi (kpucTanna crpykrypa tuna P2) u a-FeCo
(kpucTanHa cTpykTrypa THna B2)).
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4.4. UcnuTuBambe amoppHuX xkuna jerypa CoesisFes3sSi12sBis 1
Co725Si12.5B15 ckeHupajyhoM eJIeKTPOHCKOM MMKPOCKONHjOM
SEM ca eHepreTcKoM AUCNep3UBHOM cneKTpockonujom EDS

SEM muxporpaduja ysopka xune amopdne serype cacraBa Coesi1sFe4355i125B1s je
npejcraB/beHa Ha caunM 4-8.a. AHanusa EDS nukosa (ciuka 4-8.8) M manupama CBUX
(cnuka 4-8.8) u oarosapajyhux KOHCTUTYTHBHUX XeMHjCKUX esieMeHaTa (ciuke 4-8.r-e)
Cy NOTBPAHJIE IPHCYCTBO U XOMOTeHY Paclo/iesly CBUX CaCTABHHX eJleMeHaTa Jierype.

EDS Layered Image 1

Electron Image 1

T 10pm i
b e
Cnuka 4-8. a) SEM muxporpadwuja xue amopdHe nerype cacrasa Coss.15Fes35Si125B1s,
&) EDS mukpoaHanu3e (MMKoBH cy 03HauyeHu EDS simunjom oarosapajyher xemujckor
esiemeHTa) U EDS MukpoaHanuse - Manupama B) CBUX U I-e) oArosapajyhux
KOHCTHTYTHUBHMX XeMH]jCKHMX eJleMeHaTa Ha MCIIMTHBAHOM CEerMeHTY NOBPIIHHE XKHLe.
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SEM mukporpaduje ysopka xune amopdHe serype cactaBa Co7z25Si125B1s je
npejcraB/beHa Ha cauvnu 4-9.a-6. EDS manupama cBux (cnuka 4-9.8) u ofgrosapajyhux
KOHCTUTYTUBHHUX XEMHjCKHX eneMeHaTa (ciuke 4-9.r-h) cy moTBpAuWiIe MpHUCYCTBO U
XOMOTeHY pacnojesy cBa TPH CacTaBHa eJleMeHaTa y JIETypH.

30kV

Sum

Co Kal

r

Electron Image 1

X450

50pm

Si Karl

A

a
EDS Layered Image 1

B Kal_2

)

Csmka 4-9. SEM muxporpaduje a) u 6) :xune amopdHe snerype cacrasa Co7z255i125B1s,
u EDS MukpoaHaiuse - Manupata B) CBHUX U I-)) ogroeapajyhux KOHCTUTYTUBHMX
XeMHjCKUX eJleMeHaTa Ha MCTHTUBAHOM CerMeHTY MOBPILIMHE XKHULle.
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4.5. MarHeTOUMNEeJaHCHH epeKaT

Kao wto je Beh HajaB/beHO Hanpes MPUKa3aHUM pe3y/ITaTHMa OCHOBHUX CBOjCTaBa
aMOpdHHUX METIHMX JIerypa, y OKBHpY JAHUcepTaluje cy cnpOBe,ue HCTpaxUBama
MarHeTOMMIEe/JAHCHUX eJieMeHaTa Ha4yHmbeHUX 0J] aMOpPOHUX KUIlAa HA 0a3u KodajaTa
cacraBa CoegisFes3sSiiasBis u  Co72sSii2sBis u Ha da3u  reoxha cacraea
Fe735Nb3CuiSi1z3sBy.

MarueTonMnegascHu eGeKar je y AUPEKTHOj Be3u ca GeHOMeHOM CKHH edeKTa Ko/
dbepoMarHeTHUX MaTepHjaia, Tj. ca MpoMeHaMa y JUHAMUIHU Npoleca Mariehemwa. [Ipu
HaW3MeHWYHUM CUrHajuMma (Hajuemrhe y ¢pexBeHTHOM omcery on 1 MHz no 1 GHz)
MarHeTHa JAyOHHA NMpoAHpama 8mH MarHeTHa MepMeadMJ/IHOCT |l MOKAa3yjy M3PasuTy
3aBUCHOCT 04 QpeKBeHLMje U MHTEH3UTeTa [IPUMEbEeHOr CroJballiber dC MarHeTHOr
noJea. CTora ce MPUIMKOM IUIaHHPaka eKCHepHMeHaTa BOAMWJIO pavyyHa O KOHTPOJH
cnenehux napameTrpa: UHTEH3UTETY W OPHjEeHTALUjH CHO/ballmber dC MarHEeTHOT M0Jba
Hex 1 uHTeH3UTETY lec M PpexBeHnuju f HAaU3MeHHYHE CTPyje lac KOja MpPOTHYE KPO3
LHUJIMHAPUYHE Y30pKe aMOPPHUX MeTa/IHUX XKula. [eHepasiHo, IojaBa BUXOPHUX CTPyja
nof}ickyje TOK HaeleKTpHcakba Ka MOBPUIHHY, IITO Pe3ynTyje ca nopehamem uMnesance
Z, IOK Ce MPUMEeeHHM COoJball (bHM MATHETHHM [0JbEM TO HOTHCKHBAILE MOAY/IHIIE,
OJHOCHO Memba ce edeKTUBHA MOBPUIMHA NOMPEYHOT IpeceKa KPO3 KOjy IPOTHYe
HaeJeKTpucawe (NpM KOHCTAHTHO] pagHoj dpexkBeHuuju). Jlakne, BeJsiuka
nepMeaduIHOCT U BUCOKA QPEKBEHIHja CMakyjy MarHeTHY AySUHY NPOAUpPasa, A0K ce
npuMermheHrnM dC MarHeTHUM [10JbeM OHa nosehaﬁ.

LlenTpanHa ucTpaxusara Cy ClpoBe/ieHa y AoMeHy QyHKLuoHANHE)SaBUCHOCTH
Moay/aa umneaance |Z(Hex, f)| (yoduuajena o3Haka Z (Hex, f)) kao ¥ meHor peasHor gesia
marHetootnopHoct MR (Hex, f) 1 umarunapHor gena marsetopeakrance MX (Hex, f).
3aTuM cy Ha OCHOBY OBMX NOJaTaka oApehuBaHe 3aBHCHOCTH /Ba K/by4Ha NapaMeTpa
MH-edexra: marHeTHa AydbuHa npoauparma Om (Hex, f) ¥ MarneTHa nepmeadunHocr
i (Hex, f). [Ipu ananusu cy kopumhene ape matremaruyke ¢opmynanuje MU-ogHoca y
3aBHCHOCTH 0J] TOra KOju ox ABa napamerpa (Hexmuau f)je ogprxasan I{OHCTan'HP]M (o
je najuewhe dyo v caydaj ca MHHTEH3MTETOM lec HAM3MEHKMYHE CTPY]e iac). Paj caBpemenux
MarHeTHHUX CeH30pa BMCOKe oceT/bUBOCTH (pesonyuuje go oko 1 pT [85]) ce 3acHuBa Ha
MHU-enemenTMa ca npoMeHama Moayiaa umnejaHce AZ/Z op HEKOJIMKO CTOTHHA
NpoLEeHaTa, Te Cy CTOra CllpoBe/ieHe U POLeHe 0CEeT/bUBOCTH KO/ MCIMTHBAHMX y30paka
aMopdHHUX KULA.

4.5.1 MaznemoumnedaHcHu epekam dxHcuye amopgdHe aezype Ha 6a3u
Kobaama cacmaea Coeg.15Fe4355i125B15

Ilpe Mepewa MarHeTouMMnejaHce y30puUM aMopdHe IKHlle Jerype
Coes.15Fes.3551125B15 cy TepMHUKHM TpeTHpaHHU ac 3arpeBameM Ha dasu llynosor edekra
[86-89], ca amniuTynom crpyje ogrpeBama of lan = 100 mA (@ 50 Hz, Tpajawma 60 s Ha
Bas/yxy), a 3aTHM CIopo xJa)eHH NoCTeNneHUM CMamkeheM CTPyje oArpeBama OP3HHOM
oA 5 mA/s [55, 90]. KoncranTHa BpeJHOCT cnellupUUHe eleKTPUUHE OTIIOPHOCTH Of
p =133 pQ cm MCOUTHUBAHOT y30pKa XKulle AyxuHe 1 = 17 mm HakOH 0BOT TEPMUYKOT
TPeTMaHa je NMOTBpAMJA M Haja/be NOCTOjalbe aMOpP(HOr cTamka Ca OCTBAPEHOM
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CTPYKTYPHOM peJlaKcalHjoM, IITO je Mo U 0OCHOBHH LMJ/b IPUMeHe 0BAaKBOT MeToAa ac
oJrpeBama.

Cinka 4-10 npukasyje ¢QpeKBeHTHY

kopumtheweM Mojyna umnenance oe3 Z(0) u npu gejcrBy Z(Hex)
jenHocMepHor MarHeTHor moJba [Z(0) - Z(Hex)]/Z(Hex) 3a paznuuuTe

3aBucHocT MHU-oaHOCA

(pauyHaTor
CroJballber
BpeJJHOCTH

MardHeTHux no/ba Hex € [11586 A/m; 7,72 kA/m] u npu lee =7 mA. Kpuruuna
dpeksennuja og oko 5 kHz - 7 kHz (kaga je 6m= a = 50 pm) youeHna je kao BpeJHOCT Kajja
nounwe MU edexar, Tj. kana onnounmby NpoMeHe HMIejaHCe NPH AATOj (KOHCTAHTHO))
BpeAHOCTH Hex [90]. MH-onHOC Hajnpe pacTe ca ¢peKkBeHLHjOM M JOCTHKE MaKCUMyM
KOjH je 3aBMCcaH 0 IPUMekheHOT CloJballilbel MarHeTHOT MoJba (BHUAeTH Tadeny 4-1).

35
A
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Cnuka 4-10. ®pexBenTHa 3asucHocT MU-oaH0Cca amopdHe xune Coss.1sFes355i125B1s
(pauyHaTor KopuuhemweM Moayaa uMmneaance 6e3 Z(0) u npu faejctBy Z(Hex)
croJsballker jejHocMepHor MarHeTHOT nosba [Z(0) - Z(Hex) ] /Z(Hex) 3a oncer HUCKUX K

BUCOKHX BpegHOCTH Hex € [115,86 A/m, 7,72 kA/m] [90].

Tabena 4-1. MakcumasiHe BpegHoctu MHU-oanoca [Z(0) - Z(Hex)] /Z(Hex) amopdue xue
CoesisFes3sSi1zsBis v oxarosapajyha  ¢pexsennuja fma (mpu nmartoj BpeaHoCTH
CIoJballlber jeJHOCMEepPHOT MarHeTHOT N0Jba Hex).

Hex (kA/m) MI-ognoc (%) f,max* (kHz)
7,72 334 950
3,09 265 500
1,54 140 300
1,08 86 200
0,386 47 100
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MakcumanHa BpegHocT of, 334% 3adenexena je Ha pajgHoj dpekBeHuuju of 0,95 MHz
(@Hex= 7,72 kA/m). Ca pasbum nosehamwem ¢ppexsenumje, MU-ognoc ce cmamyje ycies
CMamhera MarHeTHe NepMeadW/IHOCTH (CHaKHO MNpHUIyIIMBame IOMepaka 3HJ0Ba
MarHeTHHUX JJOMeHa ycJle]] I0jaBe HHAYKOBAHUX BPTJIOXHHUX CTPYja).

MHU-oguoc AZ / Z = [Z(Hex) - Z(Hmax)]/Z(Hmax) npu MamuM BpegHOCTHMA
jeHOCMepHOT croJbalimber MarHeTHOr M0/ba (Hex < Hmax = 116 A/m) u y oncery HUCKHX
panuux ¢pexsennuja f € [20 kHz, 500 kHz] je npukasan Ha caunu 4-11. CBe KpuBe
N0Kazyjy KOHCTAHTHO cMameie MU-o/iHOCa yene s cmamera Moayna umneaaHce Z(Hex),
Koje je pesysnrar noBehamwa MarseTHe AydHHe NpoAHpama 8m ca noBehameM criosballmer
marHeTHOT no/ba Hex. Hajseha Bpegnoct MH-ogHoca on oko 30% 3adenexena je Ha
pannoj dpekBeHuuju og 150 kHz.
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Cnuka 4-11. MH-onHOC kKo amopdHe :kuLle Coss.1sFe435Si125B1s npu MamuM
Bpe/JHOCTUMA je/IHOCMEPHOT CllO/ballitbel MarHeTHOT Nno/ba (Hex< 116 A/m) ny oncery
HUCKHX pagHux dpexsennyja f € [20 kHz, 500 kHz] [90].

Ha cinuy 4-12 npukasasa je 3aBUCHOCT MoAysia umitegaHce |Z (Hex)| o4 MarHeTHor
noJ/ba, a Ha wtiiy 4-13 npukazad je npodun MU-onHOCa TPy BUCOKUM BpeHOCTHMA
MarHeTHOT no/ba (Hmar = 4,63 kA/m) u y HuckoppexBenTHoM oncery f € [150 kHz,
1 MHz]. Cee MH kpuse |Z (Hex)| KapakTepHllie KOHCTAHTHO CMamerbe ca nosehamwem
MarHeTHOr mo/ba Hex U O4eKMBAaHO KOHCTAHTHO MoBehame Mojy/na HMMIeJaHce ca
noBehawem pagHe ¢ppexsennuje [91]. Ha penatuBHo HuckuM dpekBeHnMjaMa peasHa
KOMIIOHEHTa MMIIe/JaHCce MMa A0OMHHAHTaH YTHIaj Ha IPOMeHy Mojy/a uMmnegaHce [56,
92]. Ilpy BMCOKMM BpeJHOCTHMA CIOJ/balltbel jeJHOCMEPHOI MarHeTHOT M0Jba
(Hmax = 4,63 kA/m) u penatuBHO HUCKUM ¢pekseHnyjama (150 kHz u 300 kHz), ckun
edekaT je HUCKOT MHTEH3HTETa Ila je MarHeTHa AyOMHA NpojAHpama W Ja/be BesHKa
(mpoTOK Hae/leKTpHUCama je MPpaKTUYHO AY:K LieJI0T NOoNpevHoT npeceka, om < a). [lakie,
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MarHerooTtnop MR je [OMHHAHTHa KOMIOHEHTa MarHETOMMIEJaHce Z MCIMTHBAHOL
y30pKa 3Kulle, a 00e 3aBUCHOCTH 0/ CoJballiber MarHeTHOT nosba MR (Hex) U |Z (Hex|
MOKa3yjy MOHOTOHO CMameme Cca TEeHJEeHIMjOM Ka BPEJHOCTH jeJHOCMepHOr
eneKTpuyHOT 0Tnopa Z (Hmax) * MR (Hmax) = Rdcx 3 €, Tj. konnuHuK Z (Hmax)/Rde= 1.

lee=7 mA
H, ..~ 4.63 kKA/m

max

* 150 kHz

—A— 300 kHz

500 kHz

* 700 kHz
® 1MHz

5

o
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Cnuka 4-12. 3aBUCHOCT MoJlyJ1a UMIIeaHce Z 0, MarHeTHOT [T0Jba aMOpQHe xuLe
Coss1sFes.355i125B15 ca pagHoM ppekBeHLMjoM Kao napaMeTpoM (HHCKOGpEeKBEeHTHH OIIcer
f € [150 kHz, 1 MHz] npu BHCOKHM BpeAHOCTHMA MarHeTHOT 1osba Hmax~ 4,63 kA/m) [91].

Ha koHcTaHTHO cMamele Mojy/la HMIeJaHce ca noBehamweM jegHOCMepHOr
MarHeTHOT no/ba Hex (@ caMuMM THM M Ha cMamewe BpefgHoctd MH-ogHOCa npuKkasaHor
Ha civuM 4-13) yrtude npoinec martHehema Koju ce 0/BUja MeXaHM3MOM IMOMepamba
34/J10Ba MarHeTHUX goMeHa. Kako je ananusupano 'MHU cniekrpumay pedepenuu [93], v
0BOM cJy4ajy (HMckodpekBeHTHH oncer f € [150 kHz, 1 MHz]) ocHo-noHrMTYAMHAIHA
aHM30TPONMja y jesrpy »KMile Kao M3BOP NpoMeHa MarHeTHe NepMeadHJIHOCTH je
JIOMMHAHTHA HaJ, UUPKY/JIapHOM aHH30TPOIHjOM 0 050AHOj HOBPLIMHH aMOpPdHe XKHULle.

3a pasnuky o npomeHa MHU-ogHoca y oncery HUCKUX MHTEH3UTeTa MarHeTHHX
nosba (Hex< 116 A/m), npu BehnM BpeHOCTHMA MarHeTHOT 110Jba je o110 Jjo 3ackhema
nosehamwa MU-oaHoca npu paguum dpexksenuujama f € [700 kHz, 1 MHz]. PeructpoBane
Cy CIU4YHe BpeAHocTH MakcumanHor MHW-onHoca of oko 330% u CKOpo MAEHTUYHU
oduuy kpusKX. [lpn moselffivy pasnux ¢pexsenuuja Aydruna npojupara 3HadajHo
onaga (6m « a = 50 pm) ¥ UMpKyJapHa NepMeadbUJHOCT (Tj. MarHeTHH JOMeHH
pacropebeHu Ay MNOBpIIMHe LWIMHApPHYHOT (epoMarHeTHOTr y30pKa) Hpey3uMa
JIOMUHAHTHY YJIOTY.
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Cnuka 4-13. 3aBucHoct MU-o1HOCa o4 MarHeTHOr 110/ba aMopQHe KuLle
Coes1sFe435Si12.5B15 ca dpekBeHIMjoM Kao mapaMeTpoM Yy HUCKO(QPEeKBEHTHOM OICery
f € [150 kHz, 1 MHz] (oncer BUCOKHX BpeJHOCTH MarHeTHOT 10/ba Hmax~ 4,63 kA/m) [91].

Y cpenme ppexBeHTHOM orcery (Koju 0du4HO noyuibe oko 1 MHz) ckuH ebekar u
MeXaHH3aM poTalilje BeKTOpa MarHeTH3aluje Cy JOMHUHAHTHH Y NPOLECY LHUPKYJIapHOT
MarHehemwa (KpeTarmbe 3WJ0Ba MarHeTHHX JoMeHa je dJsokupaHo). Ctora ce obsHk
3aBHcHOCTH MU-0/1HOCa 0Jf crioJballikber jeJHOCMEePHOr MarHeTHOT 110/ba 3HaYajHO Mema
¥ eBUJEHTHPaHa je mojaBa muka. 3a motnyHy §Banusy MHU-edekra xao dynkuuje
croJballlkber jeAHOCMepHOr MarHeTHor nosba Hex mopen mogyna umnenance Z (Hex f),
HEONXOJHO je JeTa/bHO aHa/IM3MpaTH M 3aBUCHOCTH peaHOr Jesa HMMIefaHce
MR (Hex, f) u umarunapsor gesa umnenasce MX (Hey, f).

3asucHoctu marHetooTtnopHocTd MR (He) of cnospammer marseTHor mosba ca
bpexBeHnjom Kao napameTpoM (@ Hmax~ 463 A/m cpearH oncer MarHeTHUX 10Jba), Cy
npuKasaHe Ha caunu 4-14.a. 3a pas/IMKy 04 MOHOTOHOT onajama youeHor npu f < 3 MHz,
KpHBa JodujeHa Ha 4 MHz nokasyje dJ1aro koJsieHo (3amaska ce movyeTak pa3Boja IMKa),
JI0K je najke moBehawe ¢pekBeHIMje npaheHo eBonynujom crador muka Ha 5 MHz.
CnruyHo nonawame MartHerooTrnopHocTH MR (Hex) yodeHo je kop amopdHHX ULl
nerype CoFeSiBMo [94], rae je npumeheHo MOHOTOHO onafame 3a f < 5 MHz u pasBoj
nuKa npu dpekBeHnujama usnag 5 MHz.

PaznuunTo of MarHeTOOTIOPHOCTH, 3aBUCHOCT MarHeTopeakTaHce MX (Hex) of
crnosballmber dc MAarHeTHOT 110Jba IOKazyje NpoduJI ca N0jaBoM NHMKa 3a CBe GpeKBeHIHje
y ucnutusanoMm oncery f € [1 MHz 5 MHz], kao u ouekmBaHM KOHCTaHTaH HOpacT
BpeJHOCTH ca noBehamweM pagHux ¢pekBeHLHja (ciuKa 4-14.0).
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Cnuka 4-14. 3aBucHocty a) marHeroornopHoctyd MR u 6) marsetopeakrance MX
amopdue xuue CoesisFesssSit2sBis on cngffalumber jeAHOCMEPHOr MArHETHOT [10/ba €A
dpekBeHMjoM Kao napameTpoM y oncery f € [1 MHz, 5 MHz], (@Hmax= 463 A/m) [91].

