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MeTooM CIMH-BOJIHOBOTO PE30OHAHCa B MyJbTUCIOHHBIX CTPyKTypax (CogsPs/CoosPs)n oOHapyxeHa momu-
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V3MepeHb! BeJTMYMHB! 3alIPEICHHBIX 30H MPH BOJHOBBIX BekTopax Ky = a1/ (dy + do) 1 2Kp.
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1. BBepeHune

CriekTp BOJIH JTI000# TIPHPONH! B MEPHOINYCCKHX CTPYK-
Typax UMeeT 30HHBIA XapakTep. B HeM MpOSIBISIIOTCS 30HEI
paspelICHHBIX M 3alPElLICHHBIX 3HAYCHHUIT SHepruu €. B 06-
paTHOM MpoCTpaHCTBe (GOPMHUPYIOTCST 30HB BpHILTIOOHA,
Kpasi OIIPEeNesISTIOTCS BOJHOBBIMA BeKTOpamu Ky = ma/2
(m=1,2,3,...), the M — HOMep 30HBL, BEKTOp 00-
patHoit pemerkn (= 27/(d; +d;), d; +dy — mnepuon
onHOMepHOU Momynsinud. Ilpn 3HaveHusx K, Ha rpaduxe
¢ynximn €(K) BO3HMKAIOT Iesn (3arperieHHbie 30Hb Agm).
K TakuM CTpyKTypam OTHOCSTCS (DOTOHHBIE M MArHOHHBIC
KPHCTaJUIbl, H3YYCHUIO KOTOPHIX B HACTOSIIIECE BpeMsl yae-
JISIETCSL MHOTO BHUMaHusI. PasBuBaeMast B HacTosiee BpeMst
TEOpHsi BOJIHOBOTO CIICKTPa B CBEPXPEIIETKAX OPHEHTHPO-
BaHAa Ha [Ba KJacca SKCICPUMCHTOB. B mepBoM ciydae
PacmpoCTPaHSIIOMECs BOJIHBI U3yYalOTCSl C HMCIIOJIb30BaHU-
eM MyJIbTHCIIOWHBIX CTPYKTYp B KaueCTBE NHAJICKTPHUdC-
CKHX 3epKal M (UIBTPOB, UTO OOYCIOBJICHO MOSIBIICHH-
€M IOJIOC HEHPOMyCKaHHs, W H3MEpSIOTCSl TAaKHe Iapa-
METpBL, KaK KOI(QQUIMEHTH OTPaKCHUS H HPOXOXKIACHUS
BOJIH. Bo BTOpOM CiTydae ¢ MOMOMIBIO SKCIICPAMEHTa HETIo-
CPEICTBEHHO M3y4YaeTCsl MUCIICPCHOHHBIH 3akoH BosH &(K).
B sKkcmepuMeHTe MCCIEHYIOTCS JIMOO CTOSYMEe OOMCHHbIC
BOJIHBL (MeTon cmuH-BonHOBoro pesonanca (CBP), cm.,
Hanpumep, [1]), 1ubo Oerymume MarHUTOCTATHYCCKHE BOJI-
HEl (MeTon BprimosH—MaHae pITaMOBCKOTO PacCesiHus
cgera [2]). BOMHOBON CIEKTP MYJBTHUCIOMHBIX CTPYKTYP
CYIIECTBEHHO 3aBHUCHT OT HEOXHOPOTHOCTEI CBEPXPCLICTKH
(TOJIIIMHA TPAHHIIBI MEKITY CJIOSIMH, HEOTHOPOIHOCTH CIIOCB
U T.JI.), 9TO OBIIO YOCIMTEIbHO MOKA3aHO B TEOPETHICCKHX
paborax [3-5]. JInsi SKCHEPUMEHTAIBHOM MPOBEPKU ITUX
TEOPETUYCCKUX BBIBONOB, KaK ¥ Ul HJUTIOCTPALUU 00-
uX QU3MIECKUX MPHHINIIOB, B MYJIBTHCIIONHON CTPYKType

704

CIIEKTPaJIbHBIMU METOaMU HEOOXOAUMO M3MEePATh HECKOJIb-
KO MUHHU-30H.

