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HanuonansHblil uccaenoparenbcKull yuupepcurtetr "MUBT", Mocksa

AHAAU3 OEPPOMATHUTHBLIX MAEHOK C NMOMOLIUBIO CUCTEMDbI
MCCAEAOBAHUA MATHUTOONTUHECKOTO DO®MEKTA KEPPA

N CIEKTPAABHOTO SAAUTNTICOMETPA

Tlocmynuna 6 pedaxyuro 26.03.2018

IIpoeedennt uccaedosanua obpasua geppomacnumuoli naeniu FejoNiz,Co s monmunoli 30 Hy nocae ee ocasicoenus 1 08yx
DA3MASHUMUBAIOWUX HOAYHACOBHIX 8AKYYMHLIX Omdcuzoe npyu memnepamypax 400 u 600 °C. Xapaxmepucmuru nieHxi, 6 mom
yucae KOIPUUMUSHAS CUAQ U HOAE QHUSOMPONUL, 4 MAKNCE UX USMEHEHUS NOCAE GINICUZ08 ORPEOCanll ¢ ROMOWLI0 CUCIMEM b
uccaedosanus mazrumoonmuueckozo aggexma Keppa u cnexmpanshozo snauncomempa. Tlokazano, umo cuzHan cnexmpans-
nozo aanuncomempa I, peazupyem na cmpyimypy naenil Fe joNiz Co 14, UBMEHAIOWYIOCA NpU 8aKyyMHOM omdcuee. Ipuuesm uz-
menerue cuenana I, na onunax eonn A, pasuuix 450 u 650 num, npaxmuyecku @ 08a pasa onvie, yem HA OAUHAX GOAH A, PAGHBIX

550 u 750 um.

Krioueente caoea: geppomaznumnan naenra FepNiz Co 15, KOIPUUMUBHAS CUAA, NOE GHUZOMPORUL, CUCEMA UCCALO06AHA
maznumoonmuseckozo sgpgexma Keppa, cnexmpansubtii saauncomemp

Brenenne

Marunroontuyeckull sddext Keppa 3axniouyaercs
BO BpallgHMU TJIOCKOCTH MOASPU3aIMNA CBETa, OTpa-
XKEHHOTO OT HAMarHM4eHHOro dgeppomarseruka. B 3a-
BUCUMOCTH OT B3aMMHOIO DPACIIOJOXEHMsI BEKTOpa
HaMarHuueHHocTH M, TTOCKOCTH (heppOMArHHTHO-
ro 3epkaja (IOBEepXHOCTU (HEPPOMATHUTHON TUIEHKU)
M TUIOCKOCTH TMOJSIPU3ALMU CBETA MOXET OCYLIECT-
BJISITBCSI NOJISIPHOE, MEPHAUOHAIBHOE U 3KBATOPHATD-
HOe HaMmarHuuyuBaHue obOpaszua U, COOTBETCTBEHHO,
HabIIomATLCs MONSIPHbIN, MEPUANOHANBHBIN U DKBa-
TopuanbHbiit addexT Keppa (puc. 1) [1].

BKCnepUMeHT

B nacrosiueit pabore ucciaenoaiu obpasen dep-
pomaruutHO# 1ieHku FeqgNizyCo g Tomuunoit 30 Hm.
[neHka ocaxnpanach Ha NOAJOXKY, MPEACTABISIOLIYIO
co0Ol TIIACTMHY MOHOKPMCTANTMYCCKOTO KPEMHUS
KIIb-12(100) nuamerpoMm 150 MM cO CIOSIMU TepMU-
yeckoro okcuga (SiO,) TonwuHo#H 0,6 MKM U BbiCO-
KOTeMMepaTypHOro Hutpupa kpemHusa (SisN,) Toi-
wirHoi 0,13 MKM, Ha YCTAaHOBKE MarHeTPOHHOIO pac-
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neuieHus PHASE 11 J xomnauun AJA International
Inc. (CHIA) B nonmarunuusaioliem noae Hy = 40 B.

Db MCMONB30BAHBI CREAYIOLINE OMNePALMOHHbIC
rapaMeTphl NMPOLECcca OCAKACHU. TeMIepaTypa Mog-
Jaoxxku T, = 270 °C OCTAaTOYHOE AaBAEHUE Ta30B B
Kamepe p, = 1073 . Tla; mMouwIHOCTB, TOAaBacMasi Ha
MarHetpon W, = 160 Br; pabouee napieHue aproHa
p=0,5TIla.

O6paseu nnenku FegNiz Co ¢ nccnenosanu cpa-
3y Moce MOAYYeHUst U IToc/ie IBYX MOJIYYaCOBBIX pas-
MarHWYHBAIOIINX BAKYYMHBIX OTXKWTOB IIpU TeMIIe-
parypax 7} = 400 °C u 7, = 600 °C na cucreme st
JIOKATBHOTO UCCIICOBAHUS MarHUTOOTITHYECKOTO 3¢)-
dekta Keppa BH-PI7892-MI nponzBoncTBa KOMMa-
Hun NEOARC Corp. (Slnouus) v ¢ moMoLbio criex-
TpanbHoro snnuncoMerpa Auto SE kommanuu Horiba
Jobin Yvon (SImonms).