Ha cauim 4-15 je npukazaHa 3aBUCHOCT MOZYJ/Ia MarHeTOMMIIEAAHCE OJf MAaTHETHOT
1oJba 3a Cpejibe BpeAHOCTH MarHeTHoOr nosba (Hmax = 463 A/m) y BucokoppekBeHTHOM
onceryfe [1 MHz, 5 MHz], Ha urTa reHepasHo yTHYe pacnofiefia MarHeTHe aHU30 TPONHje.
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Cnuka 4-15. 3aBUCHOCTH MOJyJia MarHeTOUMIeZlaHCce aMopdHe KuLe

eJIHOCMEepHOT MarHeTHOT o/ba ca ppeKBeHLHjoM

kao napaMetpom y oncery f € [1 MHz, 5 MHz|, (@Hmax= 463 A/m) [91].
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Y ucnutnBaHOM y30pKy amopdHe kulle Ha dasu KodasTa pPEerucTpoBaHoO je
O4YeKHBaHO KOHCTaHTHO nosehame Z (Hex) ca mopacrom ¢ppeksenumje. Ha dpexBeHLujH
oA 1 MHz je youeHo MOHOTOHO onajialbe MOAYJIa MMIIeJJaHCE ca MOPACTOM CIIOJballltber
Mar"HeTHOT 110Jba, AOK je mojaBa nuka npumehena 3a cBe ¢pexsenuuje sehe on 2 MHz.
[enesa mnuka ykasyje Ha mIopacT JAONpPHHOCA MeXaHM3Ma poOTalMje BeKTopa
MarHeTHsalldje KOjU ce MojaB/byje U3HaJ GpeKBeHIHje pesaKkcalyje 3u[0Ba MaTHETHUX
JomeHa. Jlakile, 32 pas/IMKy OJi KOHCTAaHTHOT CMakh€Hha YO4eHOT Ha HMKUM paJHUM
dpexBennujama, MU-npodum koju nocenyjy jacad NUK NO3ULHUOHUPAH IPU BPeAHOCTH
no/ba MarHeTHe aHusoTponuje Hk, ykasyjy Ha JoMMHaHTaH MexXaHM3aM poTanuje
MarHeTusaliyje LUPKyJapHe HepMeadulHOCTH.

MHU-onnoc Tecrupanor CoFeSiB MU enemenTa ca pagHoM dpekBeHIHjOM Kao
napameTpom y oncery f € [1 MHz, 5 MHz] npuka3zan je Ha ciunu 4-16. Hajseha BpegHocT
AZ/Z peructpoBaHa je Ha ¢pexkBeHUMju of 1 MHz, nok je ca gassum nosehamwem
bpekBeHlije 3adesexeHO KOHCTAHTHO CMakbele, Kao IMOCAeAHLAa CMamberba
LUpKyJapHe MarHeTHe nepMmeaduaHocTH. YoueHe ppekBeHTHe 3aBHcHOCTH MU-0oaHOCA
Cy y CKJaay ca TeopHjckuM npejsubamuma [95-98] kao M ca eKcnepUMeHTaJHUM
pesynrtaTuma AodujeHuM Koj MH enemenarta amopdHux serypa Ha da3u kodaura [99-
101]. Takohe, ca nopehawem ppekBeHnMje, cneaehu ,MUK" ce jaB/ba Mmociae MPROT, MITO
yKasyje Ha daslaHcupamwe usmelhy aBa npoueca marHehema [101].
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Cnuka 4-16. 3aBucnoctu MU-oanoca amopoue xune Coes.isFeassSiizsBis oa
crosballPr jeAHOCMEPHOr MarHETHOT 110/ba ca GPEKBEHLUjOM Kao IapaMeTpoM y
oncery f € [1 MHz, 5 MHz], (@Hmax =463 A/m). UHcepT npukasyje peKkBeHTHY
3aBHCHOCT 110Jba MarHetHe anuzorponuje Hk [91].

Ilopen Tora, mpumeTHo je noBehawme mnoma MarHeTHe aHuzorponuje Hk ca
nosehamwem ¢ppexsBenIMje (BUAeTH HHCePT Ha cauuu 4-16). [Ipumena MH enemenTa 3a
MarHeTHe CeH30pe je y JIMHeapHoj odsacTu noBehamwa MoAyaa HMIeAaHce (Tj. OpH
Hex < Hk [102]). [loBehame nosba marHetHe aHu3oTpontje He nosehasa odnact npumene
CKOpO JiBa NyTa Kaja ce pajgHa ¢pexseHuuja noseha ca 2 MHz na 5 MHz.
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4.5.2 3asucHocm mazHemue dybuHe npoduparsa 00 ¢pekeseHyuje u
MazHemHoz nosba kod amopdgre xcuye aezype Coss.i5Fes35Si12.5B15

2

Beh je Harnauieno fga je ﬁﬂ-ec})exa'r LOUPEKTHO MoBe3aH ca GeHOMEeHOM CKHH
edekTay y30pKky depomarHetHor MaTepujana. [Ipu nopacry ¢ppexkBeHIje HAU3MEHUYHE
CTpyje AydHMHa MarHeTHOr NMpOJMpama Ce CMamwyje Kao M MOBPIUIMHA KPO3 KOjy Teue
HaejieKkTpucamwe. Koz y3opaka y od/nKMKy nMaMHApa (kHIle) 0Ba NOBPLIMHA UMa OOJIHMK
NpcTeHa, a MarHeTHa AydMHa Npojupama je jara jegHaudHoMm (3), Tj. Moxke ce
uspauyHaTH kopuitheweMm MepHHX nogaTtaka 3a Rdc ¥ MR (Hex, f) modujenux npu
npoMeHaMa CHoJballliber jeJHOCMePHOT MarHeTHOT NToJba M GpeKBeHIHje.

[losHaTo je na amopdHe xKuLe Terypa Ha Sa3u KOdAITa OCEY]Y BUCOKE BPEJHOCTH
edbeKTHBHEe MarHeTHe NepMeadUJHOCTH yciel LUPKyJapHe AOMeHCKe KoHQUrypauuje
Opy NOBPHMIMHKU nunuHapa (cauka 2-17). C 0d3MpoM Ha [UPEKTHY MOBE3aHOCT
nepMeadHUIHOCTH €a MarHeTHOM JYyOHHOM NPOAHpPaha, HCTPAXKHUBALA CIIPOBEAEHA HAJ,
ysopuuma aMmopdHUX kuLla cacTaBa CoesgisFes.355i125B15 cy odyxBaTuia U mpopadyHe
MarHeTHe AyduHe npojupamba om (Hex, f).

Cnuka 4-17 npuKasyje 3aBUCHOCT MarHeTHe AydMHe NpoJupatba dm O, CIOJbALl HbeT
MarHeTHOT [10/ba IPH Pa3/JIMYATHM paJHUM dpekBeHnujama y oncery f € [1 MHz, 5 MHz].
Ha ¢dpexsenumju o 1 MHz peructpoBaHo je KOHCTAaHTHO oBehamwe AydKHHe NpogUpama
(ca4,7 pm npu HYAITUM MarHeTHUM nosbuMa A0 7,9 um npu 463 A/m). [loBehawe pague
dbpekBeHIMje OBOHU 0 3HAYAjHOT CMakeba MarHeTHe AiyOHHe npogupama (3,3 pm npu
HYJITOM MarHeTHOM noJby A0 4,1 um npu 463 A/m @ 5 MHz). [lojasa darnx makcumyma
MarHeToOTHOpPHOCTH youyeHMX Ha 4 MHz u 5 MHz (Bupetu ciuky 4-14.a), uma 3a
noc/leAuLy M dJjlare MHHMMYMe MarHeTHe [ybuHe npoaupamwa om. Ha 1 MHz u 2 MHz
YTHIAj JIOHTUTYUHAJHOT jeJHOCMEPHOr CHO/ballllheI MarHeTHOT I0Jbad Ha MarHeTHY
JlyOUHY MpojAMpatka je Hajsehw y oncery HMCKMX MarHeTHHUX NoJba (Hajsehy noyeTHH
npupamtajd dém/dHex ca ciuke 4-17).
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Cnuka 4-17. UspauyHaTe BpeJHOCTH MarHeTHe AybHHe NpoArpama KoJ aMmopdHe xule
Coss.15Fe435Si125B 15y 3aBUCHOCTH 0 jGJHOCMEPHOT CMOJbALLIELET MArHETHOT 110/ba IIPH
pagHuM ¢ppekBennujama y oncery f € [1 MHz, 5 MHz] (@Hmax= 463 A/m) [91].
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dpekBeHTHA 3aBHCHOCT U3payyHaTe MarHeTHe JySHHe NPoJUpama ca MarHeTHUM
noJ/beM Kao apaMeTpoM je NpHKasaHa Ha cauuu 4-18.

=3 —x—463 A/m
= —+— 147 A/m
e 7F —#— T8 A/m
] 31 A/m

™ 2M 3M 4M  5M &M
f (Hz)

Cnuka 4-18. PpexkBeHTHa 3aBUCHOCT MarHeTHe JyOHHe poAupama KoJ amopdHe xuLe
Coes.15Fe43551125B 15 IpK pasiMuMTUM BpeJHOCTUMA CIIOJballllbel MAaTHETHOT 10Jba
(Hex< 463 A/m), dpexBen1yja je y joraputamMmckoj pasmepu [91].

Beh youeHno cmamerme MarHeTHe fiydMHe nMpo/iupama ca nopehamem ppekBeHIMje
je HajuspakeHuje npu BehnM BpeJHOCTH MarHeTHor nosba (@ 463 A/m). CBe xpuse
NO0Ka3yjy 04eKuBaHHU TpeHJ 3acuhema (6m ~ [U(f)'f |- %, BUuAeTH Ha npuMep KpHUBY NpH
HajHUK0] BPeZJHOCTH CroJballlkher MarieTHOT nosba Hex = 31 A/m). /lamu TpeHp ore
3aBHCHOCTH MpH 3HATHO BHIIMM ¢peKBeHUMjamMa (ABa pefa BeauduHe Behe
dpexBeHIHje 0/1 OKO HEKOJMKO cToTHHAa MHZ) je nojaBa MUHMMaJ/IHe MarHeTHe AydHHe
npoAupama dmin [57].

4.5.3 3asucHocli peaaliueHe MaiHellHe UepMmeadUAHOCWU OF
dpekseHyuje u maiHewiHol Uos/ba Kog amopdHe xicuye Jelype
Coes.15F€4.355112.5B15

3a mpoueHy mnpoMeHa MarHeTHe IepMmeaduaHocTH KopuitheH je mMogen
HaM3MeHWYHe MMIle/laHCce 3a LWIMHAAp Koju cy npejcrasuiau Yen m Mywos (Chen u
Munoz [58]). OBaj moaen nosnasu o AedbuHuIMje uMnejaHce jeaHaurHoM Z = P / 12, rpe
je P cuara no jeguHunu noBpuuHe (jequHHuHe AyxuHe), a | je epexTHBHA BpegHOCT
HausMeHHU4He crpyje i(t) = [-ei'2™ft koja Teve gy wuue. 3a OBO/BHO BUCOKE BPEAHOCTH
bpexBeH1yje Baxky ycioB 2-(a/dm)2 > 100, a pelaTHBHA MarHeTHa NepMead UJIHOCT JKULle
pw (Hex, f) mozke ce uapasutu kao:

_ ZaMX(Henl)
bw(Hex, ) = Mo F1-8m (Heyf)

(8)
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rje je Lo Mar€HeTHa nepMeadHJHOCT BakyyMma. M3 mpukasaHor mpopadyHa MarHeTHe
JyduHe npoaupama om (Hex, f) Moxke ce 3aksby4uTH f1a je oHOC (a/8m) > 10 3aj0BO/BEH Y
oncery ¢pexkseHumja f € [2 MHz, 5 MHz], 1j. (MR » Rdc). [laksie, oBa anpokcumanuja y
o81acTM BMCOKMX BpeAHOCTH ¢peKBeHIMja je HCIOylkeHa 3a HUCIOMTHBAHH OICer
cnoJbammber MarHeTHOT M0/ba (Hex € Hmax= 463 A/m).

JlobujeHu pe3ynTaTH MarHeTHe NepMeadWJIHOCTH Cy NPUMKa3aHM Ha caMiuy 4-19.
Kao mto ce Moke npUMeTHTH, Ha CBUM KpMBaMa MarHeTHe NepMeabUIHOCTH [w NOjaBa
nHka je ¢pexkBeHTHO 3aBucHA. OvyekHBaHa CMamerba [max H U (Hmax) ca mopacrom
bpexBeHIlMje Cy IpHKa3aHa Ha HHCepTy cJauke 4-19. MakcumanHa BpegHOCT
nepMeabUIHOCTH Umax 0] oko 7400 (mpu 5 MHz) je Hewrto HuXa oJ BpegHOCTH
nepmeabuiaHoct (oko 12 000 Ha ucToj dpexBennuju 5 MHz) mukpo xune nerype us
cuctema CoFeNiMoSiB (mpeunuka MeTansor jesrpa op 22,4 um ca yJaTpa TaHKHUM
crakyieHuM omotadem oj camo 0,2 pm [103]). Tpeba HanmoMeHyTH Ja MarHeTHa
nepMeabHIHOCT 3aBUCH U 0J LHPKyJapHOr MarHeTHor mosba hac (le, f) Koje y Hamnm
eKCrepyMMeHTHMa UMa aMIJIMTY/y Ha CoJballilbeM oMoTavy Kuue lec / 2+-ma = 22,3 A/m
(oBaamnnutyaaje 14,2 A/my pedbepennu [103]).
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Cnvrka 4-19. 3aBUCHOCT peJlaTUBHE MarHeTHe NepMeaduJIHOCT XKULE Hw KoJl aMopdHe
nerype Coes.1sFe4355i1125B15 04 IOHTUTYAUHATHOT jeJHOCMEPHOT MarHeTHOT I10J/ba Ca
dpexBennujom kao napametpom y oncery f € [2 MHz, 5 MHz].

HHcepT npuKasyje ¢peKBeHTHY 3aBUCHOCT MaKCMMaJIHEe BPeJHOCTH lepMead UIHOCTH
Mmax (W) ¥ BpejHOCTH NepMead MJIHOCTU PErUCTPOBaHe NpH Hajsehoj BpegHOCTH
[IpUMetbeHOI MardeTHor rnoJjba | (Hmax=463 A/m, ¢) [91].

Kputepujym 3a u3bop ontuManHux pagHux pexBeHuuja nedbuHume norpebda
uzberaBara JOMHHAHTHOI YTHIAja JIOHCUTYAHHAIHE AHHU30TPONHje, Tj. JUHAMHKE
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MarHehema MarHeTHUX JIOMeHa Ay’ YHYTPalllboCTH aMmopoHe xule. Ko oBux AoMeHa
ce TreHepully MarHeTHHM IIYMOBU ycied MelycodHe HHTepakiuje LeHTpaJaHOT
JIOHTUTYAMHA/IIHOT JI0MeHa M CYNPOTHO OPHjeHTHCAHOT MarHeTHOT JOMeHa Y 06JIMKY
mu/pKka Ha KpajeBuma MMH-enemenTta (winka 4-20), yMMe ce 3HaAYajHO cMamyje
0CeT/bMBOCT MHKpPOMarHeTHHX ceH3opa [104-107].

JOMEHCKH

CHOBLAINELH MHPKYJIAPHE DAMOYC-MATHETHH TOMeHH 30
BHCOKe MarHeTHe NepMeadHIHOCTH yjesrpy
= I

© ® © ® ©

Csnka 4-20. [Ipukas goMeHcKe CTPYKTYpe Koj amopdHe xune Ha 6a3u Kobasra:
JIOHTUTYUHAIHY I0MEHHU [0 0CH XkHUlLle (LeHTpalHH U KpajibH A0MeH) U LUPKYJ1apHH
JIOMeHH ca HAU3MEHUYHO CYNPOTHO OPHjeHTHCAaHUM BEKTOPMMa MarHeTHUsaluje
(ctpykrypa ,6amByc” foMeHa) y3 NOBPLIMHY LUJIKHAPA.

OnrtumanHe pagHe ¢pekBeHuuje MHU-enemenTa nogpasymeBajy AOMHHAHTaH
yTHLAj LUpKyJapHe MarHeTHe aHW30TpOIMje, Tj. HHTeH3WBaH MexXaHH3aM poTaldje
BEKTOpa MarHeTHsaldje JIOMeHa mo ob6oJy LUWAMHAPUYHOT y3opka (xkune). Taga cy
BpeJJHOCTH MarHeTHe Ay6HHe NpoJupatba OKO jefHe JeceTHHe MOIyNpeYyHHKa XKHLe U
M3paXKeH je yTUlaj Cno/balliiber jefHOCMEPHOr MarHeTHOT NoJba Ha nosehamwe AyGHHE
npojaupama (Tj. Ha cMmamere HMNenaHce). Jlakie, CyIITHHCKe HHTepakuuje ce
OAWrpaBajy NpH HOBPLIMHHM (epOMarHeTHHMX JKHMIA, Kaja ce M JOCTIXKY HajBehe
BpeJJHOCTH OCET/bMBOCTH MHKpOMarHeTHHX MMU-ceHsopa Heonmxo[HHX 3a MOCTH3ambe
BUCOKHMX HHBOA MUHHjaTypusalMje eJeKTPOHCKUX KOMIOHEHTH Yy CcaBpeMeHO]
ceH3opckoj Texuuy [108].

OBJe je mOTPedHO HAMOMEHYTH Jla je TEMaTHKA JUHAMHWKE MarHeTHUX JIOMeHa y
bepomarHeTHHM aMOpPQHHUM KHIIAMA HCTPLKUEBAHA ¥ BeJIMKOM OPOjy HAyMHHX pafoBa
[aop. 106-107, 109-112], npu 4yeMy ce KOPUCTH eKCllepuMeHTa/lHa MeToa Sixtus-Tonks
KOja MMa HEKOJUKO nojBapujaHTH. Ha ocHOBY pe3synrara oBHX eKCIHepUMeHaTa je
3aMO4YeT MHKEHEPUHT KpeTama 3H/J0Ba MAarHeTHUX JiOMeHa ca TIpajljeHTHOM
MarfeTHoM aHusotponujom (camka 4-21 [112]) ¢ pnu/beM odyBama IITO BHIIKUX
BpeHOCTH OCET/bHUBOCTH MUKPOMarHeTHOI CeH30pa.

A

+ .

-—

3 U 2" .1,

KAJ1€MOBH 32 AHAIH3Y THHAMHKE
KPEeTaa 3H10BA MATHETHHX 10MEHA

Cnuka 4-21. UHemepHHT KpeTaka 3W/10Ba MarHeTHUX JJOMeHa ca rpajiijeHTHOM
MarHeTHOM aHHU3O0TPONHjOM JIOHTUTYJUHATHHX MarHeTHUX JJOMeHa 0CTBapeH
TEPMHUYKHUM FpajMjeHTOM TOKOM TepMOMeXaHMYKHUX TpeTMaHa [112].
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[IppumMeHOM TepMOMexaHHWYKHMX TpeTMaHa Ca TEePMHUYKHM TpajJiMjeHTOM YCIellHo ce
CIPOBOAY U3MeHa IPeYHHKa YHy Tpalliber JIOHTHTYAUHAIHOT MarHeTHOT JJOMeHa 110 0CH
aMopdHe KHlle, Ka0 M dp3MHA KpeTawma W MMPHUHA 3KJ0Ba A 0BaKo [JU3ajHHPAHUX
MarHeTHHX JlOMeHa.

4.5.4 3asucHocm ocemsmusocmu MHU-enemenma 00 @pekserHyuje u
MazHemHo2 nosba kod amopdge sxcuye aezype Coss.15Fe1355112.5B15

2

OcermsuBocry MU-enemenrta ’ amopdHumM skumama [113], Ttpakama [114] u
BHIIeC/0jHUM duaMoBuMa [115] Ha pesatuBHO BumIMM dpekBeHiujama (f > 1 MHz)
mory goctuhu usy$IrHO BHCOKe BpEJHOCTH, OJi YaK HEKONMKO cToTMHa %/Oe
(10e =103/4m A/m). Besika 0ceT/bUBOCT KOMIIJIEKCHE UMIIeflaHCce aMOp QHe XKHUIle, Z, Ha
npuMe-eHOo dc MarHeTHO nmosbe Hex, KJbYUHA je 3a pa3Boj 6pPOjHUX MarHeTHHUX CeH30pa
BUCOKHUX IleppopMaHCcH. Bucoke BpeAHOCTH 0CeT/bUBOCTH OBAaKBHX CEH30pa Ce 3aXTeBajy
y MH(EJIM MHXeHhepPCKUM U MHAYCTPHjCKUM IPUMeHaMa.

Cno/banimbe JOHTHTYAMHANTHO dc MarHeTHO noJbe Hex M IIUPKYJIApHO ac MarHETHO
nosbe hac (MHAYKOBAHO NPOTOKOM HaW3MeHHYHe CcTpyje iac(t)=le-sin(2mft) ) yTuuy Ha
NpOMEHY MarHeTHe NEPMabHJHOCTH |, TakKo Ja je uMmegaHca ¢epoMarHeTHOr
npoBoAHMKA QYyHKUM]a TPU eKcllepuMeHTa Ha napaMetrpa Z = Z (f, Hex, lec).

Pagu ncnuruBama ocer/buBocTh MU-enemeHTa BeoMa je GMTHO MOACETHTH ce
Aedunnumje MU-oaxoca (koj pasnuuuTHX HArpakMBavKUX Ipyma MOry ce BUAETH U
pazauuuTe AeduHULUje), a TO je Hajuemhe pesaTHBHA MpoMeHa MOJyJa MMIeJaHce
y30pKa ca IpoMeHOM cnosballiiber dc MarHeTHOT noJsba (Hex):

AZ /7 =100% x [Z(Hex, ) - Z(Hmax )]/ Z(Hmax ) (4),

rze je Z (Hmas, f) Moy umMne ance npu MakcUMESTHOM crio/baliisbeM dc MarHeTHOM MoJby
u ogarosapajyhoj pagHoj ¢pexkBeHuuju. Ysopak ce Hajuemhe mnosuuHoHMpaA
JIOHTUTyAWHAaNHO (Y IpaBly MarHeTHOT 1M0Jba), Tj. y neHTpy cuctema 1/1-XeamxonoBux
KaJleMOBa Tfle je NOCTUrHyTa CKOpPO MOTIOyHAa XOMOTeHOCT MarHeTHoOr nojea. Pajgu
aHajlM3e MOTYNHOCTH HpHMEHe CIPOBOAM Ce NPOpavyH T3B. CONCTBEHE OCET/bUBOCTH
MHU-enemenTa Koja je feduHMcaHa caefehoM jeAHaYMHOM [52, 53]:

nN=0(AZ/Z) / 0Hee  (12).