B paborax [1,6] MeromoM CHHH-BOJIHOBOIO pe3o-
HaHCa ObUI WCCJICNOBaH JIUCIICPCHOHHBIA 3aKOH 00-
MEHHBIX CIIMHOBBIX BOJH B MYJIBTHCJIOMHBIX IUICHKAX
[Nij_yFey (18 nm)/Ni;_yFey (18 nm)]s, moy4eHHBIX MeTO-
IOM XMMHYECKOTO OCa)XHCHHUS. 31ech OblUla oOHapykeHa
sHepretuyeckas menb Ay mpu ks = Sa/L = 5x/5(d; + dy)
=aa/(dy+dy) =kp, THe L — TommuHa BCEH IJICHKU.
IIpu anamuse cnektpa CBP, comepikamiero necte CIuH-
BOJIHOBBIX MoM, B [1,6] ObUIO BBECHO MOHSITHE OOMEH-
HOoro paybsiera mpu N=135. DtoT nayOJeT mpencTaBis-
eT coOol MUKM MOIJIOIEHUH KpaeB 3allpellleHHOH 30HbI
CIIeKTpa OOMEHHBIX CIIMHOBBIX BOJIH, OIMCBIBAEMOI'O MO-
gam: N=1,2,3,4,5,5,6,7, tne ks = k. Peructpanust
BTOpOM OperroBckoil memn mpu K = 2K, Ha CTpyKTypax
[Ni;_xFey/Nij_yFey]s okasanach HEBO3MOXHOIi B CHITy CJie-
OYIOIINX NPHYUH. Bo-TIepBhIX, U1 HAIEKHOM perncTpanuu
BTOPOil OpErroBCKOM INEJIM B CHEKTPE CIMHOBBIX BOJIH
obmiee konmuecTBO perucTpupyeMbix miukoB CBP (tpuro-
HOMETPUYECKUX MOJ) [OJDKHO ObITh He MeHee N > 13 (mpu
YCJIOBHUH, 9TO 4mMcJIo map cyioeB B ieHke N = 5; ipu N = 4,
n> 11). g HaOJIOfEHHs] TAKOro KOJMYEeCTBA PE30HAHC-
HBIX NHMKOB OOINas TOJIIOMHA IUICHKH JOJDKHA COCTaBJISATDH
L > 350nm. Bo-BTOpBEIX, B CBEKENPUTOTOBJICHHBIX MYJIb-
THCIOUHBIX IUTeHKax [Nij_yxFey/Nij_yFey|s mupuHa mep-
BOU OperroBCKOW INEJN B IOJIEBBIX SIMHMIAX COCTaBIIAET
Ag; = 1kOe. Ucnonbsyemas Hamu yactota CBY-nmomns npu
m3mepennn CBP paBna f = 9.2 GHz, mostomy moseBoi
pa3BepTKU VI PErucTpalldy TaKoi OCOOEHHOCTH CIIEKTpa
CBP HemocTaTouHO (B HameM CJIydac OHA COCTaBIIICT
3—-3.5kO0e).

Iespio naHHOi pabOTHI ABJIAETCS U3TOTOBJICHHE MYJIBTH-
CJIOWHBIX CTPYKTYP, NPHUTONHBIX IJISI PETUCTPALlId BTOPOI
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OperroBCKoii 1e/n B CIEKTPe CIUHOBBIX BOJIH MYJIbTHCIION-
HbIX TWieHOK Tpu K = 2kp, uccrnenosanme crekrpa CBP
Ha 3THX IUIEHKAaX U MACHTU(UKALUA MUKOB CIIH-BOJIHOBON
BOCITPUIMYHABOCTH.

2. 9OkcnepumMmeHT

Crosiurie CITMHOBBIC BOJIHBI B TOHKUX (heppPOMAarHUTHBIX
IWICHKaX (TONMmMHOMA L) BO3OYKHAIOTCS OIHOPOMHBIM Iic-
peMeHHBIM mojieM h. DTy 3KCIepUMEHTaIbHYI0 METONUKY
Ha3bBIBAIOT METOMIOM CIHMH-BOJIHOBOI'O pE30HAHCa, U B Ha-
CTosilliee BpeMsl, OHa XOpOIIO pa3paboraHa (CM., HAmpH-
mep, [7,8]). Perucrpupyembie MUKH MOTJIOMICHHI SBIISIIOTCS
pe30HaHCaAaMHM Ha CTOSYMX BOJHaX mmHOU A/2 =L—-L/n,
e N — HOMep MObL YCJIOBHEM pE30HaHCa CITYXHT
KUTTEJICBCKOE COOTHOIIICHHE