B oTcyTcTBHE BHEIIHETO MarHuTHoro nojs H pexk-
TOp CHOHTAHHOM HamarHuwuyeHHoctu M deppomar-
HUTHOW TJIEHKMW HATpaBjeH MO OCH JIErKOT0 Hamar-
HuyvBauust (OJIH), coBmamaromero ¢ HanpapieHUEM
nogmaruuyusaromero nona Hy. IlepnennuxkynspHo
OJIH B nnockoctu heppoMarHuTHON IMISHKU JIEXUT

521




MnocrocTs

fIoONARU3aLIKK
PUSALIAA  ght

K
|

The plane of
polarization of

s

I l Kk k
noaepxuoc‘rb? n?;e::::‘om A, M
.

n;;epxocr;
mnexEy ANSHKH
surface
. ¢M - M
a) b)

Puc. 1. Baaumuoe pacnoNoKeHue BeKTOPa HaMarauyensocty M, niockocts (eppoMarHATHOTO 3epKana (MoBepXaocTy (GepPpOMATHUTHOH mieH- k
Ku) M IUIOCKOCTH MONAPU3aLMN (NajeHns) CBeTa B cAydae noasproro (2), Mepusnonaisuore () u axsaropuansuoro (c) spdexron Keppa (k —
BEKTOp PACHPOCTPAHEHHA CBETOBOH Boynbl). CHcTeMa KOOPIMHAT BLIGHPaeTcs TAK, WTO OCh Z BCErja HANPABJIEHA BHEOJL BEKTOPA HAMArHHW-

gengHocTH oGpazua M

Fig. 1. The mutual arrangement of the magnetization vector M, the plane of the ferromagnetic mirror (the surface of the ferromagnetic film) and the
plane of polarization (incidence) of light in the case of polar (a), meridional (b) and equatorial (c) effects of Kerr (k — propagation vector of the
light wave). The coordinate system is selected so that Z axis is always directed along the magneftization vector of sample M .

ock TpyaHoro HamarHudusanus (OTH). Ilpu npuno-
JKeHUU BHellHero marHuTHoro nous H BexTop Hamar-
Hy4eHHocTH M noBopaynBaeTcs, NpubANKasiCh K Ha-
MPABJICHUIO TOJSI C BO3PACTAHUEM €T0 3HAYEHUS, T. €.
cyecTByeT 3aBucumocts M = f(H) [2].

Jlns ucereyeMbIX 00pa3lioB B BUAE TOHKUX dep-
POMAarHHUTHBIX [JICHOK XapaKTepeH MEePUAUOHAIBHBIN
a¢pdekt Keppa, cocTosiiiyii B MOBOPOTE MJIOCKOCTH
nossipu3auny Ha yroi Keppa, o6o3Hayaemblil Kak 6,
(manee Theta & xa rpacdukax puc. 3, cM. BTOpYIO CTO-
DOHY OBJIOXKH), U TOSBIEHUH 3JUIMIITHYHOCTU OTpa-
JKEHHOTO CBETa NPW HAMArHW4YMBAHUM TUIEHKMU.

Prc. 2. Cxema CHCTEMBI I JOKAJIGHOIO HCCASAOBAHNS MATHWTOOMN-
Trdeckoro addiexta Keppa BH-P17892-M1: / — nasep; 2 — cobu-
paolast auu3a; 3 — noaspusarop; 4 — MOAYAATOP; 5 — NOLYBOJ-
HOBas 1JIACTMHKA; 6 — DAeKTpoMarHuT, 7 — obpasey deppomar-
HUTHOHI TuieHKM; & — ananusarop; 9 — doroserckrop; 10 —
CHHXPOHHDLINK metekrop; I/ — Kowmilblotep; /2 — Of0K NMUTaHus
2NEKTPOMarHuTa

Fig. 2. Circuit of BH-PI7892- M1 system for a local study of the magneto-
optical effect of Kerr: 1 — laser; 2 — converging lens; 3 — polarizer;
4 — modulator; 5 — half—wave plate; 6 — electromagnet; 7 —
ferromagnetic film sample; 8 — analyzer; 9 — photodetector; 10 —
synchronous defector; 11 — computer; 12 — power supply unit for the
electromagnet
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KospuurusHyio cuny H, 1 none anusorponuu H,
nosyyeHHoro o6pasla (eppoMarHUTHON MJEHKU U3- .
MEDSUIY B CUCTEME JJi JIOKAlbHOTO WUCCIEAOBAHUS
marnuroonTuyeckoro addexra Keppa BH-P17892-M1
npoussoactsa kommanuu NEOARC Corp. (SInonuns).
cxXema M3MEepeHus KOTOpO#H npencrasieHa Ha puc. 2.