Y oBoM Ior/1aB/by je Npe3eHTOBaHO HCIHTHBambe oceT/bHBOCTY MU -enemenTa Kop
xuue npeydrka oko 100 pm amopdHe serype Coes.isFes35Si125B1s y oncery BUCOKHX
panaux dpexsenuyja ox 2 MHz no 5 MHz (@ Hmax =463 A/m) ca uu/bem npoueHe
aTPaKTHBHOCTH NPUMEHE UILa y CeH30pHULH. Mepera MM elaHCe I0Ka3y]y KOHCTAHTHO
noBehame, na 6u ce npu 5 MHz gocturne BpegHoct op oko 35 Q. [Ipopauys Mld—o,zmo
nokasyje Jga ce Hajpehe BpefHocTH f061jajy Ha dpexBdliunju o 1 MHZ (@ Hmax~ 463 A/m
je oxko 45%), a sarum ce MH-oaHOoC cMmamyje. tu BUIIMM ¢peKBeHIHjaMa je
eBUJIeHTHpPaH W MakcuMyM KpuBe AZ(Hex)/Z koju ojrosapa mno/by MarHeTHe
annzorponuje Hk (morname 4.5.1 u wmika 4-16.) [losehame pagHux dpexBeHIUja
npaheHo je ¥ mopacToM noJ/ba MarHeTHe aHusoTponuje Hk kao pesysnraTt JoMHHAHTHOT
yuenh§mexanusma poraluje BEKTOpa MarHeTusaluje TOKOM mpoleca marveherba.
OBuM ce moBehaBa M MepHM OINCEr MarHeTHOr CeH3opa 6asMpaHOr Ha HPUMEHH
ucnutupaHor MH-enemeHTa Koj KOra je eBHAEHTHpaHa W NPOMeHa OCET/BMBOCTH,
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2
Tj. gopacr ¢pexBeHuuje jJupahen u nosehamem ocerbuBoctd MH-enementa. Ha
cavMkama of 4-22 pno 4-25 napasnesHo cy npukasaHe 3aBucHocTd MU-onnoca AZ/Z u
COICTBEHE OCET/BHBOCTH MH-eameHTa n (jennaumHa (12)) ko xune amopdHe MeTalHe
nerype Coes.isFes3sSi1zsBis o cnospammer MarHeTHor no/ba (@ Hmax = 463 A/m) npu

panaum bpexkBeHnujama f € [2 MHz, 5 MHz].
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Cnuka 4-22. Ynopeanu npukas saBucHocty MU-oHoca v oceT/buBocT MU-enemenTa
0/ criosbautiber §J MareTHOr nosba Hext ko xuie amopdHe serype CossisFes3sSiizsBis

npu ¢pexpeHnHju f=2 MHz (@ Hmax~ 463 A/m) [116].
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Cnuka 4-23. Ynopeanu npukas 3aBucHoctu MU-oH0ca v ocetsbuBocTu MU-enemenTa
0/1 CrloJBalllHber amarﬂerﬂor nosba Hext Kog 2xutie amopdne nerype Coes.1sFeassSiizsBis
npu ¢pexseHnuju f=3 MHz (@ Hmax~ 463 A/m) [116].
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EBMeHTHPaHO je KOHCTAHTHO MoBehale OCET/bUBOCTH NpPH MOPACTy pajHe
dpexBennuje. Ha ¢pexksennuju ox 2 MHz ocembHBOCT je HajHMKA M HM3HOCH OKO
0,07% / A/m pok npu HajsehumM ucnuruBaHMM QpekBeHnujamMa of 4 MHz u 5 MHz

0CEeT/bUBOCT AOCTHKE BpeHocTH 0Ko 0,4%/A/m [116].
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Cnuka 4-24. Ynopeanu npukas saBucHocty MU-oHoca u oceT/buBocT MU-enemenTa
0/1 CllOJBAllbEr gMBI‘HE."THOI‘ nosba Hext kop :xuie amopdne nerype CoesisFes3sSii2sBis
npu ¢pexsennuju f=4 MHz (@ Hmax~ 463 A/m) [116].
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Cnuka 4-25. Ynopeaunu npukas saBucHocty MU-onnoca u ocetsbusoctu MU-enemenTta
0 criosbaiber §J MaraeTHOr n1o/ba Hext Koz xuie amopdHe serype Coes.isFe43s5i125B1s
npu ppexpeHnuju f =5 MHz (@ Hmax~ 463 A/m) [116].
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gpu aHa/IM3M NPHKa3aHUX pe3y/TaTa NOTPEOHO je HarJacuTH JAa Ccy OBJe
NpuKasaHe O0CET/bMBOCTH IOjeIMHAYHOT ceH3opckor MMU-enemeHTa, JOK je KOHauHa
0CeT/bMBOCT MarHeTOMMIIEe[aHCHOT ceH3opa JedUHUCAHA OAabpaHUM eNeKTPUYHHUM
KOJIOM IIpH peasin3alyju camor ceHsopa (Hnp. Koanunos ocuunartop [117] vam CMOS IC
MysaTuBubpatop [118, 119] ca BUCOKOM pe30JyIHjOM Meperma MarHeTHE UHAYKLIHje 0
oko 1 pT).

4.5.5 MacnemoumnedarcHu egexkam amopgHe Hcuye sezype
C072.55112.5B15

Y oBoM Iorj1aB/by Cy NpUKa3aHU pe3yaTaTH UCIUTHBama cBojcTaBa MU-enemeHTa
amMopdHux xuua nerype Cozzs551125B15 Ha moveTky cpese dpexBenTHOr oncera (1 MHz
<f <12 MHz, [56]) 1 koMIIeMeHTapHA Cy ca HanpeJ Npe3eHTOBAaHHUM HCTPaXKHBakbHMA
MHU-edekTa xog amopdHux xua Jerype Coes.1sFe4355i12.5B15, a mMajy 3a un/b nopeheme
MH-cBojcTtaBa depoMarHeTHHX KHlla ca CIMYHUM KapakTepucTHkaMma. PpeKkBeHeHTHa
3aBHCHOCT Mozyna MmarHetoumneparce Z (H, f) ysopka sxuue gyxxune 10 mm, npeyHuka
110 pm je mepena nomohy BekTopckor aHanmsatopa mpexe (VNA Agilent 8753ES) y
JIOHTUTYAMHAJHOM je/lHOCMEPHOM CI10JballllbéM MarHETHOM I10Jby XOMOT€HOCTH 0] OKO
99,7% (reHepucaHom cuctemuma 1/I-XesMxonL0BHMX KajneMoBa) MaKCHMaJHOT
MHTeH3uTeTa oA 0oKo 15 kA/m [120].

Ha cannum 4-26.a npukasase cy 3aBUCHOCTH MoAysia marHetoumneaaHce Z (H, f) ox
jelHOCMepHOr CcroJballilbel MarHeTHOr MoJ/ba 3a pajHe peKkBeHIUje y OICeTy
f € [1 MHz, 12 MHz] (@Hmax = 15 kA/m). Ha oBy 3aBuCHOCT reHepa/iHO yTHye
JUCTpUOylMja MarHeTHe aHU30TPOIHje C 093UPOM Aja aMopdHe MeTasIHe Jlerype Ha 6asu
KodasiTa mocedyjy HeraTHBHH KoepuIMjeHT MarHetocTtpukuuje. [lpumehyje ce
04YeKHBAHO KOHCTAHTHO NoBehame UMIeaHCce, Kao U LMpere kpuse 7Z (H) ca mopactom
¢pekBennuje. IlozunuoHHpake NHMKOBA KapaKTepulle [OMepame Ka BHIIAM
BpeJHOCTHMAa CHOJbAlllbel jeJHOCMEPHOr MarHeTHOr NOJba, LITO yKasyje Ha HopacT
JIONpMHOCAa MeXaHM3Ma poTalMje MarHeTH3alMje KOju JOMHHHpa Ha pajlHUM
dpexBennujama Behum o dpekBeHIHje pesnakcaluje JoMeHcKor 3uja [56]. [Mukosu
kpuBHX Z (H) cy mosuuyuoHnpany Ha BpeAHOCTHMAa MarHeTHOr MoJba aHu3o0Tponuje Hi
IITO yKa3yje Ha JOMMHALMjy MeXaHHM3Ma poTallMje MarHeTH3aldje KoJ LUpKyJlapHe
Mar"eTHe nepMeabuaHOCTH. JloCTUTHYyTe MaKCMMa/lHe BpeJJHOCTH MOJyJia UMIefaHce
on ckopo 100 Q perucrpoBaHe cy Ha pasiHOj dpekBeHIMju o 0ko 12 MHz.

Ha caunm 4-26.6 cy npukazane 3aBucHoctd MU-opnnoca (AZ/7) on cnomanimwer
jelHOCMEpHOT MarHeTHOr MoJba Kof ulle amopdue Jjerype CorzsSiizsBis ca
dpexBennujom Kao napameTtpom y oncery f € [1 MHz, 12 MHz]. YTunaj ppexBennyje Ha
MaKCHUMaJHe BpeJHOCTH MojyJa UMIefaHce Zmax je Hajsehu y moueTHOM ppeKBEeHTHOM
oncery (1 MHz < f< 7 MHz) rae ce Mmoske youuTu Hajsehn Haru6 dZmex/df (cnuka 4-27).
OBakBO NOHallake je y KopeJaLMju ca [10jaBOM CMamemha MarHeTHe Ay6HHe NpoAHpama
om npu nosehawy ¢pekBeHlMje, Koje je Haju3pa)keHHje HA HMKHUM PpPagHUM
dpexBennujama [91]. OBaj 3ak/byuak je HM3BeJeH Ha OCHOBY MoJiesla MMIIeJaHCe 3a
IUJIMHJpPUYHE Y30PKe KOjH Cy NPBOGUTHO pa3Buau YeH u Mymo3 [58].
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Cnuka 4-26. a) 3aBucHoCTH Moayaa marHeroumneaatnce Z (H, f) u 8) saBucHoct
MHU-opnoca (AZ/Z) op ciosbaliber jeJHOCMEepPHOr MarHeTHOT 110Jba KO/ JKHIle aMopdHe
serype Co725Si125B15 ca g pekseHuujom kao napamerpom y oncery f € [1 MHz, 12 MHz],

(@Hmax= 15 kA/m), mepeno urctpymenToM VNA Agilent 8753ES.

Cnuka 4-27 nokasyje cynpoTHe TpeHJ0OBe nMpoMeHa (peKBeHTHe 3aBHCHOCTH
MaKcHMaJHe HMIeJaHce Zmax MU MakcumanHor MH-opnoca (AZ/Z)max. Makcumasnne
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BpeJHOCTH HMMIeJaHce Zmax ce nosehaBajy Aok ce maxkcumannu MH-ogHoc (AZ/Z)max
cMamyje py nosehamwy ¢pexBeHiuje. Kao wto je Beh npuMeheHo, KpyBa Zmax OKa3yje
JIBa pa3auyuTa Haruba, 1 To npeu Behu je o 7 MHz, a apyru Huxu je og 8 MHz no
12 MHz.
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Cnuka 4-27. ®pekBeHTHa 3aBUCHOCT MakcuManHor MH-ogHoca (AZ/Z) max 1 Mogy1a

MaKCHMaJiHe MarHeTOMMIIeJaHce Zmax KOJ| sHIle aMmopdHe aerype Co7z25Si125B1s
(MakcMMaNHKU MOJIYJI UMMNe/IaHCe Zmax je TPU PA3TUYUTHM MarHeTHUM mobuMa Hex).

[lpodun makcumanHor MH-ogHoca TecTupaHor ysopka amopdHe Kule
Co725Si125B15 ca pagHOM ppekBeHIMjOM Kao NapaMeTpPoM je Takohe nprkasaH Ha CJIULH
4-27. BpepnHoct o1 384% 3a (AZ/Z)max je perucrpoBaHa Ha dpexkseHuuju on 1 MHz, nok
ce ca Aa/bMM NopacToM ¢peKBeHIUje Gejle’kM KOHCTaHTHO CMamere Kao pesysTar
omnajama LUpKyJapHe nepMeabunHoctH. Kao mnopebhemwe, mopcerumo ga je kof
amopHux »xkuua cacraBa CosgisFe43sSi12sBis makcumannn MH-oatoc o oxko 330%
peructporan y ¢pexenTHoMm omncery f € [700 kHz, 1 MHz] (cnuka 4-13). Youene
dpexBenTHe 3aBucHocTH MH-0HOCA Ko 00e cTHBaHe Jlerype Ha da3u KodaJTa ce
BeoMa JI06po C/IKY U ca TeOPHUjCKUM NpefBuhamMa [58], Kao U ca eKcllep UMeHTaJlHHUM
pesyaTaTuMa fo6ujeHumM ko MU-enemenaTa amop PHUX JleTypa ca BEJIMKUM caJp:KajeM
kodanra [102].

Cnuka 4-28 npukasyje JiMHeapaH NOpPacT No0/ba MarHeTHe aHuzorponuje Hk y
¢dpexsenTHOM oncery f € [1 MHz, 7 MHz], koju je cnvyan Beh youesnom nonamamy Hk (f)
Koz aMmopdHuXkuLa cacTaBa Coes.1sFes35Si125B15 npu ppexsennujama (1MHz <f< 5MHz,
ciuka 4-16). OBo suHeapHo (M ckopo Tpocrpyko noBehawe Hk) npu Bumum
dpexBennujama y oncery 8 MHz -12 MHz je npaheHo u3y3seTHO BEJIMKHM OPacTOM [10Jba
Mar"eTHe aHM30Tponuje Hk. BeoMa c/iM4HO MOHalllame 110/ba MarHeTHe aHU30TPoIHje je
JodujeHO HUcnUTHBamweM ¢depomarHeTHUx MHUKpoxkuia cucrema CoFeSiBNb na 6azm
kodanra (HewTo HUxer npevyHuka 50 pm 1 Mame ayxkuHe 7 mm). [locteneHo nmoyetTHo
NuHeapHo noBehame 3aBucHoCTH Hk (f) je 3aTumM npaheHno orpoMHUM noBehamweM Mosba
MarHeTHe aHusoronuje Hk ycles BelMKHMX HmpoMeHa JiBa K/bydyHa NapaMeTpa Koja
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peryniunmny MH edexar: marHeHTHe [AyOuMHe mnpoaupama Jdm M ac MarHeTHe
nepMeabUIHOCTH Lac [121]).
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T 1800
r L 4

< 1600 |
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800 |
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8 10
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Cnuka 4-28. @®pexkBeHTHA 3aBHCHOCT M0Jba MarHeTHe aHuzoTponuje Hk kog xkuie
amopdne nerype Co7255i125B15 (@Hmax= 15 kA/m).

Youenn ¢pexBeHTHH oncesn 3aBucHocTH Hk (f) cy BeomMa wiMYHM TOHaMIAKY
MaKcUMaHe UMIefaHce Zmax U 6uhe y dokycy ToxkoMm ciefehux ekcnepumeHara M
oarosapajyhux Teopujckux objamrmema. [[pumena MHU-enemenTa 3a MmarueTHe ceHsope
je y 1MHeapHO] 06J1aCTH MpOMeHa KOMILIEKCHOT MoAysa uMnegance (npu H < Hk [122]),
Tj. IOCOJJHHU Cy 3a AeTeKIL U]y BeoMa HUCKHX BpeJHOCTH je JHOCMEpPHOT MarHeTHOT 10Jba
(Hex < 200 A/m).

3aBucHoctu MH-ogHoCa of pagHe ppekBeHILUje NPHU Pa3JIMUYUTHUM BPefHOCTUMA
croJballlkber jeAHOCMepPHOI MarHeTHa noJba y oncery Hex € [0; 11,6 kA/m] je npukasaHna
Ha ciuny 4-29. [Ipu HwxuM BpefHOcTHMa MarHeTHOr moJba (Hex € 0,6 kA/m) kpuse
KapaKTepHIlle KOHCTAHTHO CMatbeme, 1a 01 OTOM [OLUIO JI0 pa3Boja b1aro u3paxeHor
nvkKa Ha pexBeHMju of oko 1,6 MHz Makcumanna spesnoct MH-ogHoca oy 365% koja
je U3MepeHa NPH UHTEH3UTETY MarHeTHOT NoJba 0 99 A/m NoTBpAUIIA je 3aK/by4aK O
moryhHocTHMa epuKacHe fieTeKIje HUICKHUX BPeJHOCTH MArHETHOT N0Jba KOPHUIINeheM
MH-enemenara HauHMbeHUX 0f, aMOPGHHUX KHIA JIerypa Ha dasu KodaaTa.

Pagu nopebema ca oBfje mpUKazaHHWM pe3yJTaTHMa MOXe Ce Kao MPUMep y3eTH
['MH-opnOC 0of oko 320% perucrposan koj, amopdHuUx xuua cucrema CoFeNiBSiMo ca
CTaKJIeHMM OMOTaueM, KOjU je eBHJIeHTHpaH IpU BeoMa BHUCOKHMM paJHHUM
dpexBennujama (og yak 200 MHz) u npu HelwTo BUINMM MakKCUMaJIHUM BpeJHOCTHMA
IPHUMEREHOT CrioJballkber MarHeTHOT nosba (Hmax= 25 kA/m) [92].
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6 fiMHZ 8

Cnuka 4-29. 3aBucHocru MU-onHoCa op pasae dpexBeHnyje Kog xule amopdHe
serype Co725Si125B15 ca MarHeTHUM NO0JbeM Kao [apaMeTpOoM Y Ol cery
Hex € [0; 11,6 kA/m)].

4.5.6 MaecnemoumnedaHcHu egekam amopgHe Jicuye Jezype
Fe73.5Nb3Cu1Si12.5B9

[Topen amopdHuX depoMarHeTHUX Jierypa Ha ba3u KodasTa, U3y3eTHE MarHeTHO
MeKe KapaKTepUCTHKe noce/lyjy v nojeaune amopodue u Hanokpudiuine serype Ha §asu
reoxkba [24, 38, 53, 123-125], mehy kojuma ce usasajajy nerype u3s cucrema FINEMET
Fe-M-Cu-Si-B (M=Nb). Jegan oj 4ecTo WCOMTHBAaHMX je M cacTaB da3MpaH Ha
crangapaHoMm cuctemy Fe-Si-B ca pmopatkom 3ar% Huodujyma w lat% odaxpa:
Fe735Nb3Cu1Sii135Be. Fenepanno, amopdue ke serypa Ha dasu reoxkha nocepyjy Huxe
BpeJHOCTH eQpeKTHBHe MarHeTHe IepMeadM/JIHOCTH YcJe[, pajdjajiHe [OMeHCKe
KOHOUTypalldje NpH NOBPUIMHM HuAuHApa (civka 2-17). C 0d3upoM Ha AUPEKTHY
NOBEe3aHOCT NepMeadWIHOCTH Ca MarHeTHOM JAYOWHOM IPOJAMPAama, HCTPAKHUBaHhA
cnpoBejieHa Haj y3opuuma amopdHMX kuua cacrasa Fe7zsNbzCuiSiizsBe cy
duHanM30BaHa NpopayyHHUMa MarHeTHe AyOHHe NpoAupama g (Hey, f).

Cnvka 4-30 npukasyje ¢pekBeHTHY 3aBucHocT MM-ogHoca (pauyynaTtor
kopuuthewem umnegance de3 Z(0) u npu gejcrBy Z(He) cnosbalimer jejHOCMEPHOT
marHeTHor nosba ([Z(0) - Z(Hex)]/Z(Hex)) 3a ABe BpeAHOCTH MarHeTHOr noJsba Hex
3,86 kKA/m u 7,72 kA/m npu pas/IMUMTHM aMIJIUTy[aMa Hau3MeHHUYHe CTpyje Kpo3
y3opak xune amopdHe nerype FezssNb3CuiSiizsBe. Kpuruuna dpexsenHumja on oko
30 kHz (kagaje m=a =75 pm) youeHa je kao BpeJHOCT Kaja oano4drmwe MH edekar, Tj.
Kajla MOYUBY NpOMeHe MMIeJaHce MpPH JaToj (KOHCTAHTHOj) BpeAHOCTH Hen Cam
MH-onHOC Hajnpe pacTe ca GpeKBeHIHjOM M JOCTHMe MaKCUMYM KOjH je 3aBMCaH Of
NPUMEHEHOT CIO/bAllbel MarHeTHOT MNoJba (mopacT ¢GpekBeHIWje INPHU Kojoj je
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perucTpoBaH MakcuMyM ca nosehamweM Hex: IMHz@3,86 kA/m 1 1,25MHz@7,72 kA/m).
MakcumanHa BpefHOCT o4 oko 15% 3adenexena je Ha ¢pexkseHumju of 1,25 MHz
(@Hex= 7,72 kKA/m). [lpuMeTHa je ¥ felMMHYHA 3aBUCHOCT MaKCUMyMa 01 aMIJIMTYyje
HausMmeHH4He cTpyje lee (3mA, 5 mA u 10 mA), Tj. og BpeJHOCTH aMIIHTYAE
LIMPKY/IapHOT aC MarHeTHOT NoJba hac (UMja je BpeHOCT Ha cHoJbalibeM 0MOTady - IpH
HNOBPIIMHHY kulle lec/2-m-a, u npH HajBehoj cTpyju og 10 mA usHocH hac = 21 A/m), Tj.
JodujeHe cy HelwrTo BULIe BpeAHocTH MH-ofHoOca y oaHocy Ha npBa ABa Mepewa. Ca
JauM nosehameM ¢pexBeHuuje, MU-ofHOC ce cMamyje ycie[ cMambema MarHeTHe
nepMeaduJHOCTH (CHAXKHO MpPHrylIMBaibhe KpeTama 3U0Ba MarHeTHUX JOMeHa yciae[
nojaBe WHYKOBAHHUX BPTJIOKHUX CTPYja).