%) 2A
Hn:;Jr4m\/|eff—M—Sk2 (1)

IS CJTyvasi OPTOTOHAJIBHOIM OPHEHTAIMI BHEIIHETO MarHHUT-
Horo nosisi H orHocuTensHO mtockocty wieHku (H L h).
B (1) w — d¢uxcupoBaHHasi 4acTOTa MHKPOBOJIHOBOTO
nosisl, ¥ — TUPOMAarHUTHOE OTHOLIeHWe. BesrnmumHa Ha-
MarHu4eHHOCTH My OTJIMYaeTcsi OT HaMarHUYEHHOCTH Ha-
coimieHAsT Mg Ha BKJIaJ, OOYCJIOBJICHHBI BHYTPCHHUMH
HalpsHKCHUSIMH IUICHKH M €¢ II0JIeM aHW30TpOormH, K —
BOJIHOBOE 4MCJIO crmHOBoM BoyHbl (K = nir/L), A — koH-
cTaHTa oOMeHHOro B3amMopaencTeus, A = aM %/ 2, THe A —
oOMeHHBI napamerp. Eciin MMeeT MecTo IOJIHOE 3aKpel-
JICHHE CIIMHOB HA IOBEPXHOCTH IUICHKH (Y3JIBl CTOSIYHX
BoyH), T0 B CBY-CrieKTpe MpOsIBIISIOTCS TOJBKO HEYETHBIC
momet (N=1,3,5,...). Eciim ke 3akperieHrne HETOJHOE,
TO CTAaHOBHUTCSI BOSMO)KHBIM IOSIBJICHUE YeTHBIX Mofl. Kpome
TOr0, B 3aBICUMOCTH OT 3HaKa 3aKpeIJICHUs, OIIMCHIBAEMOTO
HIOBEpXHOCTHOIl aHm3oTpomnueil Ks, B CIIEKTpe BO3MOXHBI
MOBEpXHOCTHBIE cnuHOBEIe BOHEL Ipu Ks < 0. CBP mc-
MOJIb3YeTCsl B HACTOSIIICE BpeMs I M3MEpEeHUs], Mpex/e
BCEro, OOMEHHOII KOHCTAaHTBl, B TOM YHCJIe U B IUICHKax
TaKMX HEONHOPONHBIX ()epPPOMArHETHKOB, KaKk aMopdHble
U HaHOKpHUCTaJUIM4YecKue cIuiaBbl. OnperesieHre BeINYUHBI
3 HeKTHBHOIA CIIMH-BOJIHOBOU YKECTKOCTH IS IUICHOK HEOM-
HOPOJIHBIX CIIJIABOB ITPOBOIUTCS IO GopMyJie

2A /7\* H;—H,
223 =TT 2
1 MS<L> 1 @)