MonoxpoMaTU4ecKuii My4yoK CBeTa, U3IYYaeMBI
gasepoM I ¢ anuHOM BoAHEL A = 408 HM, dopmupye
MBIIf ONTUYECKHMU DJEMEHTaMu 2, 4 v 5, mpoxon
yepes Iojagpusarop 3, npuodperaer NUHEHHYIO Io
nsipusauuio. JIMHEHHO MOJISIPU30BAHHbIA MYUOK CBE
IVaMeTpoM OKOJIO 3 MKM HalpaBlisieTcss Ha o0pase
heppoMarHMTHOW NIAEHKU 7 TIPAKTUYECKU MEpIIEH
JHKYISIPHO €€ MOBEPXHOCTU (Yroa MageHus MyYK
cBETA B, OTCUMUTHIBAEMBII OT HOPMAJK K MOBEPXHOCT:
wieHky, 6am3ok ¥ 0°, 1. e. B =~ 0°).

IMoce oTpakeHUsT OT MOBCPXHOCTU (PEPPOMATHUT
HOI TIIEHKHM 7, HaxoAsinieHcst BO BHELIHEM MarH
HoM 1ione (5 — N), co3gaBaeMoM 31EKTPOMarHuToM
¢ GnoKOM TIHTaHus 12, moasipus3allysl CBeTa CTaHG
BUTCS SIUIAIITUYECKO. 3aTeM MyyoK CBETa IMaJacT k-
aHanM3aTop &, B KaueCTBe KOTOPOTO HCIIONb3YeTc =
npusma Bomnnacrona (Wollaston), pasaensowiasn ¢
Ha [IBa y4Ka OPTOrOHANLHON MoNspu3aliuu. BeIir
IIMe U3 NPU3MBbL JBa NYUKa NoafgaT Ha POTONMO:
doromerekrTopa 9 ¢ mpusmoil 'mana — Towmrcos
(Glan — Thompson prism), rie ONTHUYCCKUE CUTHAT
NpeBpalialoTcsl B 3JeKTPUUESCKHUE CUTHAbI, Pa3HO
KOTODBIX MOLYJIMPYETCst W AETeKTUPYeTCs CHHXPO
HbIM geTextopom 10 u nocrynaet s 00paboTKy
KoMmneloTep /1, yrnpaBasioluil Takke paboTol BC
cucremsl [3].

Ilpu srom cormacHo pabote [4] yrom norop
Keppa 0, (Theta k£ sa rpadukax puc. 3, cM. BTOp
CTOPOHY OOGJIOXKH) IPOMOPIIMOHANCH HAMATHUYE
Hoctyt M (heppOMarHUTHOM MNIEHKK, MO3TOMY K
Bbie HaMardMyuBaHWsL M NETAM MepeMarHUYUBak




(deppoMarHuTHBIX TIeHOK B cucreme BH-PI7892-MI
roiyvaroTcs He kak 3aBucumoctu M = f(H), a kak
zapucumoctu Theta k= f{H) (puc. 3, cMm. BTOpYIO CTO-
poHy obnoxxku). Ilpy noaydyeHUy KPHUBLIX HAMArHU-
YHBAaHMA Y MY TepeMarHiuuBaHusg GeppoMarHuT-
HbIX TIEHOK cuctema BH-PI7892-MI oGecneunBaer
TOYHOCTh BpPaILeHusT 06pasLioB [0 YIITY o. B rOPU30H-
TaIbHOW TJIOCKOCTU HAa ypOBHE 1°,

IonyueHHple HA OCAXASHHBIX H OTOXAKEHHBIX 06-
pasuax reHok FeqgNiz,Co, ¢ 3 rpadukos Ha puc. 3
{cM. BTOPYIO CTOpOHY OGJIOXKH) 3HAUEHHUS] KOIPLH-
TuBHO#M cunel H, 1 nons anusorponuu H,, npuseneHsl
B Tabn. 1.

Te xe 06pa3iibl OCaKISHHBIX 1 OTOXKEHHBIX [TJIe~
Hok FejoNi;yCoyg uccaefoBanu Ha CHeKTPaIbHOM
sanuncomerpe Auto SE, nmermouiem nuanasod JIHMH
BoNiH A = 440...850 HM, OUKCHPOBAHHLIA YTOJ Majc-
nus B = 70° c ucnoap3oBaHueM pasmepa o61acTu U3~
mepeHus 500 X 500 mxm [5]. Onruyeckas cxema -
JIMTICOMETpA NOKa3aHa Ha puc. 4 (CM. BTOPYIO CTOPOHY
OBJI0XKKH).

B mputope Auto SE MCTOUHUKOM H3NyYeHUs SIB-
JIsieTesl TajioTeHHast JaMIa MOLIHOCTRIO 5 BT 1 roay-
boti ceeToaMO. ABTOMATUUECKUH 3aTBOP MCIOIB3YeT~
CA 1L BRISIBNeHUS W NojasneHus myma. [Tneyo uany-
qaTesst COCTOUT M3 UCTOUHMKA CBETA, IOJSIPU3ATOpA U
MOOYJIATOPA HA XKHMIAKWX KPUCTAUIaX, OObEIUHEHHBIX
B OITUYCCKUU BACK.