0.16
- —X—I = 3mA, H_=3,86 kAIm -
0.14 | —+—I1_= 3mA, H_=7,72 kAm 1.25MHz <«
L H_=7.72 kKA/m
042 b ~8—ls SmA, H_=3,86 kAim
¢ —A—1= 5mA, H_=7,72kAim
T L
N 0.10 | —m—I =10mA, H_=3,86 kA/m
= L —A—1 =10 mA, H_=7,72 kKA/m
T 0.08 -
N F i
é 0.06 - 1 MHz
T 3 H_=3.86 kA/m
L 004 !
S
N L :
0.02 | '
0.00 - P
Y
10’ 10° 10’ 10° 10° 10° 10’

Frequency, (Hz)

Cnuka 4-30. @pexBenTHa 3aBucHocT MU-oaH0ca ([Z (0) - Z (Hex)] / Z (Hex)) Ko 3xHLIE
amopoHe nerype Fe7zasNb3CuiSiissBoza Hex=3,86 kA/m 1 Hex=7,72 kA/m
(npu aMIIMTYylaMa HausMeHH4YHe cTpyje lec Kpo3 y3opak 3mA, 5 mA u 10 mA) [126].

Cnuka 4-31 npukasyje 3aBUCHOCTH MOAYJa MarHeTOMMIIeJJaHCe Of CIOJballlHer
jenHocMepHor dc MarHeTHor mnosba Hex kop kuume amopdHe serype cacrasa
Fe73sNb3Cui1Si135Be ca pagnom dpeksennmjoM kao napamerpom y oncery f € [0,7 MHz;
4,5 MHz] 1 @Hmax= 7,5 kA/m). O4yekuBaHH MopacT MoAyJ/la UMIlefaHce ca noBehameM
dpexBennyje (caoko4 Q@ 0,7 MHz no oxo 16 Q @ 4,5 MHz), kao 1 cMamee UMIIeJaHCe
npu noseharmy MHTEeH3WTeTa MarHeTHOT IoOJ/ba ycjlej MopacTa AydHHe MPOAHparba
KapakTepHllle CBe UCIUTHBaHe GppeKBeHIHje.
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Cnuka 4-31. 3aBUCHOCTH MOZyJIa MAarHETOUMIIEIAHCE O/ CIIOJbAlllbeT jeIHOCMEPHOT
MarHeTHOT I0Jba KoJ xkuile amopdHe serype FerzsNbzCuiSii1zsBo ca ppexsennujom kao
napamerpom y oncery f € [0,7 MHz; 4,5 MHz], (@Hmax= 7,5 kA/m; amnaurtyga
HaM3MeHHWYHe CTpyje Kpo3 y3opak 7 mA) [126].

Bomu yBuj y npomeHe uMnejgaHce je moryhe cariejaTu Ha OCHOBY 3aBMCHOCTH
pasauke moayna marHertoumnesasnce [Z (H) - Z (Hmax)] o cnospalimer jejHocMepHoOT
MarHeTHOT N0/ba ca ppeKBeHLMjoM Kao NapaMeTpOM Koja je NIpHKa3aHa Ha CaMuu 4-32
['(@Hmaxz 7,5 kA/m]
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Cnuka 4-32. 3aBucHocTH pazauke Moayaa MmarHeroumneaaHce [Z (H) - Z (Hmax)] oz
crosballlkber jeJHOCMEPHOT MarHeTHOT 10Jba Ko/ XKulle aMopdHe jerype

Fe73sNbzCu1Siiz5B9 ca dpexBenunjom kao napamerpom y oncery f € [0,7 MHz; 4,5 MHz],

(@Hmax= 7,5 kA/m; aMninTyja HaH3MEeHHYHe CTpyje Kpo3 y3opak 7 mA) [126].
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Hajseha passimka umnegancu og oko 0,75 Q je perncrposaHa npu pajHoj GpeKBeHIHjH
oA 1,5 MHz. [IpymMeTHa je ¥ npoMeHa 08/JMKa KPHMBMX, KOja M3 KapaKTepHUCTHYHOT
MOHOTOHOT onajamwa (Hwke dpexseHnuje f <1 MHz) nocreneno eBoJsiyupa y KpHBe ca
eBH/JIEHTHOM reHe30M dJiaror nuka (¢pexsenunje usnaa 1,5 MHz).

MHU-onnoc Tectupanor FeNbCuSiB MH-enemenTa ca pagHom ¢pekBeHIIHjOM Kao
napameTpom y omncery f € [0,7 MHz; 4,5 MHz] npukasan je na cmnu 4-33. Hajseha
BpeaHoct AZ/Z perucrpoBaHa je Ha dpexBeHuuju ox 0,7 MHz, nok je ca pamum
noepehaweM QppekBeHIMje 3adeseIKeHO KOHCTAHTHO CMakbethe, Kao MOCIeAHILa CMak ekbha
LYpKyJapHe nepMeabw1HOCTH. Y cpeme gpekBeHTHOM oncery (Koju 00MYHO NOYUbe
oko 1 MHz) cxun edbexkaT M MexaHH3aM poOTalMdje BeKTOpa MarHeTHU3alldje Cy
JIOMMHAHTHH y NpoLlecy LUpKyaapHor MarHehemwa (KpeTamwe 31/10Ba MarHeTHUX JloMeHa
je duoxupano). Crora ce odauk 3aBucHocTu MU-onHOCa o ciosbalmer jegHOCMepHOT
Mar"HeTHOT N0/ba 3Ha4ajHO MeHa U eBUJIeHTUPA Ce FeHe3a d1aror nMkKa.

l.= 7 mA
—e— 700 kHz
—v— 1MHz
A—15MHz
—o— 2MHz
*— 45 MHz

H,, [kA/m]

Cnuka 4-33. 3aBucHoctu MHU-oHOCa 0off criosballber je/JHOCMEePHOT MarHeTHOT [10Jba
Koj xuLe amopdHe serype FezzsNbzCuiSiizsBg ca ppexkBeHHjoM Kao mapaMeTpoM y
oncery f €[0,7 MHz, 4,5 MHz](@Hmax= 7,5 kA/m amnnuTyja Hau3MeHU4YHe cTpyje 7 mA)
crpenuuama U cy oGenexere BpeiHOCTH Mo/ba MarHeTHe anusoTponuje Hi [126].

3a passuMKy o MOHOTOHOr onajarba yodeHor npu 0,7 MHz, xpusa godujeHa Ha
1 MHz nokasyje dyaro KojieHo (3anaa ce noyeTak pa3Boja MMKa), 40K je Aajbe noBehamwe
¢pexBennyje (1,5 MHz) npaheno eponyipjoM ciador mMKa YMjM je mopacT HaJlaJbe CRe
uspaxkenuju (wimka 4-32). eHesa nuka ykasyje Ha HmopacT AONpPHHOCA MexaHH3Ma
poTaluje BeKTopa MardHeTHsaluje KOju ce NnojasJbyje u3HaA GpeKkBeHIlMje penakcalyje
3uloBa MarHeTHux JoMeHa. MHU-npoduim koju noceyjy dnaru UK No3ULUOHUPAH NpU
BpeJHOCTH No/ba MarHeTHe aHusoTponuje Hk, ykasyjy Ha AOMHHaHTaH MeXaHH3aM
poTalidje MarHeTUsanuje KoJl LMpKyJapHe nepMeadUnHOCTH. [IpMMeTHO je U ABOCTYKO
nosehame nosba MarHetHe anusotponuje Hk npu nopacry pagse ¢pexsenuuje ca 2 MHz
Ha 4,5 MHz.

Cnuka 4-34 npukasyje 3aBUCHOCTM MarHeTOOTIOPHOCTH, MarHeTOpeaKTaHCe U
MO/Iy/1a MarHeTOUMIIeJaHCe O, COJ/balllber je/IHOCMEPHOT MarHeTHOT 110Jba KOJ, YKHILe
amopo¢He serype FezzsNbaCu1Siiz5Be npu Tpu pagne ¢peksenyuje y oncery f< 1,2 MHz,
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a npu ysehaHuM BpegHOCTMMA MaKCHMAJHOI MarHeTHOT MO/ba M aMIVIATYAE
Hau3MeHH4He CTpyje Kpo3 y3opakK (@Hmax= 17 kKA/m 1 @lec = 10 mA).
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Cnvka 4-34. 3aBMCHOCTUA MarHeTOOTIIOPHOCTH, MarHeTopeakTaHCe U MOAyJ1a
MarHeTouMIelaHce 0/l CIo/balllibeT je/IHOCMEePHOT MarHeTHOT 110J/ba KO/ JKH1le
amopoHe snerype FerzsNbzCu1Sii1zsBonpu dpexsennujama a) 0,4 MHz; 6) 0,7 MHz
H B) 1,2 MHZ (@Hmax= 17 kKA/m 1 @lec = 10 mA) [127].
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CBe Tpu KpHBe KapakTepHlle onajamwe ca nosehameM crnoballllber MarHeTHOT
noba Hex M 0OUYeKMBAHO KOHCTAaHTHO NoBeharbe BpeJHOCTH CBUX KOMIIOHEHTH ca
nopacroM pagHe ¢pekseHnuje. Ha penatuBHOo HUCKMM ¢peKkBeHlMjaMa, peasHa
KOMIIOHEHTa HMIeAaHCe HMa JAOMHHAHTAaH YTHLAj HAa NPOMEHy MoAyJa HUMIefaHce
[56,92]. HauMe, npy BUCOKMM BpeAHOCTHMA MarHeTHOT 10/ba Hmax ¥ peslaTUBHO HUCKUM
dpexBennujama (400 kHz), ckun edbekaT je HUICKOT MHTEH3UTETA 1A je MAarHETHA AyOHHA
npojupamma Beauka (8m < a, IPOTOK HaeJeKTPHUCAkha je M0 1leJ10M MONPeYHOM IpeceKy
xuie). Jlakse, maraeToornopHocT MR je foMMHaHTHa KOMIIOHEHTa MarHeTOMMIeJaHce
7, ¥ 0de 3aBUCHOCTH 0f] CrnoJbanitber MarietHor no/ba MR (Hex) 1 Z (Hex) mokasyjy
MOHOTOHO CMamele Ca TeHAEeHIHjOM Ka JOCTH3awy BPelHOCTH jeJHOCMEepHOr
enexktpudHor ortnopa Z (Hex) = MR (Hmax) = Rde = 4,4 Q. llpu pamem nosehamwy
dpekBeHuuje, nopact MmarHetopeaktaHce MX (Hex) je MHeH3MBHHjU of mopacTa
marHetootnopHocT MR (Hex) 1 npu pagnoj dpexBennuju on 1,2 MHz npu catypanuju
MH-edexTa (Hex = Hmax) 0de koMImOHEeHTe MarHeToMMIeaHce UMajy CKOpO HAEeHTHYHe
BpeJHOCTH OJIMCKe BPEJHOCTH jeIHOCMEPHOr eJleKTpU4YHOT oTnopa Rdc (cnnka 4-34.8)
[58, 118]. OBakaB TpeH  mopacTa MarHeTOpeaKTaHCe ¥ 0JJHOCY HA MarHeTOOTIOPHOCT ce
3anaka U IPH 3HATHO BUIIKM pagHUM ¢pekBeHujama MH-enemenTa (04 0KO HEKOJIMKO
CTOTHHa Meraxepua [26, 128]).

Cnuka 4-35 npukasyje 3asucHoctu MH-ogHoca op cnospammer jegHocMepHOr
JIOHTUTYJMHAJIHOT MarHeTHOT NoJba Koj uie amopdHe serype FezasNbaCuiSiizsBo ca
panHom dpekBeHLHjoM Kao napamerpom y oncery f € [0,4 MHz; 1,2 MHz] a npu
yBehlaHMM BpeJHOCTMMAa MaKCHMa/IHOT MarHeTHOr M0J/ba U aMIUIUTY/le Hau3MeHU4YHe
cTpyje koja npoThye Kpo3 y30pakK (@Hmax= 17 kA/m u @lcc= 10 mA).
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Cnvka 4-35. 3aBucHocty MU-o1HOCa 0Off crio/balliber jeJHOCMEPHOr MarHeTHOT T0Jba
KoJ1 3ule amopdHe nerype FezzsNbzCuiSi1zsBoca pagHom dpekBennujom kao
napametpom y oncery f € [0,4 MHz, 1,2 MHz] (@Hmax~ 17 kA/m), aMmnnutyga

Hau3MeHWYHe CTpyje Kpo3 y3opak lec = 10 mA) [127].
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Ha cBuM pasnuM ¢pekBeHIMjaMa Cy eBUAeHTUpaHe KPUBEe MOHOTOHOT ONajiamba Koje cy
cBOjcTBeHe aMOpdHUM JlerypaMa ca No3MTUBHOM MarHeTOCTPHUKLHjoOM (Tj. lerypaMa Ha
dasu reoxkha). Ha koHcTaHTHO cMameme Mojysia HMIeJaHce ca TNoBehamweM
jeaHOCMepHOT MarHeTHOT 0J/ba Hex (a caMuM THM U Ha cMamelbe BpegHocTH MU-onHOCa
IpUKa3aHOT Ha cadnM 4-35) yTuue mpouec MarHehema KoOju ce 0/iBUja MeXaHH3MOM
noMepama 3WJl0Ba MarHeTHHX JioMeHa. Y c/ly4yajy MCIUTHUBAHOI HUCKOQpPEKBEHTHOT
oncera f € [400 kHz, 1,2 MHz]) ocHO-7I0HrH Ty HHA/IHA QHHU30TPOMNH]ja y je3rpy JKHILe Kao
M3BOp IpOMeHa MarHeTHe IepMeadWJIHOCTH je JOMMHAHTHa HaJ LUPKyJIapHOM
AHM30TPOIMM)OM Ha OO0 HOj MOBPIIMHKA aMOpHE KUIIE.

EBujeHTaH je v nopacT BpegHocTU MU-ofHOCa ca mopacToM pajHe GpeKBeHIHje, a
NpUMemheHO MaKCUMaJIHO MarHeTHO noJsbe of, oko 17 kA/m Huje AoBeso o MarHeTHOT
3acuhema MU-edpexta. Makcumym MH-ogHoca ony oko 26% je perucTpoBaH NpH pajHOj
¢dpexBenyuju og 1,2 MHz u caocet/puBomhy MU-enemenTa o oko 1,862 %/kA/m [127)].
Jocturnyrte BpegHocth MHU-opnoca cy y godpoj carsiacHOCTM ca JMTepaTypHUM
nojanMMa 3a HCHMTUBAaHY HeOArPeBaHy >KHULY HUCTe JIerype HellITO Mamber MPeYHHKa 0
133 um [63].

C 0d3uMpoM Ha HacTaBak TpPeHJAa [a/ke MHHHWjaTypH3allHje CaBpeMeHe MarHeTHe
CEH30pCKe TEXHUKe MHTEPEeCAHTHO je MPUKA3aTH U aKTyesIHe MofaTKe u3 pedepeHTHUX
HayYyHUX HM3BOpA KOjU Cajipike pe3ysiTaTe UCTPAXKUBAha MHKDOMUILA JIerypa Ha dasu
reoxkha ca cTak/eHHM oMoTaueM (KOMIIO3UT MeTasHa aMopdHa Jerypa-5dop CUIUKATHO
cTaksio). Mukpoxule amopdue serype cacraBa FersBeSii2Cs ca cTakieHUM oMoOTaieM
VKYITHOT MpevyHHUKa off oko 17 pum (MeTanHo je3rpo npeyHuka oj oko 15 um) HakoH
TePMOMEXaHHYKUX TPETMaHa CIPOBe/IeHHX Ca [[M/beM HHUIUPakba MpoLeca CTPyKTypHe
pesakcaiuje (MCTOBPEMEHO O/I'PEBathe M MEXaHHUYKO Halpesarbe) noceyjy MH-oqHoc
oj1 0ko 18% (@10 MHZ 1t Hmax= 17 kA/m [129]).

4.5.7 3asucHocm mazHemHe dyb6uHe npoduparba 00 ¢pekeeHyuje u
MaAz2HemHo2 nosba Kod amopgHe sxcuye aezype Feyz sNb3Cu1Siiz 5B

1

AHaJIOTHO ca UCTPAKUBakKMa CIPOBEIeHUX KOJI aMOpOHUX KUl !erype Ha dasu
kodanra cacraBa CoesisFes3sSiizsBis obaB/beHe cy aHaniM3e 3aBUCHOCTH MarHeTHe
JlydHHe MpojHpama Ko,unwoptbue xute nerype FezzsNbzCuiSiizsBo. Ha caunum 4-36
IpHKa3saHe Cy BPeJHOCTH MarHeTHe AyOWHE NPoJUpaha ¥ 3aBUCHOCTH 0 jeJHOCMEPHOT
cro/bamikber MarHeTHOr mo/ba (@Hmax = 7,5 kA/m v @lec = 7 mA). HUspauyHnapama
MarHeTHe AyduHe npojupama om (Hex f) cy cnpoBesena kopumhemwem jegnadnte (7) Ha
OCHOBY H3MEpPHUX eKCIIepMMEeHTa/IHUX NojaTaka 3a Rac 1 marHeToornopHocT MR (Hey, f)

npu pagHuM dpexkBeHuujamay omncery f € [0,7 MHz; 4,5 MHz].

CBe KpHBe TMpHKa3yjy oOuYeKMBaHM MOpPacT BpeJHOCTH MarHeTHe [JyOuUHe
npojupama ca MopacToM MHTEH3UTETa jeJHOCMEPHOT ClO/ballllbel MarHeTHOT 110/ba, a
Mosxe ce pehu ja npuMemeHO MaKCHMa/IHO MarHeTHo nosbe of, 7,5 kA/m Huje fosesno 1o
MarHeTHor 3acuhewa MMHW-edexrta. Ha dpexBenuuju op 0,7 MHz perucrpoBaHo je
KOHCTAaHTHO mNoBehae MarHeTHe [AydHHe mnpojaupamwa (ca 42 um 0OpH HYJTHM
MarfeTHuM nostMMa fo 57 pm npu 7,5 kA/m). Takobhe, eBHAeHTHO je M cMameme
Mar"eTHe AydMHe NIpojAMpaa ca nopacrom pagHe ¢ppexsenumje [130].
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Cnuka 4-36. M3pauyHaTe BpejHOCTH MarHeTHe AydHHe IPOJHparka KoJ aMopdHe Kulje
nerype Fe7zsNbzCuiSiizsBoy 3aBHCHOCTH 0[] jeAHOCMEPHOT CIIO/balllber MarHeTHOT 10Jba
npu pagHum dpekBeHuujama y oncery f € [0,7 MHz, 4,5 MHz]

(@Hmax=7,5 kA/m, @lcc~ 7 mA) [126].

[ToBehamwe ¢ppexsennuje Ha 4,5 MHz nosoau 10 3HavajHOr cMamema MarHeTHe AyoHHe
npoavpama (Ha 22 pm Opuv HYJATOM MarHeTHOM noJsvy A0 32 pum npu 7,5 kA/m).
HWcToBpeMeHo, NIPUMEHTHO je Aa je MPHU HUKHUM pafHUM QpeKBeHIHjaMa, a IPH UCTO]
NpPOMEHH CoJ/ballllber MAarHETHOT [10Jba, YKYIIHA IPOMeHa MarHeTHe AySHHe IpogHparha
HelITOo U3pakeHHja (oko 15 ym npu ¢pexsBennuju 0,7 MHz y ogHocy Ha oko 10 um npu
dpexBennuju 4,5 MHz).

Cnvka 4-37 npukasyje uM3padyHaTe BpPeJHOCTH MarHeTHe AydHHe MNpoAupama
nodujeHe kKopuimthewem jenHaumHe (7) kon amopdHe »Kule Jerype cacrasa
Fe735Nb3sCu1Si13.5Be y 3aBMCHOCTH 0/ je JHOCMEPHOr CIOJ/bALIKET MArHETHOT [0Jba NPH
panHuM ¢pexBeHuMjama y oncery f € [0,4 MHz, 1,2 MHz] 1 npu yBehaHuM BpeJHOCTHUMA
Jipyra jiBa ekcnepumenTanHa napamerpa (@Hmax= 17 kA/m u @l = 10 mA). Cre Tpu
KpHUBe INpHKa3yjy OYeKHBaHH MOPACT BPEAHOCTH MarHeTHe JyOHHe NpoAHMpara ca
NopacTOM WHTEH3UTeTa je/JHOCMEpPHOr CHNo/ballllbel MarHeTHOr Mo/ba Hex, Kao u
KOHCTAaHTHO CMamekhe BPeJHOCTH ca MOopacToM pafgHuX ¢pekBeHIHja (eBUJeHTaH
yTHIA] CKHH-edeKTa).

Ha ¢pexsenunju og 0,4 MHz perucrpoBano je koHcTaHTHO noBehawe MarHeTHe
AydouHe mnpoaupamwa (ca 53,5 pm npu HyJATHM MarHeTHMM Ho/buMa 0 63 pm y
Mar"HeTHoM 3acuhewy MU-edexTa npu 17 kA/m). EBUAEHTHO je ¥ 04eKMBaHO CMambeme
MarHeTHe JyduHe mpoAupama ca OopacToM paiHux o¢pekseHuuja. [losehame
dpexBennyje Ha 1,2 MHz noBou 10 3HAYajHOr CMakema MarHeTHe JyOHHe MPOAHpamka
(na 40,5 pm npu HYJITOM MarHeTHOM NOJbY A0 57 um npu 17 kA/m).
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Cnuka 4-37. U3pauyHaTe BpeiHOCTH MarHeTHe JyOMHe IpoAXpama Ko/ kulie aMopdHe
nerype cacrasa Fe73sNbaCuiSi13sBe y 3aBHcHOCTH 0f jeAHOCMEPHOT CIO/balllbET
MarHeTHOT No/ba IpH ppekBeHuHjama y oncery f € [0,4 MHz, 1,2 MHz]
(@Hmax=17 kA/m, @lcc =10 mA) [127].