Hccnenyemble B paboTe MysIbTHCIIOMHBIE IUICHKH Ha
ocHoBe cm1aBoB Co—P Obumn MmosyyeHB METONOM XUMU-
qeckoro ocaxnenus. Ha BHenHeil nmoBepxHocTH (eppomar-
HHUTHBIX IUICHOK, IOJYYCHHBIX HaHHBIM CIIOCOOOM (TpaHu-
[[a METAJUI/BO3MyX), €CTECTBEHHBIM 00pa3oM (opMupyercst
HOBEpXHOCTHAs AaHU30TPOIMs THUNA ,Jlerkas IJIOCKOCTb
Ks= 1 erg/cmz. BennunHy 1 3HaK MOBEPXHOCTHOI'O 3aKpell-
JIeHUs! [IUI BEeKTOpa HaMarHWYE€HHOCTH B IIPUIIONJIOKEYHOM
YaCTH TUICHKHA (POPMHUPOBAI HAHECCHHEM OIOJHUTEIIbHO-
ro (eppOMarHUTHOTO CJIOSI, OOMEHHO-CBSI3AHHOTO C OCHOB-
HOU 4acTbio IwieHku [9]. B pabore [9] ObuUI0 MOKa3aHO, YTO
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HaHeCeHne Ha (PePPOMATHUTHYIO IUICHKY JOTOJHUTESIBHOTO
TOHKOT'O OOMEHHO-CBSI3aHHOT'O C IICHKOM ()epPOMArHUTHOTO
CJ10s1 (MEHBIIEH TOJIIWHEL) ¢ HAMATHUYEHHOCTHIO, MEHBIIICH,
YeM HaMarHMYeHHOCTb TUICHKH, IPUBOIHUT K (POPMUPOBAHUIO
MOBEPXHOCTHO! aHU30TPOIKMH THMA ,jterkasi ock™ (Ks > 0).
Hanecenue xe Ha (eppOMAarHUTHYIO IJICHKY TOTOJIHUTEb-
HOrO OOMEHHO-CBSI3aHHOTO C IUICHKOH (heppOMAarHUTHOTO
ciost ¢ OOJIbIIE HAMAarHMYEHHOCTBIO, YeM HaMarHW9eH-
HOCTb IJICHKH, IIPUBOANUT K (GOPMHUPOBAHUIO IIOBEPXHOCTHOIMA
AHM30TPONHUH TUIA ,,JierKast miockocTs (Ks < 0). Besmun-
Ha TIOBEPXHOCTHON aHWU3OTPOIMH OINPENEISACTCs TOJIINHOM
JIOTIOJIHATEJIHHOTO CJIOSI M BEJIMYMHON OOMEHHOI'O0 B3aMMO-
TCUCTBUS MEXKTY CJIOSIMHL

Wcnonb3oBaHHbIE CILIaBBI PH M3TOTOBJICHUU OTHOCIIOM-
HBIX IUICHOK M MYJIbTHCJIONHBIX IUICHOK XapaKTephu3oBa-
smcek crenyrommmu napamerpamu [10]: TIHK — Co, co-
craB CogsPs, mosne nokampHO# amm3orpormu Hy = 2kOe,
Ms=890G, o =24-10"2cm?% TIIY — Co, cocras
CoggPy, Hy =7kOe, Ms=950G, a=1.3-10"2cm?.
TosyHB THAMBUTYaIbHBIX CJIOEB B MYJIbTHUCJIOWHBIX CTPYK-
Typax OTJIMYaIHACh HEe3HAYMTEeJIbHO. YHCII0 map cJioeB co-
craisiiio N =4, 5, 7. Usmepennst cnekrpos PMP n CBP
MIPOBOIWINCh Ha CTaHIapTHOM crekTpomerpe JIIA-2M ¢
yactotoit 9.2 GHz, Temmeparypa u3MepeHuil KOMHATHasl.
Ha opnocioiinbix mieHkax CoggP, Tommumuoit 300 nm Ha-
6JIIOATIOCH €MHCTBEHHOE TOIJIONICHHE C IMPUHON JIMHUA
¢deppomaranTHOro pesonanca AH = 700 Oe.

3. Pesynbrartbhl n obcyxpeHne

Ha puc. 1 npusenen cnekrp CBP opnocoiiHo# muien-
ku CogsPs Tommumoit L = 300 nm. Crnexrp CBP comepxur
BOCEMb IMMKOB, 4TO ITO3BOJIICT IPOBECTH IIOJHBI aHAJIN3
YKa3aHHOTO CrieKTpa. BumHo, 9TO B CIieKTpe MaHHOW IJICH-
KA HMeeTcsl MOIJIOIIeHHe, PEe30HAHCHOE II0Jie KOTOpPOro
Oosiblile, YyeM IIojie HauboJiee MHTEHCHUBHOIO MOTIJIOIICHUSL.
HauHblii 0UK ([IOBEPXHOCTHBIA) OOYCJIOBJICH IOBEPXHOCT-

Derivative absorption, arb. units

13 15 17
H, kOe

Puc. 1. Cnekrp CBP opnocnoitHoit tienkn CoogsPs Tommu-
Ho#t 300 nm.
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HBIM KojlebaHueM HamarHumdeHHocTH. ITociienHee o3Hadva-
eT, 9YTO BOJIHOBBIC BEKTOpa K CTOSMMX CIIMHOBBIX BOJIH
onpenessiores ypapHeHusimu (em. [7, 8]), mosTydeHHBIME
U3 OOMEHHBIX TPAHHYHBIX YCJIOBUH IPU MPOU3BOJIBHBIX
napameTpax 3aKpeIuICHUs HAMArHHYCHHOCTH Ha HIDKHEH 1
BEpXHEii OBEPXHOCTAX IWIeHKH df n dS:

(df + d3)k
tg(kL) = kzl—idlszdzs’ (3)
eciu K peabHo,
—(dP + dP)ks
th(ksL) = — o ——2—, (4)
ki + dd3

ecim K = kg MHIMO.