Ha nccienyempiit o0pazell ruieHKH NagaeT JuHed-
HO (IJIOCKO) HOJSIPU30BaHHAas BOJIHA CBeTa, KOTOpas
TIOCJIC OTPAXEHMs] CTAHOBUTCH B OOlueM ciydae M-
JIANTUYECKH TTONIpu3oBaHHoit, [locme orpaxeHus ot
obpasna JIy4 MAET Yepe3 KUAKOKPUCTAUTHYECKM I MO-
IYJISITOP W NOAIpu3aTop. B 3aBepuIeHMH BbIXOASUINM
CBET aHATM3MPYETCst HA cnexkTpomertpe. Mamepenue
BoimonHsercs Ha [13C-aerekrope (IeTekTope Ha oc-
HOBE npubopa ¢ 3apsnoBOi CBSI3BIO) B TMANA30OHE JIUH
BonH 440...850 HM.

B ocHoBe SITUNACOMETPUYECKUX I/ICCJTC,B,OBB.HMI‘/)[ Jig-
JKHUT OfpeaejieHe OTHOUIEHUSE KOMIUIEKCHBIX KO-
DULVEHTOB OTPaXXeHUS Rp/ R, 11 IBYX TUIOB OIS~
pU3alyy CBETOBOUM BOJIHbLI: B MIOCKOCTH IAICcHUS (p)
U TIEpIEeHAMKY/ISIPHO K Hel (5). BTo OTHOIlLCHIE TIpU-
HSTO BBIPAXKaTk UEPE3 SJUTUIICOMETPHUYECKUE [apa-
MeTpPbl ¥ U A, KOTODPbIE XapaKTepPH3YIOT OTHOCUTE/b-
HOE U3MEHEHME aMIUIUTYL As p- U S-[IONIPpU3anit U
coBuT (Pas Mexay Humu [6]:

tgWexp(iA) = Rp/ R,. H

HeiticTButensHO GU3MYCCKNIA CMBICT SNIUTICOMET-
PHUYECKHUX NApaMeTpoB, HHOTIA Ha3bIBAEMbIX [1OSIPH-
3AUMOHHBIMU TTApaMETPaMU, IPOCTOl: (g% roKasbiBa-
€T OTHOLIEHUE aMIUINTYA KO3(hDOUIHEHTOB OTpaxe-
HUS st p- W §-BOJNH, a IapaMeTp A paBeH pasHOCTH
MexAy (asoBbIMU CKAYKaMM DTWX BOJH Npu OTpa-
KEHUH.

KomrurekcHbie KO3(DOUIUEHTH OTPaKeHUs 3aBU-
CAT OT ONTUYECKUX CBOXCTR UCCheayemoit heppomar-
HUTHON IJIEHKH, a TakXe OT yINa MafeHust CBeta B U
ero JJIMHbL BOJHEL L. ECiIY YUCIO MapaMeTpoB, Moj-
NeXalux onpeAeneHuio, O0onblile ABYX, TO MOXKHO
MPOBECTU U3MEPEHMS] [PU CKAHUPOBAHHU W ANTMHbBI BOJI-
HbI CBETA MO CIIEKTPY (CNEeKTPabHAS 3JUTUITICOMETPHS )
U, TEM CaMbIM, YBEIUYUTE YUCIIO ypaBHEHUM.

DANUIICOMETPUUECKUE SKCTICPUMEHT ITPeIToNara-
€T [I0CJIEN0BATE/IBHOE BBLIMOJHECHUE CJSMYIOLMX Lia~
ros [6]: -

— IIPOBEAEHUE HEOOXOAMMOro YMCla W3MEpPEeHWH
(onpenesneHue jepoit yacty ypasHeHH# Buaa (1));

— BBIOOP aneKBATHOW ONTUYECKON MOIEINH, OINMH-
ChIBAIOLIEH OTpaXaioLIUe CBOMCTRA UCCASAYEMOTO 06-
pasua (MoaenupoBaHue MpaBoit yacTu ypaBHerus (1));

— YUCJIEHHOE PEUIEHUE CUCTEMbBI YPABHEHM U Of1-
PEAC/IEHUE UCKOMbIX NApaMETPOB MOJEH;

— UHTEepOpETALHS OJAYYEHHBIX YHCIOBbIX PE3YJih-
TATOB HA 513bIKe (PU3UYCCKUX XapaKTEepUCTHK UCCIIeNy-
€MOro 0OBEeKTA.