[IpuMeHTHO je ¥ Ja je mpy BUIIMM paJHHUM ¢peKBeHIHjaMa, a IPH MUCTOj MIPOMEHH
MarHeTHOT I10Jba, YKYNHA NpOMeHa MarHeTHe AyOMHe MpoAupama H3paxkeHHja (OO
15 pm npu ¢pexsenuuju 1,2 MHz y ognocy Ha oko 10 um npu ¢pexsennuju 0,4 MHz).
YTHLaj JTOHTUTYAUHAIHOT jeIHOCMEPHOT Clo/ballllkbel MarHeTHOr I0J/ba Ha NpOMeHe
Mar"eTHe AybduHe Mpojupama je Hajsehu y oncery HUCKUX BpeIHOCTH MarHeTHHX 110Jba
(Hajsehn noyeTHH npupamitaju dém/dHex cy eBnagenTHpaHN y 0d1acTH MarHe THHX MMoJba
WHTeH3HuTeTa [0 0Kko 3 kA/m).

ITopehema AodUjeHHUX 3aBUCHOCTH MarHeTHe AydHHe MpPOJMpaba Of CIOJballHber
MarHeTHor mno/ka M @pekBeHnuje om (Hew f) xopg amopduux xunma serypa
CoesisFea3sSi125B1s u FerasNbsCuiSiizsBe nmokasyjy na ce xon nerype Ha dasu kodasira
JIOCTHIKY 3a pe[] BeJIMYMHEe Mame BPe/JJHOCTH MarHeTHe AyOWHe Npojupaba (HEKOJIHUKO
JleCTHHA MMKpOHa KO/ Jlerype Ha da3u reokha - canke 4-36 v 4-37, HacnpaM HEKOJIMKO
MHKpOHA KO/, Jlerype Ha da3u kodanra - cauka 4-17). [Ipu ucroj pagHoj dpexkBeHnyjy,
MarseTHa AybuHa npoaupama je AedHHHCaHA KOJIMYHHKOM clienupHUYHe eJIeKTPUYHe
OTIHOPHOCTHU-Pp M LHPKy/JapHe MarHeTHe MepMeadWIHOCTH-|l (U3 jegHauuHe (2)
= 8m~(p/n)1/2). (MlozHaTto je ja y HeoArpeBaHOM cTamy (eHIJ. as-cast) M Ha COJHOj
TeMIepaTypu amopdHe Jierype Ha dasu rsoxba nocefyjy HeuWTo BHlle BPeAHOCTH
cnen$UYHE eJIeKTpHUUHe OTIOpHOCTH-p (04 oko 150 nQcm po 170 pQicm) y ogHocy Ha
amopdHe serype Ha dasu kodanra (ox oxo 120 pQcm ao 130 pQicm) [131-134]). OBge
M3Be/leH 3aK/byyaK 0 3HATHO M3paKEeHHjeM CKHH-edeKTy (Koju MMa 3a pe3yJITaT HHUCKe
BpeJHOCTH MarHeTHe iydMHe NpoAupama) Ko aMmopdHe kule erype Ha da3u kodaaTta
noTsphyje KOHcTaTauujy O BHCOKMM BpeJHOCTHMMa [HpKyJapHe MarHeTHe
nepMeadHJHOCTH JOMEHCKe CTPYKType (c/IMyHe NoBpUIMHM daMdyca - ciivka 2.17), koja
NOCTOjU Ha MNOBpPIWIMHM QepoMarHeTHUX aMOpOHMUX KHILA ca HeraTMBHUM
koeduuujeHTOM MarHerocTpukuuje is < 0 [59, 60, 135]). ¥ npunor oBoj KOHCTaTaLK]u
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roBope U fodMjeHe MaKCUMaJHe BPeJHOCTH peJlaTUBHE MarHeTHe NepMeadHIIHOCTH [w
Koz amopgHe xHuLe jgerype Coss.isFes4ssSiizsBis (10000@1MHz u 7400@5MHz - civka
4.19), xoje kKapaKTepully MeXaHW3aM pOTal{je BEKTOpa MarHeTHsaluje JOMeHA IO
0604y UUIMHAPUYHOT y30pKa. BpegHocTH pesaTHBHe MarHeTHe MEepMeadHJIHOCTH [w
(6500@5MHz @200 A/m) cy y BpJio A00pOj carJlaCHOCTH Cca JIMTepaTypPHUM MOAaTKOM
(4000@5MHz @200 A/m) 3a CoFeSiB Mukpoxuile ca crakjeHHM oMOTadeM (YKyIHOT
npeyHrka 44 pm U ca MetaJqHUM jesrpom 25 um [136]).
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5. 3AK/bYYAK

Y oKBUDY OBe IOKTOPCKe AucepTalyje Cy UCTPaKHBaHU peHOMEeHH Koju npunaaajy
Hay4HO] odyacTH pa3Boja caBpeMeHHX CeH3opa Ha da3u MarHeroumnegaHcHux (MH)
ejeMeHaTa HayHmbeHHX of ¢QepoMarHeTHHX aMOpQHUX MeTaIHUX Jierypa.
ficnnTuBamuMa cy odyxsahene aMmopdHe xuile ca MAarHETHO MEKMM CBOjCTBUMA U TO /iBE
Jlerype Ha da3u kodanTa cacraBa Coes.1sFea3sSii2sBis u Co7255i125B1s, kao u serypa Ha
dasu reoxbha cacraBa Fe7ssNbsCuiSiizsBy us  ¢amuaumje FINEMET. lentpanna
UCTpaKMBama y JAOKTOPCKOj AMCepTalMjd ce OJHOCe Ha IpOMeHe MMIeAaHCe MO,
YTHIAjeM CHOJballikher jeZJlHOCMEPHOT MarHeTHOr noJba Hex mpu ofpehenum pajHum
dpekBeHyjaMa f HaM3MeHMUYHe CTpyje Koja NpPOTHYe KPO3 Y30pakK, Tj. ¥ JOMEHy
dyHKLHOHaIHe 3aBUCHOCTH uMnegaHce Z (Hex, f) ncnurnBanux MU-enemenra.

3a norpede eKkcnepMMeHTaJHOT mpahewma MarHeTouMmienaHcor edekra
dopMupaHa je sabopaTopHjcKa NOCTaBKa 3a Mepeme HMIeJaHce y3opaka aMOpPHHX
depomarHeTHUX xkuna y cuctemy 1/]-Xenmxonnoux kanemosa. ToM NpPHUJIMKOM je
CIIpOBeZleHO W mnopehere BpeJHOCTH jauMHe MarHeTHOT M0/ba MO OCH XeJaMXOJIOBHX
KajJleMOBa H3MEpPeHHMX CeH30pOM MarHeTHOr IMoJka ca BpeAHOCTHMA ofpeheHUM
TEOPHUjCKMM NpOpauyHOM. Y LeHTpasHoj 30HHM XeJMXOJIOBHUX KajleMoBa, The cy
no3ULHOHHpaHu ucnuTHBaHH MU-eneMeHTH, Hecslarame BpeIHOCTH jayMHA MAarHETHOT
noJba 100MjeHUX eKCIepUMeHTOM ca BpeJHOCTHMA ofpeleHUM Ha OCHOBY TeOPHjCKHX
npopauyHa je cera 0,3%.

HcnutuBameM NoBplIMHA aMOpPHUX KULA ONTHYKOM MHMKPOCKONHjOM YOUeHO je
nocrojamwe odsactu noehame XpanaBoCTH HacTale TOKOM IOCTYNKA A00Hjamba XKHUIA
dp3um xuahemem pacrona serypay porupajyhem ciojy soge. Tokom npoueca marHehema
KU1, OBe 00J1aCTH Ce jaBJ/bajy Kao LeHTPU NMHMHrAa Ha 3UJ0BMMa MarHeTHHUX J0MeHa
IITO MOXe JOBEeCTH U JO Aerpajaliije MarHeTHO MeKHUX CBojcTaBa (pepoMarHeTHHX
nerypa (tj. o noseharma KOepLIUTUBHOCTH H CMakbekha MarieTHe nepmeadunnocru). Ha
NOBPLUIMHK METAIHOT je3rpa aMOppHUX MHKPOXKMIIA €a CTAaKJIEHHM OMOTadeM HHUCY
3ana)keHe 00J1aCTH ca U3paXKEHOM Xpanasolihy, Kao LITo je TO yOUeHO KO/ y30paKa Kula
des craksieHe 3amTHTe. CTOra, 0BaKO NPHIIPEM/bEHH Y30pIH pepoMardHeTHUX aMOPPHHUX
MHUKpOXKHLa Mory focTuhu H3y3eTHa MarHeTHO MeKa CBOjCTBa.

PeHjAreHoCTpyKTYpHa aHa/M3a HeoAIrPEeBaHOr y30pKa JKWIe JIerype cacrasa
Coes1s5Fes3sSi12sB1s morBpauna je mornyHo amopdHY CTPYKTYpy, KOjy yBeK IpaTe U
OJIIMYHA MEeXaHUYKA CBOjCTBA BeoMa OMTHA 3a YCIELIHY NMPUMEHY KULA Y CeH30PCKOj
texuHuud. Koa peHareHorpama ysopka Kulle oBe amopdHe Jierype 3arpeBaHor o
MakcuManHe Temnepartype o 700 9C peructpoBaH je pa3Boj YeTHPH KpUCTalIHe da3se:
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£-CoSi, BsC, CozB u a-FeCo, koje np1 MHTEH3UBHUjO] KpUCTANU3ALMjH MOTY Y3POKOBaTH
M 030M/bHY JerpajaliMjy MeXaHWYKHX cBojcraBa (Tj. TyOWTaK eJJaCTHYHOCTH
MHU-enemenara).

DTA Tepmorpam nerype cacraBa CossisFe4.355i125B15 npukasyje npucyctBo camo
jeAHOT er30TepMHOr — KPUCTAIM3ALHOHOT IpoLeca ca TeMnepaTrypoM nuka oa 566 0C,
Ha OCHOBY 4era ce MoOyke 3aKJ/bY4WTH /i je Jierypa TepMoOJHHAMHUYKK cTabWIHA 0 OKO
400 9C. TepMHUuKH NpOLECH KOjU Ce OAMIPaBajy /10 0OBe TeMeneparype MOTY M3a3BaTH
edHUKACHY CTPYKTYpPHY Dpe/JakcalMjy 3a0CTalMX MeXaHMYKHX Halpesara HACTaIHX
TOKOM Op3or xJal)era pacTona Jierype NpH/KKOM [IOCTYIIKA JodHjatba aMoOpQHUX KU,
M TO 0be3 OTHOYMHAKA I[poleca KpUcTaju3alyje KOju [A0BOAM [0 TydUTKa
HajONTUMa/IHUjUX MarHeTHO MEKHX CBOjCTaBa.

CnpoBenena SEM/EDS ananusa ysopaka ode ucnutuBaHe amopdHe Jierype Ha 0asu
KodaJTa M MamHpaima CBHX KOHCTHTYTHBHHMX XEeMHjCKHX eJleMeHaTa Cy HOTBpAHJe
IPUCYCTBO M XOMOTEeHY pacnofesy cBUX cacTaBHUX esemeHaTta (Co-Fe-Si-B y mpBoj
nerypu u Co-Si-B y apyroj nerypwu).

[IpuaMKOM HCOMTHBama MarHeToMMIefaHce aMopdHe 3KUIle Jlerype cacTaBa
CoesisFea3sSi1zsBis crmporesien je Tepmuuku TpermaH Ha dasu llynosor edexra
(amniinTyna ac crpyje ogrpesamwa 100 mA Ha 50 Hz Tokom 60 s y Basayxy - ysopuu cy
OTOM NOCTeneHO xjaheHM CMamemeM CTpyje oArpeBamwa Op3MHOM of, 5 mA/s).
KoncranTHa BpeiHOCT crieriduyHe eekTpuuHe ornopHocTH o 133 p€) cm npe v nocne
OBOT TEPMHUYKOT TPETMaHa je NOTBpAuJIa aMOPHO CTarbe ca OCTBAPEHOM CTPYKTYPHOM
peJlaKcalnHjoM.

Ha ocHoBy dpekBeHTHe 3aBUcHOCT MU-oxHoca ([|Z(0)|- |Z(Hex)|]/|Z(Hex)| onpehena
je kpuTHyHa dpekBeHuuja oa oko 5 kHz - 7 kHz kaga onqnoyuwy npomene umnenatnce
npHu JaToj (KOHCTAHTHO]) BPeAHOCTH CIO/bALILEr MArHETHOT [10/ba, Tj. KaJla MarHeTHa
JyduHa npoAupama nocTaje Mama 0f] HoJyNnpeYHHKa xule 8m < a = 50 pm. MH-oanHoC
Jocryxke MakcumyM of 334% Ha pagHoj dpexsenuuju on 0.95 MHz npu marHerHoMm
noJby UHTeH3uTeTa 7,72 kA/m.

[Ipu penaruBHOo HuckUM pagHuM ¢pekBeHiyjama (Mawum ox 300 kHz), ckun
edekar je cradbor HHTEH3HTETA I1a je MarHeTHa AydHHa NpoJHparba U ja/be peJaTHBHO
BeJIMKa (MPOTOK HaeJleKTpHCama je MpaKTHUYHO Ay LeJIor NONpevyHOr Mpeceka Kule,
Om = a). PeanHa koMnoHeHTa uMnejance (MarHeroornop MR) nma gfomMuHaHTaH yTuULAj
Ha MpoMeHy MoAyJja UMIe/jaHce Z, a 00e 3aBHCHOCTH 0/ CNOJballlkbeT MarHeTHOT 10Jba
MR (Hex) u |Z (Hex)] moka3syjy MOHOTOHO cMameme Ca TEeHJAEHLHjOM Ka BpefHOCTH
jennocmepHor enekrpuyHor ornopa |Z (Hex)| ® MR (Hmax) = Rde = 3 Q. Koncrantho
CMameme MoJy/la MMIeJaHce je Y3pOoKOoBaHo mpolecoM MarHelhema Koju ce oABuja
MeXaHH3MOM MOMepakbha 3M0Ba MarHeTHUX I0MeHa.

Y oncery Huckux pafgHux ¢pekBeHuMja (ucnop 1 MHz) ocHo-/OHrMTYAMHANIHA
aHM30TPONMja MarHeTHHX JIOMeHa y je3rpy »Mile je AOMHHAHTaH HU3BOp NpOMeHa
nepMeadHJHOCTH y OJJHOCY Ha YTHIQAj UMPKy/JIapHe aHU30TPOMNHje Mo 0doAy aMopdHe
xkute. [lpy gasmem nosehamfdpekBernyja MarHeTHa AySnHa NMPoAMpara 3Ha4ajHO
omaga (6m « a = 50 pum) W uupkynapHa nepMeaduIHOCT (Tj. MarHeTHH AOMEHHU
pacropebeHu Ay NOBpIIMHE LHIHHAPHUYHOT (GepoMarHeTHOT y30pKa) Hpey3uMa
JOMUHAHTHY Y/IOTY IpH MarHehemy.

Y cpenme ppexseHTHOM oncery (Koju 0du4HO noyume oko 1 MHz) ckun epekar u
MeXaHH3aM poTallije BeKTOpa MarHeTu3alje Cy JOMHHAHTHHU y IpoLecy LUpKyJIapHOTr
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MarHehema peTaH:e 3M/l0Ba MarHeTHHUX JoMeHa je dsokupaHo). Od/MK 3aBUCHOCTH
MH-opHoOCa of crnosbaulmer jeJHOCMEPHOT MarHeTHOr I0/ba C€ 3HAa4YajHO Melma H
eBHJIeHTHDA ce MojaBa nuKa. [eHe3a nuka ykasyje Ha HopacT JONPHHOCA MeXaHHU3Ma
poTaudje BeKTOpa MarHeTH3allMje KOjH ce NOjaB/byje nmpu pagHuM (pekBeHLHjaMa
BHUIIKM 0/ QpeKBeHlHje pelakcallije 3M40Ba MarHeTHUX JJOMeHa.

3a HOTIn-!y aHainm3y MMH-edexra nopes moaysna uminejpaHce JeTa/bHO Cy
aHaJM3MpaHe U 3aBUCHOCTHU peasHor Jeina umneaance MR (Hex, f) u umarunapHor gena
umnegance MX (Hex, ). 3a pasnuky oJf MOHOTOHOT oNajlaka MAarHeTOOTIOPHOCTH IpH
f < 3 MHz, xpuBa podujena na 4 MHz noxkasyje moderak pasBoja nmuka Koju jame
eBosiynpa Ha 5 MHz. 3aBucHOCT MarHeropeakTaHce O CHO/bAallHeI MarHeTHOT M0Jba
nokasyje npodus ca MojaBoM NHUKa 3a cBe pajiHe (peKkBeHIUje Y MCIUTHBAHOM
MeraxeprHoM noapydjy 1 MHz <f <5 MHz. Konauno, npu > 2 MHz, MU-npodunu mopyna
MMIeJlaHCce [0Ka3yjy jacaH MUK NO3MLMOHHMpaH INPH BPeJHOCTH NO/ba MarHeTHe
anusorponuje Hk, ykasyjyhu Ha foMUHalMjy MexaHH3Ma poTalllje MarHeTUsaluje Koj
LUpKy/lapHe NnepMeaduJHOCTH. YoueHo nosehatbe mo/ba MarHeTHe aHusoTponuje (of
OKO JBa nyTa IIpH nopacty pajHe ¢ppekxBennyje ca 2 MHz na 5 MHz) je usayseTHo 3Ha4ajHO
c 003MpoM Ha ovyeKHUBaHy npumeHy MU-enemeHTa 3a MarHeTHe ceH3ope Yy JHMHEapHOj
odsacTd mopacta MojJyla MarHeToMmneJaHce ca dc MarHeTHUM MmosbeM (Tj. HpH
Hex < Hk]

IIpn nopacry ¢pekBeHLMje JyOHMHA MarHeTHOT NpoJHpama Ce CMamyje Kao H
NOBpLIMHA KPO3 KOjy MOCTOjU NMPOTOK HaeleKTpucama (Ko LUMJIMHAPUYHHX y30paka
NOBpLIKHA je 0dJIMKa pcTeHa). BpegHocTu MarHeTHe AySuHe Ipoguparka Cy pauyHare
KopuithemeM MepeHHX NOJATaKa peasHOT Jesla MarHeToMMIleZlaHce U dc eJleKTpUYHe
ornopHocTd. Ilopehale MarHeTHe JAydHHe NpoAHMpama je H3a3BaHO [ejCTBOM
cnosbanrmker dc MarHeTHOT MoJka U TpH Hajeehoj dppexkBentuju oa 5 MHz pacre oa 3,3 pm
IpH HYJITOM MarHeTHOM IoJ/by 710 4,2 um npu nossy uHTeH3uTera 463 A/m. Ha Hewrro
HWXWUM paaHuM ¢pekBeHnujama (1 MHz w 2 MHz) yTuuaj JNOHrMTYAMHaJIHOT
jenHOCMepHOT cnoJballllbeT MarHEeTHOT [10/ba Ha AyOHHY NpoAupatba je Hajsehu y oncery
HHUCKHMX HHTEH3MTEeTa MarHeTHHMX I0Jba KaJla Cy M pPerucTpoBaHH HajsehH moyeTHH
npupamiTajd dém/dHex.

C 003MpoM Ha JUPEKTHY I0BE3aHOCT IepMeadWIHOCTA ca MarHeTHOM AYOMHOM
npojHpama, HCTpaKHWBama Cy odyxBaTH/Ia M MpopadyyHe IepMeabH/IHOCTH VY3
kopumrherwe MepeHUX nojaTaka MarHetopeaktaHce. KopuiiheH je Mojen KOMIJIEKCHe
MMIeJaHce 3a LUIHHAAP NpeACTaB/beH of, UCTpakuBada YeHa u MyHosa npu ycioBy
2-(a/dm)? > 100, xoju je 3a0BO/beH y GPEKBEHTHOM OICEry Meperha CIpOBeJeHHX
OPUIHKOM OBJIe IPE3EHTOBAHHX UCTPaXKMBakha. Y3 OUEKMBAHO CMarbeie peaTHBHE
MarHeTHe MepMeadHJIHOCTH ca HOpacToM pajHe $peKBeHIMje, KPUBe 3aBUCHOCTH
pe/aTUBHe MarHeTHe MepMeadUJIHOCT 3KULEe O0JI JIOHTUTYAMHAJIHOr CHOJballiber
MarHeTHOT T0J/ka MOKa3yjy U ¢pexkBeHTHO 3aBucHe Makcumyme (10000@1 MHz wu
7400@5 MHz).