3nech mapamerp 3akperienus d° = Kis/A Bemmuuna
A/Ks yka3bBaeT Ha (HUKTHBHOE CMEIICHHE Y3Jla CTOSYel
BOJIHBI C TIOBEPXHOCTE MyIeHKU. OGHapyKeHe MOBEPXHOCT-
HOI1 MOZIBI, 0003HAYCHHOI Ha puc. 1 Kak S, CBUIETEIbCTBYET
0 peamsaruy JubO Ha BHEMHEH, Jub0 Ha IIPHIIONTIO-
KEYHOH MOBEPXHOCTSAX JaHHOU IUICHKW aHM30TPOIUH THIIA
,»JIerKasi IUTOCKOCTh. Permcrpanus moseBoil KOOpAMHATHI
MOIbl S TMO3BOJIAET HEMOCPEACTBEHHO HM3MEPUTb BEJIMYH-
ny Ks: |Ks| = 6.2 erg/em”. Ypasuenne (3) ams 06beMHBIX
MOZ B citydae cuiibHOro 3akperuienusi (A/Ksk — 0) mmeer
KUTTeJIeBCKoe pemeHne KL = Nz ¢ Bo30yXIeHHEM TOJIBKO
HeueTHbIX N. st ciyyast |A/KsL| < 1 nosmyyaem perenune

KL =nm(1 — A/KsL) =n-B, (5)

rme n=1,2,3..., T.e. B CHEKTpe BO3OYKHAOTCA MO-
[Bl KaK HEYeTHbIC (CHMMETPUYHBIE OTHOCHTENIBHO LECHTPA
IUICHKH ), TaK U YETHBIC (aHTHCUMMETPHYHBIE OTHOCHUTEIIBHO
[EeHTpa IUICHKH). BcencrBue aHTUCHMMETPHYHOCTH YeT-
Hble MOIbl MMEIOT MCHBIIYI0 MHTCHCHBHOCTb IO CpaBHeE-
HHIO C MHTEHCUBHOCTSIMU OKDY)KAIOIIMX MX HEYETHBIX MO
W peitictBurenbHo, s N =4: 14 < 13, l4 < |5; g n= 6:
l¢ <ls, lg <17 (derHpie mukm ¢ N=2, 8 Ha NaHHOM
CIIEKTpe HEe MpPOSBISIIOTCs). JIIsi OMHOCTIOWHON IUICHKA
CogsPs tommmuoit L = 300 nm mapametp S =~ 3.124. Tax
KaK LIMPUHA CHMH-BOJHOBBIX Mox (~ 200 Oe) Ha mopsiok
IPEBbIIACT BEJIMYMHY CMELICHHUS PE30HAHCHBIX MOJIeH, IS
OIIPEMICIICHIsT BOJIHOBEIX BEKTOPOB K MOJKHO IOJIb30BaThCS
pemernnem Kurress.

IIpencraBiennas Ha puc. | mpeHTH(HUKANS HOMEPOB
CIIMH-BOJTHOBBIX MOJ T03BOJsieT 1mo (dopmysne (2) ompene-
JIITD U1 HaHOKpUCTaJIMYecKoro ¢geppomaraeruka CogsPs
KOHCTaHTY HEOJHOPOIHOTO OOMEHHOIO B3aUMOAEHCTBUS,
KOTOpasl XapaKkTepu3yeT HOMOJHUTEIbHYI0 OOMEHHYIO SHep-
70, BO3HUKAIONIYIO B CIIMHOBOK BOJIHE. Beranciienusie (1o
BBIpOXKCHHIO (2)) BeJIMYMHBI 17)j IPUBEACHBI Ha pHC. 2.
BunHo, 4ro OOMEHHBIE CIMHOBBIC BOJIHBI C IJIMHON BOJI-
HBl A/2 = L—L/5 xapakTepu3yloTcs OOJIbIIei BENINHOIA 1),
a KOPOTKUE CIIMHOBBEIE BOJIHEL ¢ /2 = L/6—L/9 — MeHb-
meil BeMInHOHN 7). DTOT 3(dekT 00yCIOBICH BIMSHHEM
KOPPEJIMPOBaHHBIX HEOTHOPOTHOCTEH Ha CHEKTP CIIMHOBBIX
BonH. OH ObUT TeopeTwdeckw mpenckasad B pabdore [11]