CrekTpanbHbiit snnuncoMmerp Auto SE He usme-
PSIET HaNPAMYIO SJITUIICOMETPUMECKHE MapaMeTpel ¥
W A, OHY OTIPEACNSIOTCS B PE3YIBTATE AHATKU3a CIIEeK-
Tpa, MBMEPEHHOTO HAa IETCKTOPE, IIPU PA3IUYHbIX [10-
JIOXEHUAX XKUAKMX KPHUCTAIOB. 3aTO 3JUTHIICOMETD
OMpENENseT CBA3aHHbIE C HUMM XapaKTEPUCTUKH I
ul, [5]:

[, = sin2¥ * sinA; (2)
I, = sin2¥ - cosA. 3)
Tabnvua 1

Table 1

PesynwraTh! n3mepennii MArHATHLIX NapaMeTpor o06pa3ua MIEHKH
FegNiz,Coyq ¢ MOMOMBID CHCTEMBE IS IOKANBHOTO HCCASTOBAHMUS
marsuToonTuieckoro sgexra Keppa BH-PI7892-MI
ed =408 um npu § = 0°
Results of measurements of the magnetic parameters of the sample
of FegNizCo g film by means of BH-PI7892-MI system
Jor the local research of the magneto-optical Kerr effect
with A = 408 nm at p = 0°

Yron opuenTauun obpasua
rteHkn FegNizyCoyg
B TOPU3OHTANBHOMN ILIOCKOCTH | B rOpH30HTANBION TIIOCKOCTH
o = 35° (f10 HaTIpaBNEHUIO o = 125° (no HanpaBieHHIO
OCH JIErKOro HaMarHW4HBaHus | OCH TPYAHOIO HaMarHHuYMBaHMs
(OJ1H)) (OTH))
Angle of orientation of the sample Angle of orientation
of Fe ;gNiz4Co 6 film in the of Fe gNi Co s in the
horizontal plane o. = 35 horizontal plane o = 125°
(in the direction of the axis (in the direction of the axis
of easy magnetization (AEM)) of hard magnetization (AHM))

Yron opueHTanuu 06pasua
nineHkn Fe gNigyCog

Hone anuzorponun H,, B
Field of anisotropy H,,, Oe

Kospuwrnsnas cuna H,, 3
Coercive force H,, Oe

2,9 25,9
5,7 17,3
4,6 6,4
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Tabauua &
Tuble ;

Pesymprars! n3vMepennii MATHATHBIX NapaMeTpos ofpasua mieuxy FegNiy Co g ¢ HOMOBIO cCReRTpabHOIO 2UMECcOMeTpa Auto SE
mpu B=70"

Results of measurements of the magnetic parameters of the sample of Fe ;nNiz4Co 4 film by means of Auto SE spectral ellipsometer at p = 70 °

Yromx opuenTalu 06pasid mAeHKH
Fe gNiyyCog B ropusoHTansHol
MJI0CKOCTH ¢ = 35° (110 HampaBIeHuio
ocu sierkoro Hamaruuuupamus (OJIH))
Angle of orientation of the sample
of Fe ;yNizyCo i film in the horizontal
plane o. = 35 (in the direction of the uxis | plane o = 125 (in the direction of the axis

of easy magnetization (AEM))

Yron opueHTaunu o6pasia rUIeHKK
Fe|(Niy,Co 4 B ropusonTansroit
riockocT o = 125° (1o HanmpaBieHMIo
oc TpynHoro HamarHuyusanus (OTH):
Angle of orientation of the sample
of FeypNiz Co s film in the horizontal

of hard magnetization (AHM))

JlnuHa BOJHBL A, HM 450 550 650 750 450 550 650 750
Wavelength 3., nm

Curnan no orxura / 0,882 0,705 0,616 0,562 0,880 0,702 0,614 0,559
Signal before annealing 1;
Curnan nocne nepsoro orxura npu Ip T, =400 °C{ 0816 0,672 0,555 0,525 0,821 0,676 0,564 0,531 ': 
Signal after the first annealing at [ 5 T; = 400 °C .
CurHan rocie BTOporo omxura npu Iz 7, = 600 °C} 0,781 0,658 0,527 0,504 0,782 0,657 0,524 0,506
Signal after the second annealing at 1.3 T, = 600 °C .
PasHocTb curHanos |/ — I 0,101 0,048 0,089 0,057 0,099 0,045 0,091 0,053
Difference of signals {13 — I ;| -
Pasuocts curanos |1z — I 0,066 0,033 0,061 0,037 0,060 0,026 0,050 0,029
Difference of signals |I 3 — I;| -

IIpu 5TOM 3HaYEeHUS XapaKTepUCTUKK [ cocTaBsi-
IOT NICPBUYHEIM HAOOp DAaHHEBIX, OTIPEIESNSIONISH ma-
pameTpsl o6pasua reHky Fe gNij,Coyg, n apasiorcs
KJIIOUEBBIMH 3JIEMEHTAMHU CHEKTpa, HCMONB3YEeMOro
M1t MOJIEAMPOBAHUS.