C yM/beM NpolieHe aTPAaKTHBHOCTH MPHMEHA Y CeH30PHMIM KOA Kulle aMopdHe
nerype Coes.15Fe4.3551125B15 je cnpoBeieHO M MCIMTHBaKbe 0CeT/bMBOCTH MU -enemeHTa y
Ehicery Bucokux paauux ¢pexseruuja (on 2 MHz no 5 MHz, npu Hmax ~ 463 A/m).
EBMeHTHPAHO je KOHCTAHTHO mnoBehalbe OCET/LMBOCTH MNPH MHOPACTy pafHHX
¢pexBennuja. Ha dpexsBenuuju ox 2 MHz oceT/bMBOCT je HajHMKa M M3HOCH OKO
0,07%/A/m pnok npu Hajsehum dpekBennyjama of 4 MHz u 5 MHz noctuike BpeiHOCTH
o oko 0,4 % /A/m.
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Mepemwe moayna marHeroumnegance Z (H, f) amopdre xune nerype Co7255i125B15
je cipoBesieHo y ¢pekBenTHOM oncery oa 1 MHz no 12 MHz u npn Hmax= 15 kA/m.
OuekMBaHO KOHCTAaHTHO TNoBehame MoAyNa HUMIeJaHCe ca MOpPacToM ¢QpekBeHIHje
IpaTH ¥ Kupene KpUBKUX PyHKUHoHaNHUX 3aBucHocTH Z (H). [losunnonunpame nukosa
je Ka cBe BHILIMM BpeJHOCTHMa MarHeTHOr MO/ba aHU30Tpomnuje Hk, 1ITO ykasyje Ha
JIOMMHaILMjy MeXaHM3Ma poTalyje MarHeTu3alyje Ko HUPKyJIapHe nepMeabuIHOCTH.
MakcumanHe BpefHOCTH MoAy/a UMIeAaHCe Zmax o ckopo 100 () perucrposane cy Ha
panHoj ¢pexseHuMju ox 12 MHz. ¥YTHiuaj ¢pexBeHlMje Ha MaKCUMalHe BpeJHOCTH
MoJy/a uMnejiaHce je Hajpehu y moyeTHoM dpexBeHTHOM oncery (1 MHz < f< 7 MHz).
OBaKBO NOHalIAme je ¥ KopeJlalkj| ca I10jaBOM CMabeha MarHeTHe JyGHHe TpoAupamba
om npu nosehamwy QpekBeHLHje, KOje je Haju3paKeHHUje Ha HHKHUM (QpeKBeHLHjaMa.
Bpeanoct op 384% 3a (AZ/Z)max je peructpoBana Ha 1 MHz, 1ok ce ca ga/bUM nopacromM
dpekBeHIje Gesle’XH KOHCTAHTHO CMambele Kao pe3ylTaT onajama L UPKyJIapHe
nepMeaGHIHOCTH.

[lospe marnerHe aHusorponuje y ¢pexsentHom oncery f € [1 MHz; 7 MHz],
npuKasyje JMHeapaH NMopacT BeoMa civyaH noHawmamwy Hk (f) kop amopduux kuua
cacraBa CoesisFes3sSi12sB1s npu ¢peksenuujama f € [1 MHz; 5 MHz]. llocreneno
NOYeTHO JIMHeapHo nosBehame je npalleHo HaKHaJAHUM OTPOMHHMM NoBehamweM mosba
MarHeTHe aHU30TONHje, IITO je 3HayajHa MHPoOpMaLHMja C 0O3MPOM Ja je MpUMeEHa
MH-enemeHTa 3a MarHeTHe CeH30pe Yy JIMHEApHOj 06/1aCTM NPOMEHa KOMILIEKCHOT
Moay/aa umnegaHce, Tj. y odaacru H < Hk. Makcumanna spegnoct MHU-opnoca of 365%
(u3MepeHa IHpH HHTEH3UTeTy no/ba o4 99 A/m) je mnoTBpAM/aa 3aK/byyak o
moryhHocTHMa ebuKacHe JeTeKl|Mje MarHeTHOT 110/ba BeOMa HUCKOT MHTeH3UTeTa.

HcTpakuBama cipoBe/leHa Hajl HeoArpeBaHUM y30pluMa aMopdHUX K HULLa Jlerype
FINEMET Ha dasu reoxba cactaBa Fe7zsNbzCuiSiizsBo cy 3anouena oapehupamem
KpHUTHYHe dpekBeHlMje yHja je BpegHocT oko 30 kHz (kafg je Sm=a=75 um). MH-opHOC
Hajnpe pacTe ca peKBEHIHjoM U JOCTHXKe MaKCHUMYM KOjH je 3aBMCaH oJ] IpUMeHeHor
cnosballmer MardHetHor nosba (1 MHz npu 3,86 kA/m u 1,25 MHz npu 7,72 kA/m).
Makcumanna speanoct MH-opnoca of oko 15% sabesiexxena je ynpaso Ha pajHOj
dpexBennuju o 1,25 MHz. [IpumerHa je u 3aBUcHOcT MakcumyMma MHU-oaHoca u of
aMILIUTYJe Hau3MeHHYHe CTpyje Koja NpOTHYe KpO3 y30paK, Tj. off BpefHOCTH
aMILIMTYJe LUPKy/JIapHOr ac MarHeTHor noJba hac (npu Hajsehoj ctpyju ox 10 mA je
hac= 21 A/m]

Hajseha pazsauka mopyna marueroumnegancu og oko 0,75 € je perucrpoBaHa npu
panHoj dpexBenuuju ox 1,5 MHz. [IpumeTHa je v npomena obnuka kpusux MHU-o/1HOCa,
Koje M3 KapaKTepUCTHYHOT MOHOTOHOT oOmnajama (IpH HHUCKUM ¢peKBeHIHjaMa
f <1 MHz) nocreneso eBoJiyMpajy y KpUBe ca €J1ado U3pa’keHMM MaKCHMyMHMa (py
¢pexBennujama usnaza 1,5 MHz). MU-npodunu nocepyjy dnaru nuk mo3unuoHUpaH Mpu
no/by MartHetrHe anusorponuje Hk, uuje ABoctyko nmosehame je eBHAeHTHpaHO HpH
nopacry ¢peksenuyje ca 2 MHz na 4,5 MHz.

KpuBe 3aBUCHOCTH MarHeTHe AyOoUHe Npogvparba of, Co/ballllkb er MarHeTHOT 110Jba
npuKasyjy ouekuBanud pact (Hop. Ha 0,7 MHz je perucrpoBaHo KoHCTaHTHO nosehame ca
42 pm npu HyZTOM MarHeTHoM noJey A0 57 pm npu 7,5 kA/m). Takohe, eBuieHTHO je 1
CMameme MarHeTHe AyOHHe NpoAMpara ca MopacToM pafHe ¢peKBeHIMje (HIp. MpH
4,5 MHz nodujeHe cy BpeHOCTH oA 22 UM NPHU HYJTOM MarHeTHOM NO/bY U 32 pum npu
7,5 kA/m). [lopehawe aMnauTyAe MUPKYJIAPHOT ac MarHeTHOT noJba hac pelynTyje U
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HewTo BehuM BpeJHOCTMMA MarHeTHe AyOWHe NMpoAMpama, HInp. 51 pym npu HysaTOM
MarHeTHOM non;yﬁ 59 ymnpwu 7,5 KA/m.

[Topehema 3aBUCHOCTHM MarHeTHe JyOWHe I@poAupama o0f (QpekBeHUHje U
MarHeTHOT noJba ko amopduux xuua gerypa Coes.1sFe43551125B15 n FerasNb3CuiSiizsBy
Cy mokaszasia fia ce Kof Jierype Ha dasu KOdaslTa JOCTHXKY 3a pel Be/IMYHHE HHXKe
BpeJHOCTH MarHeTHe JyO0MHe Hpojupatba M 3a peJ, BeJHUYMHE BHIlLe BpeJHOCTH
MH-onHOCa (HEKOJMKO CTOTMHA MpOLeHaTa Ko, Jierype Ha da3d KodaJiTa Hacmpam
HEKOJIMKO [leCeTHHA NPOLeHATa KO/ JIerype Ha da3u reoxha).

HakoH cnpoBejileHUX [leTa/bHUX aHa/lK3a pe3y/iTaTa UCTpakKMBaka CBa TPHU TUIA
dbepomarHeTHHX aMOpPHHUX }KH1A MOXKE Ce FreHepaJIM30BaTH 3aK/bydaK [ja Cy ONTHMa/THE
panHe dpekBeHLHje MU-enemeHaTa fJeduHKCcaHe noTpe6oM U3beraBama JOMUHAHTHOT
yTHLAja JIOHTUTYJMHAJIHE aHU30TPoMNHje, Tj. AMHaMKKe MarHehewa MarHeTHUX JI0MeHa
y YHYTpalllbOCTH aMOpPHHX IKHULA KOja 3HAYAjHO CMamyje OCeT/bHBOCT
MHMKpDOMarHeTHor cesHsopa. /lakse, noTpedHo je oCTBapuTH JOMHHAaHTaH YTHUIL@A]
LMpKyJlapHe MarHeTHe aHU30TPOIIHje, Tj. MEXaHU3aM poTallije BeKTopa MarHeTusaluje
y AoMeHuUMa pacnopehenum no oboay nuauHapa (kune). Taga cy BpeJHOCTH MarHeTHe
JyOMHe MpoAMpama OKO jefilHe JleCeTHHE MOJyNpeYHHKa KUIEe W HU3PaKEH je YTHLaj
croJballllkber MarHeTHOT MoJba Ha NoBehawe AyOMHe npojgupama (Tj. Ha cMameme
marHeroumnenatce). Hajeehe Bpeanoctu  ocemmuBocth  MH-enemenra ¢y
eBUAeHTUpaHe KoA amopdHux xuna nerype CossisFesassSiizsBis mpu pagHum
dpekBeHdjama 4-5 MHz, a pgocturHyre BpeaHoctu cy oko 0,4% / A/m. Jlakie,
CYLITHHCKe UHTepaKlHje ce o4urpasajy npy nospuivHy GepoMarHeTHUX U1, Kaja ce
U jgoctHKy Hajeehe BpeaHocTH ocebMBOCTH MHKpomarHeTHHX MMU-censopa
HEONMXOJHUX 3a [OCTHM3ame BUCOKHMX HHWBOA MHHMjaTypu3aldje KOMIOHEHTH Y
CaBpeMeHO0] CeH30PCKOj TEXHHULIH.

[lpoMeHe MarHeTHe NepMadMAHOCTH | Cy M[oj yTUuajeM u crosbaufber
JIOHTUTYAHHANHOT dc MarHeTHOT noJ/ba Hex M UpKy/IapHOT ac MarHeTHOT MoJba hae, Tako
Jla je uMnefaHca ¢pepoMarHeTHUX aMOpdHUX KUlja QYHKIUja TPH eKCnepuMeHTaIHa
napametrpa Z = Z (Hex f lec). ¥ AgucepTanuju cy npeseHTOBaHM YTHLAjU NpBa JBa
napameTpa, TaKo Ja jeJjaH 0f MpaBalla HOBUX UCTPa)KWBatha MOXKe HUTH U fleTa/bHUje
UCIIUTHBAKb€ YTHIEja LMPKYyJapHOT ac MarHeTHOr mnoJsba hac (1. ammautyge
Hau3MeHH4YHe cTpyje lcc Koja mpoTUYe Kpo3 y30paK >KHle) Ha CBOjcTBa
MarHeToMMInejaHcHor efneMeHTta. M npomupeme omncera pagHux ¢pekBeHIMja Moxe
JIOHETH MHTEpecaHTHe pe3y/TaTe HCTPaKHMBAH3, 3a LITA je NoTpedaH Npejyc/oB
MHXXehepHHT a/leKBaTHUX M I0y3JJaHMX KOHTaKaTa 3a eKCIepuMeHTe Koju 0u ce
CpoBOJMIY A0 dpekBeHIMja 0/ OKO HEKOJMKO CTOTHHA Meraxepua. CBakako je ja
3aBHCHOCT MarHeTHOT NoJ/ba aHusoTponyje Hk o Tpu excnepumentanna MU-napameTtpa
(Hex, f, Icc) MO3¢e dUTH JeTa/bHMje aHaJIM3MPaHa jep NpejAcTaB/ba TeMy Koja je peJlaTUBHO
MasZ0 M3yyaBaHa 4aK M OJ CcTpaHe BojAehMX MCTpaXMBauKHUX rpyna M TO HELITO
WHTEeH3MBHUje Y N0C/Ie[ibUX JeceTaK roHHa.

[lnanmpaHM HacTaBak MWCTpakMBaka MarHeTOMMIeJaHCHOT edeKTa Koj
bepom@ieTnux amopdHux MeTajqHMX Jerypa Su SHO ycMepeH M Ka MHKpOXHIAMa
nerypa cacraba Coss.15Fe4355i125B 15 1 Cor255i125B15 ca crakieHMM oMoTadeM M nopeleme
HOBHX pe3yJsiTaTa MCTPa)KMBakbha ca pe3ylTaTHMa NpeACTaB/beHUM Y 0BOj AOKTOPCKO]
auceprauuju. Kondurypaumja ase nuausgpruyutHe popme komnosura (MetasiHa amopdHa
Jlerypa - OOpPCWIMKATHO CTak/J10) Mocefyje crnequdUYHYy pacnojiely MarHeTHe
aHM30TpONMje y OJHOCY Ha aMopdHe MeTalHe XKulle de3 CTaKJIeHOr OMOTaya, LITO
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Y3POKYyje U3MetbeHy CTPYKTYPY MarHeTHHX JloMeHa Ha OB PIIMHN MHUKPOXKHULIA, a CAMHM
THM U U3MerweHa MH-cBojcTBa Ha 0BakaB HaYMH KOHLMIIMPaHUX MarHeTOMMIeJaH CHUX

efleMeHaTa, YdMe ce omoryhaBa joul jenaH peJi BelW4YHMHe y MHHHjaTypU3alujd
caBpeMeHe MarHeTHe CEH30PCKe TEXHHKE.

88




MaznemoumnedaucHu eghekam amopghHux Heuya ca MazHemHo MekuM caojcmauma | JeneHa Operns

JIUTEPATYPA

2

[!] L. F. Kiss, V. Franco, M. Csontos, L. Peter, C. F. Conde, A. Conde, T. Kemeny,
L. K. Varga and I. Bakonyi, “Analysis of the magnetoresistance contributions in a
nanocrystallized Cr-doped FINEMET alloy“, Journal of Magnetism and Magnetic
Materials, vol. 323, pp. 699-707, 2011.

[2] N. Mitrovi¢, “Magnetoresistance of the Fe72Cui1V3SiieBs amorphous alloys
annealed by direct current Joule heating”, Journal of Magnetism and Magnetic
Materials, vol. 262, pp. 302-307, 2003.

[3] P. Gazda and R. Szewczyk, “Influence of Joule-annealing on double-peak GMI
effectin Co-based amorphous ribbons”, Acta Physica Polonica, A, vol. 137, pp. 818-820,
2020.

[4] D. Garaia, V. Raposo, 0. Montero and |. I. Iniguez, “Influence of magnetostriction
constant on magnetoimpedance-frequency dependence”, Sensors and Actuators A,
vol. 129, pp. 227-230, 2006.

[5] H. Yoshinobu, “Development of amorphous wire type MI sensors for
automobile use”, Journal of Magnetism and Magnetic Materials, vol. 249, pp. 375-381,
2002.

[6] H. Yoshinobu, M. Yamamoto, N. Hamada and A. Shimode, “Magneto-sensitive
wire, magneto-impedance element and magneto-impedance sensor”, US8610427 B2,
PATENT, 2013.

[7] M. H. Phan and H. X. Peng, “Giant magnetoimpedance materials: fundamentals
and apﬁcations", Progress in Materials Science, vol. 53, pp. 323-420, 2008.

[8] T. Masumoto, [. Ohnaka, A. Inoue and M. Hagiwara, “Production of Pd-Cu-Si

amorphous wires by melt spinning method using rotating water”, Scripta Metallurgica,
vol. 15, pp. 293-296, 1981.

[9] J. D. Bernal, “A geometrical approach to the structure of liquids“, Nature,
vol. 183, pp. 141-147,1959.

[10] ]. L. Finney, “Random packings and the structure of simple liquids”,
Proceedings of the Royal Society London, Series A: Mathematical and Physical
Sciences, val. 319, pp. 479-493, 1970.

[11] X. Yue, A. Inoue, C-T. Liu and C. Fan, “The development of the structure model
in metallic glasses”, Materials Research, vol. 20, pp. 326-338, 2017.

89




MaznemoumnedancHu eghekam amopghHux Heuya ca MazHemHo MekuM caojemauma | lenexa Operbs

[12] A. L. Greer, ,Metallic glasses... on the threshold“, Materials Today, vol. 12, pp.
14- 22,2009.

[13] F. Faupel, W. Frank, M-P. Macht, H. Mehrer, V. Naundorf, K. Ratzke,
H. R. Schober, S. K. Sarma and H. Teichler, “Diffusion in metallic glasses and
supercooled melts”, Reviews of Modern Physics, vol. 75, pp. 237-280, 2003.

[14] E. D. Zanotto, “Do cathedral glasses flow?”, American Journal of Physics,
vol. 66, pp. 392-395, 1998.

[15] V. L. Motorin, ,Vitrification Kinetics of Pure Metals®, Physica Status Solidi A,
vol. 80, pp. 447-455, 1983.

[16] M. Kamal and U. S. Mohammad, ,,Chill-block melt spin technique” in A Review:

Chill-block Melt Spin Technique, Theories & Applications, Bentham Science Publishers,
e Books, pp. 42-69, 2012.

[17] F. R. Boer and D. G. Pettifor, Cohesion in Metals, Elsevier Science Publishers
B.V.,,1988.

[18] A. Inoue, "Stabilization of metallic supercooled liquid and bulk amorphous
alloys"', Acta Materalia, vol. 48, pp. 279-306, 2000.

[19] A. Takeuchi and A. Inoue, "Calculations of mixing enthalpy and mismatch
entropy for ternary amorphous alloys", Materials Transaction JIM, vol. 41, pp. 1372-
1378, 2000.

[20] A. Takeuchi and A. Inoue, ,Classification of bulk metallic glasses by atomic size
difference, heat of mixing and period of constituent elements and its application to
characterization of the main alloying element”, Materials Transactions JIM, vol. 46, pp.
2817-2829, 2005.

[21] C. A. Angell, ,Formation of glasses from liquids and biopolymers", Science, vol.
267, pp. 1924-1935, 1995.

[22] S. A. Kube, S. Sohn, R. Ojeda-Mota, T. Evers, W. Polsky, N. Liu, J. Schroers,
K. Ryan, S. Rinehart and Y. Sun, ,Compositional dependence of the fragility in metallic
glass forming liquids®, Nature Communications, vol. 13, 3708, 2022.

[23] N. Mitrovi¢, S. Roth and M. Stoica, ,Magnetic softening of bulk amorphous
FeCrMoGaPCB rods by current annealing technique“, Journal of Alloys and
Compounds, vol. 434-435, pp. 618-622, 2007.

[24] S. Corodeanu, C. Hlenschi, H. Chiriac, T-A. Ovéri and N. Lupu, “Comparative
study of the magnetic behavior of FINEMET thin magnetic wires: glass-coated, glass-
removed, and cold-drawn®, Materials, vol. 16, Article ID 1340, 2023.

[25] M. L. Sanchez, V. M. Prida, |. D. Santos, ]. Olivera, T. Sanchez, ]. Garcia, M. ]. Pérez
and B. Hernando, ,Magnetoimpedance in soft magnetic amorphous and

nanostructured wires”, Applied Physics A, vol. 104, pp. 433-445, 2011.

[26] O. Thiabgoh, ,Novel Magneto-LC Resonance Sensors for Industrial and
Bioengineering Applications*, Doctoral Dissertation, University of South Florida - USA,
2018.

90




MaznemoumnedancHu eghekam amopghHux Heuya ca MazHemHo MekuM caojemauma | lenexa Operbs

[27] H. Chiriac, M. Lostun and T-A. Ovari, ,Magnetization process and domain
structure in the near-surface region of conventional amorphous wires”, Journal of
Applied Physics, vol. 109, 07B504, 2011.

[28] K. Mohri and Y. Honkura, “Amorphous wire and CMOS IC based magneto-
impedance sensors-origin, topics, and future”, Sensor Letters, vol. 5, pp. 267-270,
2007.

[29] L. V. Panina, “Magnetoimpedance (MI) in amorphous wires; new materials and
applications”, Physica Status Solidi A: Applications and Materials Science, vol. 206, pp.
656-662,2009.

[30] T. Uchiyama, K. Mohri, Y. Honkura and L. V. Panina, “Recent advances of pico-
Tesla resolution magneto-impedance sensor based on amorphous wire CMOS IC MI
sensor”, IEEE Transactions on Magnetics, vol. 48, pp. 3833-3839, 2012.

[31] J. Salach, L. Hasse, R. Szewczyk, ]. Smulko, A. Bienkowski, P. Frydrych and
A. Kolano-Burian, “Low current transformer utilizing Co-based amorphous alloys”,
IEEE Transactions on Magnetics, vol. 48, pp. 1493-1496, 2012.

[32] B. Dufay, S. Saez, C. P. Dolabdjian, A. Yelon and D. Menard, “Characterization of
an optimized off-diagonal GMI-based magnetometer”, IEEE Sensors Journal, vol. 13,
pp- 379-388, 2013.

[33] L. Gonzalez-Legarreta, P. Corte-Leon, V. Zhukova, M. Ipatov, ]. M. Blanco,
J. Gonzalez and A. Zhukov, “Optimization of magnetic properties and GMI effect of thin
Co-rich microwires for GMI microsensors”, Sensors, vol. 20, Article ID 1558, 2020.

[34] M. Vazquez,]. M. Garcia-Beneytez, |. M. Garcia, . P. Sinnecker and A. P. Zhukov,
,Giant magneto-impedance in heterogeneous microwires”, Journal of Applied Physics,
vol. 88, pp. 6501-6505, 2000.

[35] M. H. Phan, S. C. Yu, C. G. Kim and M. Vazquez, “Origin of asymmetrical
magnetoimpedance in a Co-based amorphous microwire due to dc bias current”,
Applied Physics Letters, vol.83, pp. 2871-2873, 2003.