60
g 40_‘ ~~~~~~ 0--40-“0\
s L
- \\~_—’ _______ ._
20 ¢
O I 1 1 1 1 1 1 1 1 1 1 1
0 2 4 6 8 10 12
n

Puc. 2. 3aBucumoctb BeimuuHbL 3(PEKTUBHOIN CITMH-BOJHOBOI
KEeCTKOCTH 1) oT HoMepa Morbl N B ciektpe CBP mienku CoosPs
tormuHo# 300 nm. BostHOBOIT BeKTOp cTOSYEl CIMHOBOI BOJIHBI
kn = n(a/L).

U HEOJHOKPATHO IOATBEPXKICH B IIOCICAYIOIUX TCOPETH-
4yeckux paborax (cm., Hanpumep, [12,13]). InmaBubii pe-
3y/lbTaT LUTHPYEMBIX DAbOT 3aKjodaeTcs B TOM, 4YTO B
OKPECTHOCTH KOPPESLMOHHOr0 BOJHOBOro wmcia (1/r¢)
IOJDKHA HaOmoaThesi MOAU(UKALKS 3aKOHOB UCIepcHn (1
3aTyXaHHs), 1 9Ta MOLUGUKALKSA HMEET PasInIHylo hopMmy
IUIT HEOMHOPOTHOCTEH pasHBIX (YU3MIECKHX HapaMeTpOB.
Ha ocHoBe 3T0#f Teopun OBUI PasBUT SKCHEPUMEHTAIBHBIN
METOJ KOPPEJIAILMOHHOM CIMH-BOJIHOBOI CIIEKTPOCKOIINH,
C TOMOIIBIO KOTOPOTro OBUTH HM3MEPEHBI KOPPEJISLIOHHEIC
pajiIrychl HEOMHOPOTHOCTEH JUIT MHOTHX aMOp(GHBIX U Ha-
HOKPHCTAJUTMYECKUX CIUIABOB (CM., Hampumep, 063op [14] n
HefasHue pabotsl [15,16]). TIpencrasientas Ha puc. 2 3aBu-
cumoctb 7)(K) 06ycioBiieHa HEOTHOPOTHOCTIMA OOMEHHOTO
nmapameTpa, ¥ PErucTpanus KPUTUUECKOH JUTMHBI CIIMHOBOM
BosHbl A¢ (4/2 = L/6 = 50nm) nosBossier 1isi HAHOKPH-
crajymaeckoro cmtaBa CogsPs ompenesTs mpocTpaHCcTBeH-
HBIi1 MacmTad 3Toil HeomHOPOTHOCTH (2 ¢ ~2 50 nm).

Ha puc. 3 npusenen cnektp CBP MysnpTHCI0iHOI TUIEHKH
[CogsP>(30nm)/CogsPs(20 nm)]s. 3mech ke mpencrasiieHa
UICHTU(UKAINA PETUCTPHIPYEMBIX PE30HAHCHHIX IIOTJIOIIe-
Huil. BumHo, 4TO mepBoe PE30HAHCHOE MOTJIOIICHHE SIB-
JIIeTCA CYNEPHO3UIMeH JBYX IHKOB — IIOBEPXHOCTHOI'O
kosebaHus, 00O3HaYEeHHOro Ha puc. 3 OykBoit S u IHo-
riomeHus N = 1, o0ycJoBJIeHHOE MEpBOil TPUTOHOMETPU-
gqeckoit Momoil. Ilociennee ykasbBaeT Ha BO3MOXKHOCTB
HOSIBJICHUS B CIICKTPE YCTHBIX MOJ, T. €. HCOOXOMMas UcH-
tupukamma N=1,2,3,4,5. Jlnd MyIbTUCIONHON mUIeH-
ki [CoggP»(30nm)/CoosPs(20nm)]s ¢ |Ks| = 1.2 erg/cm?
mapametp 3 = 3.04. [ToaTomy 11t onpenesieHUs] BOJTHOBBIX
BEKTOPOB Kp MOXKHO IIOJIb30BaThCs peleHueM Kwutrens
(cMeleHHe Pe30HAHCHBIX MOJIEH CHNH-BOJIHOBBIX MOJ{ MEHb-
IIe MX MUPUHBI JINHHN ).