Ob6paseu mieHku FeygNigsCoq Ha cTOMMKE COEK-
TpasibHOro ayiuncomerpa Auto SE Bpawanu B ropu-
30HTAJIBHOY IUIOCKOCTH BPYYHYIO, TG 3TOHU NMpUUKHE
TOYHOCTb BBICTABAEHMSA yria o cocTaBisuia =5°. Jdan-
HBIE Ha OCAXICHHBIX U OTOXKEHHBIX 06pazuax rue-
Hok FeoNi;4Co;¢ cHumanu npu yriax o = 35° u
o = 125° Ha yeThipex winHax BoAH A: 450, 550, 650 u
750 uM. Jlist kaxxnoro obpasua, yrita U IIVHBI BOJTHEI
3HAYEHUS XapaKTePUCTUKU [ CHUMANH 1o 3 pasa, uTo-
OBl yyecTb BO3MOXHbIE (DIyKTyallyy, BbI3BAHHBIE all-
nmapaTHbIMK OlUUOKaMM, a 3aTeM YCPEIHSIIM W 3aHO-
cuu B Tabi. 2.

XOTd crefyeT OTMETUTS, YTO Haubonbluive Bapua-
UMM XapaKTepUCTUKU [, HEOTOXIKEHHOTo o0pasua
rweHku Fe yNiy,Coy ¢ HaOmonamm npu yraax a = 90°
ua =270

Jagmouenue

Ha oCcHOBaHWW NPOBENECHHBIX 3KCNEPUMEHTOB
MOJKHO CHENATh CJICOYIOLINC BBIBOIBI:

1. O6paseu, mienku Fe yNi;4;Co¢ He pasmaruu-
TWJICSI TOCJIE [EPBOr0 BAKYYMHOIO OTXMUra [py Tem-
neparype 7; = 400 °C B Teuenue 30 MMH, TaK Kak IeT-
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JIY NIepeMarHUYMBaHUS OTHOCUTENLHO OCU JICTKOTO He |
marunuusanus (OJIH) non yrnom o = 35° (cM. puc.
NO3ULMU 4 W b) NpakTU4eCKU HE U3MEHMIIUCH. D
CBUIETENLCTBYET O TOM, 4TO To4ka Kiopu mid mcen:
JIyeMOit TuieHKy Jexut Boitne 400 °C.

2. Tlocne BTOpoOTo BaKyYMHOTO OTKHTA MPU TEMIE
patype 75 = 600 °C B Teuenne 30 mun obpaser, nie:
ku FegNiyyCo g pasmMarHuTuiCs, 4TO ONPENEISIET
MO MCYE3HOBEHHWIO OCHM TPYOHOr0 HaMarHWYMBaH

BTOPYIO CTOPOHY 00JI0XKHU). B mpouecce ocThiBaH:
obpas3ia nose 3emM/iu HaBeJIO aHU30TPOIUIO MO, YITIG
a ~ 70°, 4TO ObLIO 3aPUKCUPOBAHO 3KCIIEPUMEHTA
Ho. [sis1 TOro 4yTobnl Moie aHU30TPONUU HE HABO
JIOCh, IIACTUHY HYXHO BpPaLlaTh B IIPOLIECCE OCT:
BaHMSI.

3. CurHan CnCKTPanNbHOTO 3MUtAncoMerpa [ pe
rupyeT Ha CTpyKTypy nueHku FeoNizyCoqg, n3Mer
OIIYIOCS B Tpoliecce BaKyyMHOTO oTxura. [lpu
H3MeHeHue curHana [, Ha JmuHax BOJIH L = 450 ny
% = 650 HM MpakTUYecKU B ABa pasza Gonpile, 4yeMm & .
nauHax BosiH A = 550 UM ¥ A = 750 uM (cM. Tabm.

4. Tlpobnema TapupOBKM CHTHAIA CMEKTPATbH
sJuIdricomeTpa /; Ansl U3MEepeHUs 3HAYEHUH KO3p
TuBHOM cuibl H, n nona anusorpornuun H, deppomz
HUTHBIX TDICHOK HY)XIACTCH B AOTONHWUTCALHBIX
CeIOBaHMUSIX.
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A sample of Fe jyNi-,Co,¢ ferromagnetic film of 30 nm thickness was investigated after its deposition and two demagnetizing half-
hour vacuum annealings af the temperatures of 400 °C and 600 °C. The magnetic parameters of the film, namely, the coercive force
and the anisotropy field, as well as their changes after the annealings, were determined using a system for studying of the magneto-
optical effect of the Kerr and a spectral elli psometer. A sample of the Fe ;yNi-4,Co 4 film was not demagnetized after the first vacuum
annealing at the temperature of T; = 400 °C during 30 minutes, since the magnetic loop relative fo the axis of easy magnetization
(AEM) at angle o = 35° did not change. This means that the Curie point for the studied film lies above 400 °C. It is shown that
the signal of the spectral ellipsometer reacts to the change of the magnetic parameters of the Fe;yNi;4Co 4 film changing during a
vacuum annealing. Moreover, the response range at the wavelengths of A = 450 nm and A = 650 nm is almost twice as large, than
at the wavelengths of A = 550 nim and A = 750 nm. The problem of calibration of the signal of the spectral elli psometer I for meas-
uring of the values of the coercive force H, and the anisotropy field H, of the ferromagnetic films needs additional research.
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Introduction

The magneto-optical effect of Kerr consists in rota-
tion of the plane of polarization of the light reflected
from a magnetized ferromagnetic. Depending on the
relative positioning of the vector of magnetization of M,
the plane of a ferromagnetic mirror {the surface of the
ferromagnetic film) and the plane of polarization of
light, a polar, meridional and equatorial magnetization
of the sample can be carried out, and, accordingly, the
polar, meridional and equatorial effects of Kerr can be
observed (fig. 1) [1].