[36] C. Moron and A. Garcia, “Giant magneto-impedance in nanocrystalline glass-
covered microwires”, Journal of Magnetism and Magnetic Materials vol. 290-291,
pp.108581088, 2005.

[37] M. H. Phan, H. X. Peng, S. C. Yu and M. Vazquez, “Optimized giant
magnetoimpedance effect in amorphous and nanocrystalline materials”, Journal of
Applied Physics, vol.99, 08C505, 2006.

[38] H.B. Lee, K.]. Kim, T. K. Kim, C. 0. Kim and S. C. Yu, ,Magneto impedance effect
in the nanocrystalline Fe-Zr-Cu-B-Al alloy system®, Journal of Applied Physics,
vol. 87, pp. 5269-5291, 2000.

[39] M. H. Phan, H. X. Peng, M. R. Wisnom and N. H. Nghi, “Large enhancement of
GMI effect in polymer composites containing Co-based ferromagnetic microwires”,
Journal of Magnetism and Magnetic Materials, vol. 316. e253-e256, 2007.

[40] L. V. Panina and K. Mohri, “Magneto-impedance effect in amorphous wires”,
Applied Physics Letters, vol. 65, pp. 1189-1191, 1994.

91




MaznemoumnedaucHu eghekam amopghHux Heuya ca MazHemHo MekuM caojcmauma | JeneHa Operns

[41] R.S.Beach and A. EEBerkowitz, “Giant magnetic field dependent impedance of
amorphous FeCoSiB wire”, Applied Physics Letters, vol. 64, pp. 3652-3654, 1994.

[42] ]. Devkota, A. Ruiz, P. Mukherjee, H. Srikanth, M. H. Phan, A. Zhukov and
V. S. Larin, “Magneto-resistance, magneto-reactance, and magneto-impedance effects

in single and multi-wire systems”, Journal of Alloys and Compounds, vol. 549, pp. 295-
302, 2013.

[43] J. Liu, H. Shen, D. Xing and ]. Sun, “Optimization of GMI properties by AC Joule
annealing in melt extracted Co-rich amorphous wires for sensor applications”, Phys.
Status Solidi A, vol. 211, pp. 1577-1582, 2014.

[44] A. Dzhumazoda, L. V. Panina, M. G. Nematov, A. A. Ukhasov, N. A. Yudanov,
A. T. Morchenko and F. X. Qin, “Temperature-stable magnetoimpedance (MI) of
current-annealed Co-based amorphous microwires”, Journal of Magnetism and
Magnetic Materials, vol. 474, pp. 374-380, 2019.

[45] L. Kraus, “Theory of giant magneto-impedance in the planar conductor with
uniaxial magnetic anisotropy”, Journal of Magnetism and Magnetic Materials, vol. 195,
pp- 764-778, 1999.

[46] M. A. Willard and M. Daniil, “Nanocrystalline soft magnetic alloys two decades
of progress”, in Handbook of Magnetic Materials, vol. 21, Elsevier, 2013, pp. 173-342.

[47] N. A. Buznikov and A. S. Antonov, “A model for asymmetric
magnetoimpedance effect in multilayered bimagnetic films”, Journal of Magnetism and
Magnetic Materials, vol. 420, pp. 51-55, 2016.

[48] V. Zhukova, |. M. Blanco, M. Ipatov and A. Zhukov, “Effect of transverse
magnetic field on domain wall propagation in magnetically fistable glass-coated
amorphous microwires”, Journal of Applied Physics, vol. 106, p. 113914, 2009.

[49] J. Sun, ]. Liu, D. Xing and X. Xue, “Experimental study on the effect of
alternating-current amplitude on GMI output stability of Co-based amorphous wires”,
Physica Status Solidi, vol. 208, pp. 910-914, 2011.

[50] N. Mitrovi¢, S. Djuki¢ and S. Djuri¢, "Crystallization of the Fe-Cu-M-Si-B
(M = Nb, V) amorphous alloys by direct-current Joule heating”, IEEE Transaction on
Magnetics, MAG vol. 36, pp. 3858-3862, 2000.

[51] H. X. Peng, F. Qin and jgJ H. Phan, “Influence of measurement parameters on
giant magnetoimpedance”, in Ferromagnetic Microwire Composites from Sensor to
Microwave Application, 1t ed., Switzerland: Springer, 201(aop. 57-64.

[52] A. Mendoza, H. Montiel, G. Alvarez and B. Valera, ,Micromagnetic field sensor
of soft magnetic alloys based on the magnetoimpedance effect”, Proceedings of the 2nd
International Congress on Instrumentation and Applied Sciences, Puebla, Mexico, pp.
1-8, Octgher 2011.

[53] M. Knobel, M. L. Sanchez, C. Gomez-Polo, P. Marin, M. Vazquez and
A. Hernando, “Giant magnetoimpedance effect in nanostructured magnetic wires”,
Journal ﬁApplied Physics, vol. 79, pp. 1646-1654, 1996.

[54] B. Ilonosuh, Eaekmpomazrhemuka, ['paheBuHcKa Kwbura, beorpag 1980,
cTp. 265.

92




MaznemoumnedancHu eghekam amopghHux Heuya ca MazHemHo MekuM caojemauma | lenexa Operbs

[55] N. S. Mitrovi¢, S. N. Kane, P. V. Tyagi and S. Roth, “Effect of dc-Joule-heating
thermal processing on magnetoimpedance of Fe7zAlsGazP11CsB4 amorphous alloy”,
Journal of Magnetism and Magnetic Materials, vol. 320, pp.e792-e796, 2008.

[56] M. Knobel, M. Vazquez and L. Kraus, “Giant magnetoimpedance”, in Handbook
of Magnetic Materials, vol. 15, 15ted. K. H. ]. Buschow, Ed., Amsterdam, The Netherlands,
Elsevier, 2003, pp. 497-563.

[57] A. Zhukov, A. Talaat, M. Ipatov, A. Granovsky and V. Zhukova, “Estimation of
the frequency and magnetic field dependence of the skin depth in Co-rich magnetic
microwires from GMI experiments”, Journal of Science: Advanced Materials and
Devices,éol. 1, pp. 388-392, 2016.

[58] D. X. Chen and J. L. Munoz, “AC impedance and circular permeability of slab
and cylipder”, [EEE Transactions on Magnetics, vol. MAG-35, pp. 1906-1923, 1999.

[59] J. Liu, F. Qin, D. Chen, H. Shen, H. Wang, D. Xing, M. H. Phan and ]. Sun,
“Combined current-modulation annealing induced enhancement of giant
magnetoimpedance effect of Co-rich amorphous microwires”, Journal of Applied
Physics, vol. 115. pp. 17A326, 2014.

[60] S. Jiang, H. Wang, D. Estevez, Y. Huang, L. Zhang, H. Shen, Z. Ning, F. Qin and |.
Sun, “Surface microstructural design to improve mechanical and giant magneto-
impedance properties of melt-extracted CoFe-based amorphous wires”, Materials &
Design, vol. 204, 109642, 2021.

[61] K. Mohri, “Application of amorphous magnetic wires to computer
periphegals,” Materials Science and Engineering A, vol. 185, pp. 141-145, 1994.

[62] N. Mitrovic, S. Roth, J. Eckert and C. Mickel, “Microstructure evolution and soft
magnetic properties of Fe72-xNbxAlsGazP11CéBs (x = 0, 2) metallic glasses,” Journal of
Physics D: Applied Physics, vol. 35, pp. 2247-2253, 2002.

[63] B. Hernando, ]. Olivera, ]. D. Santos, M. L. Sanchez, P. Gorma, C. Garcia, |. M.
Blanco, A. Zhukov and ]. L. Sanchez Li, “High-frequency magnetoimpedance in
amorphous and nanostructured Fer3sSi135BsCuiNbs wires,” Journal of Magnetism and
Magnetiﬂ\'laterials, vol. 300, pp. 24-28, 2006.

[64] R. Surla, M. M. Vasi¢, N. Mitrovi¢, Lj. Radovi¢ and D. M. Mini¢, “Magnetic
properties of Fe72V4Cu1SiisBs alloy with a composite amorphous/nanocrystalline
structurgy’ Journal of Magnetism and Magnetic Materials, vol. 564, 170141, 2022.

[65] P. Gazda and R. Szewczyk, “Novel giant magnetoimpedance magnetic field
sensor,” Sensors, vol. 20, Article ID 691, 2020.

[66] A. Garcia-Arribas, E. Fernandez, A. Svalov, G. V. Kurlyandskaya and ]. M.
Barandiaran, “Thin-film magneto-impedance structures with very large sensitivity,”
Journal of Magnetism and Magnetic Materials, vol. 400, pp. 321-326, 2016.

[67] P. T. Squire, D. Atkinson, MR. |. Gibbs and S. ]. Atalay, ,Amorphous wires and
their applications®, Journal of Magnetism and Magnetic Materials, vol. 132, pp. 10-21,
1994.

[68] T-A. Ovari, N. Lupu and H. Chiriac, ,Rapidly solidified magnetic nanowires and
submicron wires®, in Advanced Magnetic Materials, Ed. L. Malkinski, pp. 1-32, InTech,
2012.

93




MaznemoumnedancHu eghekam amopghHux Heuya ca MazHemHo MekuM caojemauma | lenexa Operbs
[69] https://www.phys-iasi.ro/en/equipment-conventional-wires-preparation
npucTygL6. 02. 2024. rop
[70] H. X. Peng, F. Qin and M. H. Phan, “Fabrication of ferromagnetic wires”, in

Ferromagnetic Microwire Composites from Sensor to Microwave Application, 15 ed.,
Switzerland: Springer, pp. 9-20, 2016.

[71] H. Wang, F. X. Qin, H. X. Peng and |. F. Su, ,Melt extracted microwires®, in High
Performance Soft Magnetic Materials, pp. 53-90, ed. A. Zhukov, Springer Series in
Materials Science, Springer Cham, 2017.

[72] W. L. Bragg, "The diffraction of short electromagnetic waves by a crystal”,
Proceedings of the Cambridge Philosophical Society, vol. 17, pp. 43-57, 1912.

[73] B. D. Cullity, Elements of X-Ray Diffraction, Addison-Wesley, Menlo Park, 1978.

[74] TA Instruments SDT 2960 Simultaneous DTA-TGA Manuals, Datasheets, SDT
2960 TA Instruments (Simultaneous DTA-TGA) | ArtisanTG™ , npucryn 07. 02. 2024.

FOJIMHE.

[75] J. Goldstein, D. Newbury, D. Joy, C. Lyman and P. Echlin, Scanning Electron
Microscopy and X-ray Microanalysis, 374 ed., Springer, New York, 2007.

[76] B. Monosuh, Eaekmpomazrnemuka, ['paheBuHcka kmwwura, Beorpap 1980,
crp. 209-210

[77] https://store.data-harvest.co.uk/easysenseffres npuctyn 07. 02. 2024.
rofM1He.

[78] B. IlerpoBuh, /[I. Tomwuh, A. hophesuh, Mukpomasacia nacueHa Koaa,
Yuusepsuret y beorpaay, Enektporexuuuku ¢akynrer, 2010.

[79] Impedance Measurements Evaluating EMC Components with DC Bias
Superimposed, Agilent Technologies, Inc., 5989-9887EN, USA, 2009.

[80] K. H. J. Buschow and F. R. de Boer, Physics of Magnetism and Magnetic
Materials, Kluwer Academic/Plenum Publishers New York, 2003.; S. Chikazumi,
Physics of Ferromagnetism, New York : Wiley, 1964.

[81] L. Gonzalez-Legarreta, V. M. Prida, B. Hernando, A. Talaat, M. Ipatov, V.
Zhukova, |. Gonzalez and A. Zhukov, ,Tailoring of soft magnetic properties and high
frequency giant magnetoimpedance in amorphous ribbons*, in High Performance Soft
Magnetic Materials, pp. 33-52, ed. A. Zhukov, Springer Series in Materials Science,
Springer Cham, 2017.

[82] A. Chaturvedi, T. Dhakal, A-T. Le, M.H. Phan and H. Srikanth, “Correlation
between magnetic softness, sample surface and magneto-impedance in
CosaFe45X15Si10B15 (X = Ni, Al, Cr) amorphous ribbons”. Physica B vol. 405, pp. 2836~
2839, 2010.

[83] B. Nedeljkovi¢, ]J. Orelj, V. Pavlovi¢ and N. Mitrovi¢, "Morphological and
structural characterization of Co-rich ferromagnetic amorphous wires and glass-
covered microwires”, Conference »Advanced Ceramics and Application«, New

Frontiers in Multifunctional Material Science and Processing, ACA XI, September
18-20, 2023, Belgrade, Book of Abstracts pp. 88.

94




MaznemoumnedancHu eghekam amopghHux Heuya ca MazHemHo MekuM caojemauma | lenexa Operbs

[84] R. Singh, . Alonso, ]. Devkota and M-H. Phan, ,Soft ferromagnetic microwires
with excellent inductive heating properties for clinical hyperthermia applications”, in
High Performance Soft Magnetic Materials, pp. 151-168, ed. A. Zhukov, Springer Series
in Mateﬁls Science, Springer Cham, 2017.

[85] K. Mohri, M. Yamamoto and T. Uchiyama, “Application topics of amorphous
wire CMOS IC magneto-impedance micromagnetic sensors for [oT smart society”,
Journal gf Sensors, vol. 2019, p. 8285240, 2019.

[86] J. Liu, Z. Du, S. Jiang, H. Shen, Z. Li, D. Xing, W. Ma and J. Sun, “Tailoring giant
magnetoimpedance effect of Co-based microwires for optimum efficiency by self-
designed square-wave pulse current annealing”, Journal of Magnetism and Magnetic
Materials, vol. 385, pp. 145-150, 2015.

[87] P. Corte-Leon, V. Zhukova, M. Ipatov, |. M. Blanco, ]J. Gonzalez and A. Zhukov,
“Engineering of magnetic properties of Co-rich microwires by Joule heating”,
Intermetallics, vol. 105. pp. 92-98, 2019.

[88] O. Thiabgoh, T. Eggers, C. Albrecht, V. O. Jimenez, H. Shen, S. D. Jiang, |. F. Sun,
D. S. Lam, V. D. Lam and M. H. Phan, “Optimization of the high-frequency
magnetoimpedance response in melt-extracted Co-rich microwires through novel

multiple-step Joule heating”, Journal of Science: Advanced Materials and Devices,
vol. 6, ppe364-371, 2021.

[89] K. D. Sossmeier, F. Bohn, H. Chiriac and M. Carara, “Comparison between ac
and dc current annealing in CoFeSiB glass-covered amorphous microwires”, Journal of
Physics ﬁ Applied Physics, vol. 40, pp. 3233-3238, 2007.

[90] J. Orelj, N. Mitrovi¢ and V. Pavlovi¢, "Frequency behaviour of Co-based
amorphous wire Ml-element”, YUCOMAT 2021 Conference Materials Research Society
of SerbiggHerceg Novi, August 30 - September 3, 2021, Book of Abstracts, pp. 98.

[91] J. M. Orelj, N. S. Mitrovi¢ and V. B. Pavlovi¢, "MI-sensor element features and
estimation of penetration depth and magnetic permeability by magnetoresistance and

magnetoreactance of CoFeSiB amorphous wires”, IEEE Sensors Journal, vol. 23,
pp. 14017-14024, 2023.

[92] B.Hernando, V. Prida, M. L. Sanchez, P. Gorria, G. V. Kurlyandskaya, M. Tejedor,
and M. Vazquez, “Magnetoimpedance effect in Co-rich metallic glasses”, Journal of
Magnetism and Magnetic Materials, vol. 258-259, pp. 183-188, 2003.

[93] N. A. Usov, A. S. Antonov, A. N. Lagarkov and A. B. Granovsky, “GMI spectra of
amorphous wires with different types of magnetic anisotropy in the core and the shell
regions”, Journal of Magnetism and Magnetic Materials, vol. 203, pp. 108-110, 1999.

[94] V. Zhukova, A. Zhukov, K. L. Garcia, V. Kraposhin, A. Prokoshin, ]. Gonzalez and
M. Vazquez, “Magnetic properties and GMI of soft melt-extracted magneticamorphous
fibers”, Sensors and Actuators A: Physical, vol. 106, pp. 225-229, 2003.

[95] L. V. Panina, K. Maohri, T. Uchiyama, M. Noda and K. Bushida, “Giant magneto-
impedance in Co-rich amorphous wires and films”, IEEE Transactions on Magnetics,
vol. MAG-31, pp. 1249-1260, 1995.

95




MaznemoumnedancHu eghekam amopghHux Heuya ca MazHemHo MekuM caojemauma | lenexa Operbs

[96] I. Betancourt, R. Valenzuela and M. Vazquez, “Domain model for the
magnetoimpedance of metallic ferromagnetic wires”, Journal of Applied Physics,
vol. 93, pp. 8110-8112, 2003.

[97] L. Kraus, “GMI modeling and material optimization”, Sensors and Actuators A:
Physical, vol. 106, pp. 187-194, 2003.

[98] D. Menard, M. Britel, P. Ciureanu and A. Yelon, “Giant magnetoimpedance in a
cylindrical magnetic conductor”, Journal of Applied Physics, vol. 84, pp. 2805-2814,
1988.

[99] T. K. Das, A. Mitra, S. K. Mandal, R. K. Roy, P. Banerji and A. K. Panda,
“Parametric controls on giant magnetoimpedance (GMI) behaviour of CoFeSiBCr
amorphous wires for prospective sensor applications”, Sensors and Actuators A:
Physical, vobZZO, pp. 382-387, 2014.

[100] S. Tumanski, Handbook of Magnetic Measurements, 15t ed. Boca Raton, FL,
USA: CRC Press, 2011, pp. 207-213.

[101] S. Sun, S. Zhang, B. Zhang and W. Ding, “Magnetization and giant
magnetoimpedance effect of Co-rich microwires under different driven currents”,
Journal of Sensors, vol. 2016, p. 6465235, 2016.

[102] ]. Nabias, A. Asfour and |. P. Yonnet, “Temperature dependence of giant
magnetoimpedance in amorphous microwires for sensor application”, IEEE
Transactions on Magnetics, vol. 53, p. 4001005, 2017.

[103] H.K. Lachowicz, K. L. Garcia, M. Kuzminski, A. Zhukov and M. Vazquez, “Skin-
effect and circumferential permeability in micro-wires utilized in GMI-sensors”,
Sensors and Actuators A: Physical, vol. 119, pp. 384-389, 2005.

[104] R. Varga, A. Zhukov, |. M. Blanco, M. Ipatov, V. Zhukova, |. Gonzalez and P.
Vojtanik, “Fast magnetic domain wall in magnetic microwires”, Physical Review B, vol.
74, p. 212405, 2006.

[105] K. Mohri, F. B. Humphrey, L. V. Panina, Y. Honkura, |. Yamasaki, T. Uchiyama,
and M. Hirami, “Advances of amorphous wire magnetics over 27 years,” Physica Status
Solidi A, vol. 206, pp. 601-607, 2009.

[106] P. Corte-Leén, ]. M. Blanco, V. Zhukova, M. Ipatov, ]. Gonzalez,
M. Churyukanova, S. Taskaev and A. Zhukov, ,Engineering of magnetic softness and
domain wall dynamics of Fe-rich amorphous microwires by stress-induced magnetic
anisotropy", Scientific Reports, vol. 9, Article ID 12427, 2019.

[107] V. Zhukova, P. Corte-Leon, L. Gonzalez-Legarreta, A. Talaat, ]. M. Blanco,
M. Ipatov, ]. Olivera and A. Zhukov, “Review of domain wall dynamics engineering in
magnetic microwires”, Nanomaterials, vol.10, Article ID 2407, 2020.

[108] https://www.aichi-steel.co.jp/smart/mi/assets/images/products/type-
dj/MI-CB-1D].pdf nmpucyn 3. 03. 2024. roguxe

[109] P. Gawronski, V. Zhukova, A. Zhukov and ]. Gonzalez, ,Manipulation of
domain propagation dynamics with the magnetostatic interaction in a pair of Fe-rich
amorphous microwires”, Journal of Applied Physics, vol. 114, p. 043903, 2013.

96




MaznemoumnedaucHu eghekam amopghHux Heuya ca MazHemHo MekuM caojcmauma | JeneHa Operns

[110] S. Corodeanu, H. Chiriac and T. A. Ovéri, ,Accurate measurement of domain
wall velocity in amorphous microwires, submicron wires and nanowires”, Review of
Scientific Instruments, vol. 82, p. 094701, 2011.

[111] A. Zhukov, ]. M. Blanco, A. Chizhik, M. Ipatov, V. Rodionova and V. Zhukova,
»Manipulation of domain wall dynamics in amorphous microwires through domain
wall collision®, Journal of Applied Physics, vol. 114, p. 043910, 2013.

[112] P. Corte-Leodna, V. Zhukova, |. M. Blanco, A. Chizhik , M. Ipatov, ]. Gonzalez,
A. Fert, A. Alonso and A. Zhukova, ,Engineering of domain wall propagation in
magnetic microwires with graded magnetic anisotropy”, Applied Materials Today,
vol. 26, pé01263, 2022.

[113] M. Vazqueg, ,Giant magneto-impedance in soft magnetic wires”, Journal of
Magnetism and Magnetic Materials, vol. 226-230, pp. 693-699, 2001.

[114] M. H. Phan, H. X. Peng, S. C. Yu and M. Vazquez, “Optimized giant
magnetoimpedance effect in amorphous and nanocrystalline materials”, Journal of
Applied Physics, vol. 99, pp. 08C505: 1-4, 2006.