OcoOblif WHTepec BBHI3BIBACT IIATasg MOMA, TaK Kak
OHAa XapaKTepu3yeTcsl BOJHOBBIM BekTopoM ks = Sm/L
= 5m/5(dy + dy) = z/(dy +dy) =Kkp, T.e. 3TOT TIHK ™O-

®dusnka TBEpAoro tena, 2012, tom 54, Boin. 4
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Puc. 3. Crektp CBP MYJIbTHCJIONHOM TUICHKA
[CoogP>(30nm)/CoosP5(20nm)]s. Ha  BcraBke  mpuBenmeHa
3aBHCUMOCTD BEJTIIIHBI 5(}EKTUBHOI  CIIMH-BOJIHOBOM

YKECTKOCTHU 7] OT HoMepa Mopbl N B cnektpe CBP nanHO# 1uteHKN.
BoJstHOBOII BeKTOp cTOST4El CIMHOBO# BosHBL Ky = N(77/L).

IJIOIICHUS] PETHCTPUPYETCS Ha HU3KOIHEPreTUYECKOM Kparo
3alpeleHHO 30HBl CHEKTpa CIMHOBBIX BOJH. Torma mueH-
TAduKaima N HuskonosieBIx nukoB CBP manHOlt muien-
KM JOJ/DKHa OBITh TIPONOJDKEHA CIICAYIOIIMM 00pa3oM:
n=35,6,7. O0 3TOM CBUIECTEIbCTBYIOT MHTEHCUBHOCTH Ha-
omonaeMerx mon. Takmm obpasom, Tak ke, Kak U B pabo-
tax [1,6], BBoOuTCS OOMEHHBIA TyOsIeT mpu N = 5, KOTOPBIiA
MPEICTABIIICT CO00il MHUKU MOTJIOMICHNI KpaeB 3alpelleH-
HOIl 30HBI CIIEKTpa OOMEHHBIX CIMHOBBIX BOJIH, OIHCBIBae-
Moro momamu: N=1,2,3,4,5,5,6,7, rne ks = kp. Mot
n=1,2,3,4,5 xapakrepusyoT nepsyo 30Hy bpumiosna
MarHoHHOTO KpHCTaJla, a Mogsl N=5,6,7 — BTOpYIO
30Hy (cM. BcraBky Ha puc. 3). IllupuHa 3ampemeHHOI
30HBl U3MEpsieTCs] B IIOJICBBIX KOOPIAMHATAX, KaK pasHHUIIA
BEJIMYMH IIOCTOSIHHBIX II0JIeH, XapaKTepU3yIOIUUX IIAThIC
moner, s wieHKH [CoggP,(30nm)/CogsPs(20nm)]s oma
paBHa 180 Oe. [laHHOe 3Ha4YeHHE BEJIMYMHBI 3aIpPELICHHON
30HBI CYIIECTBEHHO MEHBIIIC BEJIMIMHBI IIIEJTH, HaOJIIomaeMoi
Hamu B paborax [1,6] npu nsydeHum criekrpa CBP wmysib-
tucioiiHonn mwieHkd [NigsFess(18 nm)/NigoFeso(18 nm)]s.
IlpuunHa omMuMit OOYCJIOBJICHA PAa3IMYHBIMU MOIYJIH-
pYIOIIMMA MAarHUTHBIMH TapaMeTpaMi. B MysbTHCIIOM-
Hoit crpykTtype [NigsFess(18 nm)/NigoFeao(18 nm)]s xumu-
YeCKHE COCTaBBl HCIOIB3YyeMBIX CJIOCB OBUIM TOHOOpaHbI
TakuM 00pa3oM, 4TOObl OCHOBHBIM MONYJIMPYIOIIMM Iapa-
METPOM BBICTYIAJIA HAMarHW4eHHOCTb HACHIIICHUs. B usy-
JaeMbIX MYJIbTHCJIOMHBIX CTPYKTypax Ha OCHOBE CIUIaBOB
Co—P OCHOBHEIM MOIYJIMPYIOIINM IapaMeTpOM SBJISICTCS
BEJIMYMHA OOMCHHOIO B3aMMOJICHCTBUS (2 TAKKE BEJIMIMHA
TIOJIs1 JIOKAJIbHOM AHU30TPOIINH ).