Experiment

We investigated a sample of a ferromagnetic film
of Fe oNiy;Coq with thickness of 30 nm. The film
was deposited on a substrate, which was a wafer of
KDB-12 (100) monocrystal silicon with diameter of
150 mm with layers of thermal oxide (SiO,) of 0.6 pm
thickness and high-temperature silicon nitride (SizNy)
with thickness of 0.13 um. Process deposition of a
film was implemented on magnetron sputtering tool
PHASE I1J, AJA International Inc. (USA) under mag-
netic bias field near substrate of Hy = 40 Oe.
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The following operational parameters were used:
temperature of the substrate — 7, = 270 °C; residual
pressure of gases in the chamber — p, = 1073 Pa; power
submitted to the magnetron — W,, = 160 W; working
pressure of argon — p = 0.5 Pa.

A sample of Fe yNi;;Coyg film was investigated af-
ter its deposition and two half-hour demagnetizing
vacuum annealings at 77 = 400 °C and T, = 600 °C
on BH-PI17892-MI system manufactured by NEOARC
Corp. (Japan), for the local research of the magneto-
optical Kerr effect and by means of Auto SE spectral el-
lipsometer from Horiba Jobin Yvon (Japan).

In absence of the external magnetic field H, the vec-
tor of the spontaneous magnetization of M of the fer-
romagnetic film is directed along the axis of easy mag-
netization (AEM), coinciding with the direction of the
magnetic bias field Hy. In the plane of the ferromag-
netic film, perpendicularly to AEM, there is the axis of
hard magnetization (AHM). When the external mag-
netic field H is applied, the vector of magnetization M
turns, coming nearer to the direction of the field with
an increase of its value, i.e. there is a dependence
M = f(H) [2].

For the investigated samples in the form of thin fer-
romagnetic films the meridional Kerr effect is charac-
teristic. It consists in a turn of the plane of polarization
by Kerr angle, designated as 6, and occurrence of el-
lipticity of the reflected light during the film magneti-
zation.

The coercive force H, and the field of anisotropy H,,
of the received sample of the ferromagnetic film was
measured in BH-PI7892-MI system manufactured by
NEOARC Corp. (Japan) for the local research of the
magneto-optical Kerr effect. The measurement circuit
this system is shown on fig. 2.

A monochromatic beam of light radiated by laser /
with the wavelength A = 408 nm, formed by optical el-
ements 2, 4and 5, passing through polarizer 3, acquires
a linear polarization. The linearly polarized beam of
light with diameter of about 3 um is directed to the
sample of the ferromagnetic film 7 practically perpen-
dicularly to its surface (the incidence angle of the beam
of light B, counted from a normal to the film surface,
is close to 0°, i.e. B = 0°).

After reflection from the surface of the ferromagnetic
film 7, which is in the external magnetic field (§ — N),
created by the electromagnet 6 with a power unit 12,
the light polarization becomes elliptic. Then, the beam
of light falls on the analyzer &, the role of which is
played by the Wollaston prism, which divides light into
two beams of orthogonal polarization. The two beams
coming from the prism get to the photodiodes of the
photodetector 9 with Glan — Thompson prism, where
the optical signals turn into the electric signals, the dif-
ference of which is modulated and detected by the syn-
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chronous detector /0 and arrives for processing in cc
puter 1/, which controls operation of all the system

At that, according to [4], Kerr angle of turn
(Theta k on diagrams of fig. 3, see the 27 side of cor
is proportional to magnetization M of the ferrom
netic film, therefore, the curves of the magnetizal
and the loops of the magnetic reversal of the fe
magnetic films in BH-P17892-MI system turn out
as M = f(H) dependences, but as dependences of T
ta k = f(H) (fig. 3, see the 2™ side of cover). Du
reception of the curves of magnetization and
loops of magnetic reversal of the ferromagnetic fil
BH-P17892-MI system ensures accuracy of rotatio
the samples by angle « in the horizontal plane at
level of 1°.

The values of the coercive force H, and field of
isotropy H,, received on the deposited and anne
samples of Fe gNi,4Co¢ films from diagrams in f
(see the 2nd gide cover) are presented in table 1.

The same samples of the deposited and anne
films of FeyNiyCog were investigated on Autc
spectral ellipsometer with the range of the w
lengths A (440 — 850) nm, fixed incidence angle B =
with the use of the size of the area of measurer
(500 x 500) um [5]). The optical circuit of the ¢
someter is shown in fig. 4, see the 21 gide of cov

In Auto SE device the source of radiation is a
ogen lamp with power of 5 W and a blue light-emi
diode. For detection and suppression of noise an ¢
matic shutter is used. The radiator shoulder consit
a light source, a polarizer and a modulator on the 1
crystals integrated in the optical unit.