[115] T. Morikawa, Y. Nishibe, H. Yamadera, Y. Nonomura, M. Takeuchi, ]. Sakata
and Y. Taga, “Enhancement of giant magneto-impedance in layered film by insulator
separatioﬁ’, IEEE Transactions on Magnetics, vol. 32, pp. 4965-496, 1996.

[116] ]. Opess, H. Mutposuh, "OceT/bMBOCT MarHeTOMMIIE[AHCHOr eJleMeHTa
n)FeSiB amopdne xuue’, LXVI Kondepenuunja ETPAH, HoBu [lazap, 6 - 9. jyna 2022,
36opHuK panosa, pag HM.1.4, ctp. 1-5.

[117] T. Uchiyama, K. Mohri, L.V. Panina and K. Furuno, “Magneto-impedance in
sputtered amorphous films for micro magnetic sensor”, |[EEE Transactions on
Magnetics, vol. 31, pp. 3182-3184, 1995.

[118] K. Mohri, T. Uchiyama, L. V. Panina, M. Yamamoto and K. Bushida, “Recent
advances of amorphous wire CMOS IC magneto-impedance sensors: innovative high-
performance micromagnetic sensor chip”, Journal of Sensors, vol. 2015, Article ID
718069, 2015.

[119] K. Mohri, Y. Honkura, L. V. Panina and T. Uchiyama, “Super MI sensor: recent
advances of amorphous wire and CMOS IC magneto-impedance sensor”, Journal of
Nanoscience and Nanotechnology, vol. 12, pp. 7491-7495, 2012.

[120] Papocnar Cypna, Ymuyaj odzpesarsa Ha cmpykmypHe mpaHcdhopmayuje u
MazHemHa ceojcmea sezype FezzCuiViSiisBs, noxktopcka nuceprauuja, Paxyarer
TeXHUYKMX Hayka y Yauky, YuuBepsurera y Kparyjesuy, 2021.

[121] O.Thiabgoh, T.Eggers, V. 0.]imenez, S.D.]iang, J. F. Sun and M. H. Phan, “Real-
time monitoring of position and motion of a non-stationary object with a highly
sensitive magnetic impedance sensor”, Journal of Science: Advanced Materials and
Devices, \al 3, pp- 122-128,2018.

[122] ]. Liu, F. Qin, D. Chen, H. Shen, H. Wang, D. Xing, M. H. Phan and ]. Sun,
“Combined current-modulation annealing induced enhancement of giant
magnetoimpedance effect of Co-rich amorphous microwires,” Journal of Applied
Physics, vol. 115, Article ID 17A326, 2014.

97




MaznemoumnedancHu eghekam amopghHux Heuya ca MazHemHo MekuM caojemauma | lenexa Operbs

[123] S.S.Yoon, S. C. Yu, G. H. Ryu and C. G. Kim, “Effect of annealing on anisotropy

field in FessZr7BsCui amorphous ribbons evaluated by giant magnetoimpedance”,
Journal oapplied Physics, vol. 85, pp. 5432-5434, 1999.

[124] K. Csach, ]J. Miskuf, A. Jurikova and V. Ocelik, “Creep of FINEMET ribbons
during crgtallization", Czechoslovak Journal of Physics, vol. 54, pp. 97-100, 2004.

[125] A. Lovas, L. Huba and L. Novak, “Pulse heat treatment of FINEMET alloys
under tens'ﬂn”, Acta Physica Polonica A, vol. 126, pp. 100-101, 2014.

[126] ]. Oreljand N. Mitrovi¢, "High frequency magnetoimpedance characterization
of Fe-based amorphous wires”, Conference »Advanced Ceramics and Applicationg,
New Frontiers in Multifunctional Material Science and Processing, Belgrade, ACA VIII,
September 23-25, 2019, Book of Abstracts, pp. 70.

[127] N. Mitrovi¢, J. Orelj and A. Milovanovi¢, "Magnetoimpedance effect in
FINEMET microwires for sensors applications”, Conference »Advanced Ceramics and
Application«, New Frontiers in Multifunctional Material Science and Processing, ACA
V, September 21-23, 2016, Belgrade, Book of Abstracts, pp. 69-70.

[128] O. Thiabgoh, H. Shen, T. Eggers, A. Galati, S. Jiang J. S. Liu, Z. Lj
J. F. Sun, H. Srikanth and M. H. Phan, “Enhanced high-frequency magneto-impedance
response of melt-extracted CosozsFes255i13B135 microwires subject to Joule
annealing”, Journal of Science: Advanced Materials and Devices, vol. 1, pp. 69-74,
2016.

[129] V. Zhukova, P. Corte-Ledn, A. Talaat M. Ipatov, A. Garcia-Gomez,
A. Gonzalez, J. M. Blanco and A. Zhukov, ,Optimization of giant magnetoimpedance
effect of amorphous microwires by postprocessing”, Processes, vol. 12, Article ID 556,
2024.

[130] P. Corte-Leén, ]. M. Blanco, V. Zhukova, M. Ipatov, ]. Gonzalez,
M. Churyukanova, S. Taskaev and A. Zhukov, ,High frequency giant
magnetoimpedance effect of a stress-annealed Fe-rich glass-coated microwire®,
Journal of Alloys and Compounds, vol. 802, pp. 112-117, 2019.

[131] J. M. Barandiaran, L. Fernandez Barquin, ]. C. Gomez Sal, P. Gorria and
A. Hernando, “Resistivity changes of some amorphous alloys undergoing
nanocrystallization”, Solid State Communications, vol. 88, pp. 75-80, 1993.

[132] M. Cuneyt Haciismailoglu, K. Sarlar, A. Tekgul and 1. Kucuk, ,Thermally
evaporated FeMGaMnSi (M = Co, Ni) high entropy alloy thin films: magnetic and
magnetoresistance properties”, Journal of Non-Crystalline Solids, vol. 539, p. 120063,

2020.

[133] G. Herzer “Nanocrystalline soft magnetic alloys”, in Handbook of Magnetic
Materials, vol. 10, 1%t ed. K. H. ]. Buschow, Ed., Amsterdam, The Netherlands, Elsevier,
1997, pp. 415-462.

[134] M. Zhu, C. Zhang, T. Xu, L. Yao, Y. Liu, M. Cai and Z. Jian, ,Glass formation,
magnetic properties, and electrical resistivity of the multi-component FeNbBCuNiCo
amorphous alloys®, International Journal of Materials Research, vol. 112, pp. 137-142,
2021.

98




MaznemoumnedancHu eghekam amopghHux Heuya ca MazHemHo MekuM caojemauma | lenexa Operbs

[135] C. Hlenschi, S. Corodeanu, N. Lupu and H. Chiriac, ,Flexible force sensors
based on permeability change in ultra-soft amorphous wires®, IEEE Sensors Journal,
vol. 19, pp. 6644-6649, 2019.

[136] K. D. Sossmeier, G. L. Callegari, L. S. Dorneles and M. Carara, “Wide-range
frequency method to obtain the transverse permeability from impedance
measurements”, Journal of Magnetism and Magnetic Materials, vol. 320, pp. el-e3,
2008.

99




BUOT'PA®HJA

1

Jenena M. gpe.rb je pobena 27. debpyapa 1985. ronune y bocanckoj Kpynu, a
OCHOBHY IIKOJy W Cpe/ilby €JeKTPOTeXHUYKy IIKOJy je 3aBpmmusia y bpartyHuy.
Axapsemcke ctyguje Ha EnextporexHuukom dakynrety y bamoj Jlynm sasBpumimna je
2011. rop. Ha cTyaujckoM nporpamy EnekTponuka u TesekomyHukaumje (240 ECIIB) fia
npocevyHoM olleHoM 8,32 U cTeK/1a 3Bakbe JUILIOMHUPaHU HHXetbep eleKTpoTexHuKe. Ha
®PakynTeTy TexHWukux Hayka y ‘lauky, Ha cTyzmjckom mnporfiMy Mexarponuka,
ynucasa MacTep akajeMcke cTyguje mkoscke 2014/2015 rogune. CTyAuje je 3aBpLnia
2015. roa. ca npoceyHoM oneHoM 9,86 oabpaHUBIIA MacTep paj M0 HA3HUBOM
UCIIUTHBAKE EJIEKTPOMATHETHE KOYHHMLIEE TPUMJEHOM TEPMOBU3HUIE ca
oneHoM 10 v cTek/1a 3Balbe MacTep HHKeepP MeXaTPOHHUKe.

Op asrycra 2017. roguse je 3anocsieHa Ha PakynTeTy TEXHHYKHX Hayka y Yauky
YuuBepsuTera y KparyjeBly Ha pajHOM MeCTy aCHUCTEHT 3a YKy HaydyHy o6.JacT
Censzopuka. U3Boau HacTaBy Ha payyHCKMM H J1abopaTOpHjcKHM Bexkb6aMa Ha CBUM
npejiMeTHMa M3 ye HayyHe o6sacth CeH3opHka. AKTHBHO je ydecTBOBajaa y
dopmupamy M onpeMmamy Jlaboparopuje 3a censopuky Ha ®TH Yauak o mweHor
UCHHH:a 2018. roguHe go gaHac.

Kao cTygeHT J[OKTOPCKMX cTyAWMja Ha Moayiay CaBpeMeHM MaTepHjanu H
TeXHOJIOTHje y efleKTpoTexHUI Y, of 2018. roguHe je yk/byueHa y peajlusalujy mpojexkTa
YemepeHa cuHTE3a, CTPYKTypa M CBOjCTBa MYJITHQYHKIMOHAJHUX MaTepHjaia (eB. 6p.
172057) pecopror MunuctapcrBa Hayke. TpeHyTHO je aHraskoBaHa Kao UCTPpaKMUBa4 Ha
OCHOBY YroBopa o peanusainuju U dUHAHCHpPay HaydyHoWcTpaxkuBadkor paga HHO
®TH Yauak, npema KojeM CIpoBOJM MJIAHHpaHA IpPOjeKTHA WUCTpPaKHBama y 06/acTH
nNpuMeHe caBpeMeHUX MarHeTHUX MaTepHjalia y CeH30PCKOj TeXHULH.

Pap "Marnetoumnepanciu edexar CoFeSiB amopdne xune” us obsactu
JIOKTOpCKe AucepTaluje je mporjaileH 3a Hajbo/bu paj MAafor ayTopa Ha CeKLUju
HoBu marepujanu 64. Kondepennuje ETPAHa 2020. rogune.

Jlo caja je ny6nukoBasa 11 HayuyHUX pajoBa M3 00/1acTH MPpUMeHa CaBpeMeHUX
eJIeKTPOTEXHUYKHX MaTepujasna, of dera je 8 pagosa (**) pesysnrar HaydyHHX
UCTpa)KMBakba y CEH30PCKOj TEXHUIIM U3 TeMaTHUKe JOKTOpPCKe AucepTanyje.




BUBJINOTPA®UJA AYTOPA

a) MehyHapoaHu HayuyHH yaconucu ca SCI aucre

M21- Pagy epXyHcKom mehyHAPogHOM Hacouucy:

1. *¥J. M. Orelj, N. S. Mitrovic, V. B. Pavlovi¢, "MI-sensor Element Features and
Estimation of Penetration Depth and Magnetic Permeability by Magnetoresistance and
Magnetoreactance of CoFeSiB Amorphous Wires”, IEEE Sensors Journal, Vol. 23, pp.
14017-14024, 2023, ISSN:1558-1748, DOI1: 10.1109/]SEN.2023.3274598

M22- Pag y uctiakHyuiom mehyHapogHom 4dacoiucy:

1. B. Nedeljkovic, N. Mitrovic, J. Orelj, N. Obradovic, V. Paviovi¢, "Characterization of
FeCoV Alloy Processed by PIM/MIM Route”, Science of Sintering, Vol. 49, pp. 299-309,
2017, ISSN: 0350-820X.

8) MehyHapoaHU HAayYHH CKYNIOBH
M33- Caonuimerse ca mehyHapodHoz cKyna WimamnaHo y yeauHu:

1. ** R Surla, N. Mitrovic, J. Orelj, V. Joksimovi¢, "The Magnetoimpedance Effect and
Principles of Measuring”, 7th International Scientific Conference Technics and
Informatics in Education, Catak, Serbia, May 25-27, 2018, ISBN: 978-86-7776-226-1,
Proceedings, pp. 328-333.

M34- Caonutmersa ca MmehyHapodHUX cKynoseda uimamnaHiay u3eoady:

1. ** B. Nedeljkovic, J. Orelj, V. Paviovi¢, N. Mitrovié, "Morphological and structural
characterisation of Co-ricffj ferromagnetic amorphous wires and glass-covered
microwires”, The Eleventh Serbian Ceramic Society Conference »Advanced Ceramics
and Application«, New Frontiers in Multifunctional Material Science and Processing,
Belgrﬁe, September 18-20, 2023, ISBN: 978-86-905714-0-6, Book of Abstracts, pp. 88.

2. ¥* |. Orelj, N. Mitrovié, V. Pavlovi¢,” Frequency Behaviour of Co-based Amorphous
Wire MI-element’, YUCOMAT 2021 Conference Materials Research Society of Serbia
Herceg Novi, August 30 - September 3, 2021, ISBN: 978-86-919111-6-4, Book of
Abstracts, pp. 98.

3.%* J. Orelj, N. Mitrovic, "High Frequency Magnetoimpedance Characterization of Fe-
based Amorphous Wires”, The Eight Serbian Ceramic Society Conference »Advanced
Ceramics and Application«, New Frontiers in Multifunctional Material Science and




Processing, Belgrade, September 23-25, 2019, ISBN: 978-86-915627-7-9, Book of
Abstracts, pp. 70.

4. N. Mitrovi¢, J. Orelj, M. Bjeki¢, M. Bozic, M. Suéurovié, "Thermal Imaging of the
Electromagnetic Brake”, The 8t International Conference & Workshop, REMOO Energy-
2018, Venice, Italy, May 29-31, 2018, ISBN: 978-3-9818275-6-9, Book of Abstracts, pp.
T07-083.

5. J. Orelj, N. Mitrovi¢, "Analytical Method for Hysteresis Modelling of Magnetic
Materials Applying Labview Software Package”, The Sixth Serbian Ceramic Society
Conference »Advanced Ceramics and Application«, New Frontiers in Multifunctional
Material Science and Processing, Belgrade, September 18-20, 2017, ISBN: 978-86-
915627-5-5, Book of Abstracts, pp. 80

6.** N. Mitrovic, J. Orelj, A. Milovanovi¢, "Magnetoimpedance Effect in FINEMET
Microwires for Sensors Applications”, The Fifth Serbian Ceramic Society Conference
»Advanced Ceramics and Application«, New Frontiers in Multifunctional Material
Science and Processing, September 21-23, 2016, Belgrade, ISBN: 978-86-915627-4-8,
Book of Abstracts pp. 69-70.

B) HauMoHa1HH HayYHH CKYNIOBH
M63- Caonuimersa ca cKynda HayuoHA1HO2 3HAYAja WMAMNAaHda y YyeAuHu:

1. ¥* J. Opess, H. Mumposuh, "OceT/ouBoCT MarHeTonMieaHcHor ejeMenTa CoFeSiB
amopdHe xune”, LXVI Kondepennuja ETPAH, Hosu [lazap, 6 - 9. jyna 2022, ISBN 978-
86-7466-930-3, 360pHuk pagosa, pag HM.1.4, cTp. 1-5.

2. ** J. Opes, H Mumposuh, B. [lasnosuh, "MarneroumnepnancHu edexar CoFeSiB
amopdHe xuue”, LXIV Kondepenuuja ETPAH, Beorpan, Yauak, Hum, Hosu Cag, 28-29
centembpa 2020, ISBN: 978-86-7466-852-8, 360pHuk pagosa, ctp. 513-517.




O6paszay 1

H3JABA AYTOPA O OPHTHHA/IHOCTH /IOKTOPCKE JHCEPTALHJE

HU3jaB/byjeM Aa LOKTOpPCKa AUcepTaldja noj HacJ0BOM:

MATHETOUMIIEAAHCHH E®EKAT AMOP®HUX JKHIIA
CA MATHETHO MEKWM CBOJCTBHMA

npeAcTaB/ba OPUSUHAAHO QYMOPCKO 0eA0 HacTalo0 Kao PpesyiTaT ConcmeeHo2

ucmpascusaukoe pada.

Osom Uzjasom makohe nomephyjem:

e Jla caM jeQuHU aymop HaBeJleHe JOKTOPCKe JHcepTanHje,
e JIa y HaBe/IeHOj I0KTOPCKOj AMCePTaLUjU HUCAM U38pUIU0/Aa noépedy ayTopcKor
HUTH JIpYTOr NpaBa HHTeJeKTya/lHe CBOjMHe JpYTrHX JIHLa,

Y Yauky, 22. 04. 2024. roauHe,

Joo e

( / no*rnuc\ay%)pa




Oé6pazay 2

H3JABA AYTOPA O HCTOBETHOCTH LUTAMIIAHE H E/IEKTPOHCKE
BEP3HJE JOKTOPCKE JJHCEPTALIHJE

W3jaBmyjem ga cy IITaMnaHa M eJleKTPOHCKA Bep3HWja JAOKTOpPCKe JAWcepTanuje mnoj

HaCJIO0BOM:

MATHETOUMIEJAHCHH EPEKAT AMOP®HHX HHLIA
CA MATHETHO MEKHM CBOJCTBUMA

HCTOBETHE.

Y Yauky, 22. 04. 2024. roauHe,

Pl Cfms

(/ no*rnué ay’m‘ﬁa




Oépazay 3

H3JABA AYTOPA O HCKOPHIII'RABARY /JOKTOPCKE JHCEPTALIMJE

Ja, Jenena M. OpeJs,

A03B0JbaBaM
|:| He J03B0OJ/baBaM

YuuBepsureTckoj 6ubnvoreun y KparyjeBuy Jja HauMHM [Ba TpajHa YMHOKeHa
npHMepKa y eJIeKTPOHCK0j GopMHU JOKTOPCKe AUcepTalHje 110 HAC/I0BOM:

MATHETOUMIEJAHCHH EPEKAT AMOPOHUX XULIA
CA MATHETHO MEKHUM CBOJCTBUMA

Y TO y LieJIMHY, Kao U Jia 110 jelaH IpUMepakK TaKo YMHOXeHe JOKTOpPCKe JHcepTaliuje
YYMHM TpajHO [AOCTYIHHMM jaBHOCTM [yTeM JMTCUTAJHOT Peno3UTOpHjyMa
YuuBepsureta y KparyjeBny M LeHTpaJHOT Ppeno3UTOpPHjyMa HaAJEXKHOT
MMHHUCTAPCTBa, TaKo JAa MPUIAJHHLIM jaBHOCTH MOTY Ha4HHUTHU TpPajHe yMHOMeHe
IpUMepKe Yy eJIeKTPOHCKOj ¢$OpMHM HaBeJeHe [JOKTOPCKe JucCepTaluje NyTeM

npeysumarsa.

OsoM U3zjaBom Takobe

[103B0JbaBaM
D He 103B0J/baBaml

1 Ykonuko aytop H3abepe fa He J03BOJIH NPHNAJHULHMA jaBHOCTH Ja TaKO JOCTYIHY [JOKTOPCKY
[HCcepTalHjy KOpHCTe N0J YCI0BHMAa yTBpheHHM jengHoM of Creative Commons JHLEHLH, TO He

MCK/bY4Yje NpaBo NpunajHUKa jaBHOCTH Jla HaBeJleHY JOKTOPCKY JAUCepTaldjy KOpUCTe Y CKjiaajy ca
ojpefbaMa 3aKOHa 0 ayTOPCKOM H CPOJHHM NIpaBHMa.




npunajiHKMIMMa jaBHOCTH Ja TaKo [LOCTYMHY JOKTOPCKY JIKCEpPTalMjy KOpPHCTE NOA

ycioBuma yTBpherum jegnom o cnefehux Creative Commons JTMLEHIH:

1) AyTopcTBO

AyTOpPCTBO - 1€JINTH 110/{ HCTUM yCJIOBUMA

3) AytopcTBo - 6e3 npepaja

4) AyTopcTBO - HEKOMepIHjaJHO

5) AyTOpPCTBO - HEKOMEPLIHja/HO - IeJIATH N0/ HCTUM YCJIOBHMa

6) AyTopcTBO - HEKOMepL{HjaIHO - Ge3 npepaaa’

Y Yauky, 22. 04. 2024. roaune,

Bicns) i
/ noTn@naﬁa

2 MonMMo ayTope Koju cy nzabpau jja 403BoJe NPUNaJHHIMMa jJaBHOCTH Ja TAKO JOCTYNHY JJOKTOPCKY
JMcepTallHjy KopHCTe MoJj yeaoBHMa yTBpheHHM jegHoM of Creative Commons JHLEHLH Jla 3a0Kpyxe
jeiHy o4 rnoHyDeHHX JMUeHUM. JleTassaH cajpKaj HaBeJleHHX JIMIEHIHM JOCTYNaH je Ha:
http://creativecommons.org.rs/




MAITHETOVMNEAAHCHW EQEKAT AMOP®HUX XXNUA CA
MAIHETHO MEKKM CBOJCTB/MA

ORIGINALITY REPORT

1 8%

SIMILARITY INDEX

PRIMARY SOURCES

www.ftn.kg.ac.rs 3094 words — | O%

Internet

WwWWw.etran.rs 997 words — 7%

Internet

Jelena M. Orelj, Neboj8a S. Mitrovi¢, Vladimir 8. o0 o0 1 0%
Pavlovi¢. "MI-sensor Element Features and
Estimation of Penetration Depth and Magnetic Permeability by
Magnetoresistance and Magnetoreactance of CoFeSiB
Amorphous Wires", IEEE Sensors Journal, 2023

Crossref