A polarized wave of light falls linearly (plainl
the investigated sample of a film, which after its r¢
tion becomes elliptically polarized. After the refle
from the sample the beam goes through the liquid
tal modulator and the polarizer. In the end, the o
ing light is analyzed in the spectrometer. Measure
is carried out on a CCD detector (the detector bas
a charge-coupled device) within the range of the
lengths of 440...850 nm.

The ellipsometric research is based on deten
tion of the relation of the complex reflection c
cients RP/RS for two types of polarization of a
wave: in the plane of incidence (p) and in the one"
is perpendicular to it (s). This relation is usual
pressed through the ellipsometric parameters ¥ ¢
which characterize the relative variation of the a
tudes for p- and s-polarizations and the phase sh
tween them [6]:

tg¥exp(id) = R, /R,.

Indeed, the physical meaning of the ellipso:
parameters, which are sometimes called polarizi;
rameters, is simple: tg¥ shows the relation of th




plitudes of the reflection coefficients for p- and s-waves,
while the parameter A is equal to the difference between
the phase jumps of these waves during the reflection.
The complex reflection coefficients depend on the
optical properties of the investigated ferromagnetic
film, and also on the incident angle of light B and its
wavelength A. If the number of the parameters, which
are subject to determination, is more than two, it is pos-
sible to make measurements during scanning of the
light wavelength by the spectrum (spectral ellipsome-
try) and thus increase the number of the equations.

The ellipsometric experiment envisages a consecu-
tive implementation of the following steps [6]:

— carrying out of the necessary number of measure-
ments (determination of the left part of the equations of
the kind (1));

— selection of an adequate optical model describing
the reflecting properties of the investigated sample
(modeling of the right part of the equation (1));

— a numerical solution to the system of the equa-
tions and determination of the required model param-
eters;

- interpretation of the received numerical results in
the language of the physical characteristics of the in-
vestigated object.

Auto SE spectral ellipsometer does not measure di-
rectly the ellipsometric parameters of ¥ and A, they are
determined as a result of an analysis of the spectrum,
measured by the detector at different positions of the
liquid crystals. However, the ellipsometer determines
the characteristics of [;and [, [5] connected with them:

. = sin2¥ - sinA, 2)
1. = sin2¥ - cosA. 3)

At that, the values of characteristic /; are the initial
set of the data, which determine the parameters of the
sample of Fe(Ni;4Coyq4 film and are the key elements
of the spectrum used for modeling.

The sample of Fe gNi;4Co,, film was rotated in a
horizontal plane manually on a little table of Auto SE
spectral ellipsometer, for this reason the accuracy of
setting of angle a was £ 5°. The data on the deposited
and annealed samples of Fe yNi;;Co,¢ films were re-
corded at angles o = 35° and a = 125° on the wave-
lengths of A: 450, 550, 650 and 750 nm. For each sam-
ple, angle and wavelength the values of characteristic /;
were taken 3 times in order to consider the possible
fluctuations caused by the hardware errors, and then
they were averaged and brought into table 2.

Although it is necessary to point out, that the great-
est variations of characteristic /; of the unannealed
sample of Fe;yNiy4Co g film was observed the at angles

a = 90° and o = 270°.

Conclusion

On the basis of the experiments it is possible to draw
the following conclusions:

L. The sample of FeyNiz;Co¢ film was not demag-
netized after the first vacuum annealing at 77 = 400 °C
during 30 min., because the loops of the magnetic re-
versal practically did not change in relation to the axis
of easy magnetization (AEM) at angle o = 35° (fig. 3,
positions a and b, see the 2™ gide of cover). This tes-
tifies to the fact that the Curie point for the investigated
film is above 400 °C. ‘

2. After the second vacuum annealing at 75, = 600 °C
during 30 min. the sample of Fe yNizyCoyq film be-
came demagnetized, which was defined by the disap-
pearance of the axis of hard magnetization (AHM) at
angle o = 125° (fig. 3, position e, see the 2™ side of
cover). In the course of cooling of the sample, the field
of the Earth induced anisotropy at angle o ~ 70°, which
was recorded experimentally. In order to avoid the field
anisotropy, the plate should be rotated in the course of
cooling.

3. The signal of the spectral ellipsometer /; reacts
to the structure of FeyNiz4Co g film, which changes
in the course of the vacuum annealing. At that, the
change of signal /; on the wavelengths of A = 450 nm
and A = 650 nm is practically twice is more than on the
wavelengths of L = 550 nm and A = 750 nm (see the
table).

4. The problem of calibration of the signal of spec-
tral ellipsometer /; for measurement of the values of the
coercive force H, and fields of anisotropy H,, of the fer-
romagnetic films requires an additional research.

The work was performed on the equipment of MIET
Core facilities center "Microsystem technique and the bas-
es of electronic components", supported by the Ministry of
Education and Science of the Russian Federation (state
contract No. 14.594.21.0012, unique identifier of the
project REMEFI59417X0012).
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