Ha pumc. 4 mnpencraBien cnekrp CBP  mymbTHCTON-
Hoil cTpykTyphl [CoggP>(40 nm)/CogsPs(50 nm)]s. Crektp
CBP MyJIbTUCIIONHON CTPYKTYpBl CONEPXHUT TPHHAILATD
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IIMKOB, YTO [I03BOJISET IIPOBECTH IOJIHBINA aHAJIN3 YKa3aHHBIX
CIIEKTPOB.

B criexTpe maHHO# TUIEHKH NMEIOTCS [Ba MTHKa, PE30HaHC-
HBIC T0JIs1 KOTOPBIX OOJIbLIE, YeM I10JIe HanboJiee MHTCHCHB-
HOTO MakcuMyMa. JlaHHble NUKH COOTBETCTBYIOT BO3OYK-
IEHUIO IBYX MOBEPXHOCTHBHIX Mom (N = 0), 0603Ha4YeHHBIX
Ha pUCyHKe Kak S;, S;. JlaHHble NHUKU CBUAETEJIbCTBYIOT
0 peaju3alud Ha BHEIUHEH M IPHIIONJIOKEYHOU IOBEpX-
HOCTAIX 3TOH MYJIbTUCJIONHON IUIGHKM OOMEHHBIX I'paHNY-
HBIX YCJIOBHI C IOBEPXHOCTHBIMH aHHM3OTPOIHSIMH THUIIA
,»Jlerkas Iutockocts . IlocienHee ykasbiBaeT, YTO MoOIbl B
CIIEKTPAaJIbHON KPHBOI1 SIBIISIOTCS KaK HEYCTHBIME (0O0JIBIIONN
MHTCHCUBHOCTH ), TaK U YETHBIMU (MaJiOii HHTEHCUBHOCTH ),
T. €. WICHTU(PHUKAINA CIIMH-BOJIHOBBIX Mog N = 1,2, 3, .. ..

s mynbrucioiinon  mwienkn  [CoggP2(40 nm)/
CogsPs(50nm)]4, ¢ KOHCTAaHTAMH OBEPXHOCTHBIX AHH30-
tpommii |Kg)| = 15 erg/em?, [Ksy| = 5.9 erg/em?, Bemunma
nmapamerpa 3 =~ 3.13. [Toaromy miist orpeesIeHs BOJTHOBBIX
BEKTOPOB TAaKKe MO)KHO I10JIb30BaThCs perieHneM Kurress
(ommbka He mpebimaet 1%).

OcoOplif HHTEpeC BBI3BIBAIOT AyOJIeThl YeTBEPTOM M BOCh-
MOM MOJI, TaK KaK OHH XapaKTePU3YIOTCSl BOJTHOBBIM BEKTO-
poMm K4 = Kp 1 kg = 2Ky cOoOTBETCTBEHHO.

Ha puc. 5,a npuBeneHbl BBIMUCIICHHBIC II0 BBIpaXKe-
Huto (2) BesmumHSEL 7). BHHO, 4TO 0OOMEHHBI HapameTp 7);
IUIE CTOSIYMX CIIMHOBBIX BOJIH, IIPOSIBJIAIOIIMXCS B MO-
max 1, 2, 3, 5, 6, 7, 9, onuceBaercs 3aBucumoctoio 7(K),
00YCJIOBJICHHON HEOTHOPOOHOCTSMU OOMEHHOIO IapaMeTpa
(mTpuxoBasi KpuBasi puc. 5,a aHajorndHa Kpueod 7)(K) Ha
puc. 2). [TocsienHee MO3BOJISIET BBECTH KPUTHIECKYIO UTHHY
CIIMHOBOI BOJIHBI Ac = Ag: CIIMHOBBIE BOJIHBI ¢ A > A. Xa-
paKTepu3yIOTCs OOJIbIIEH BEJIMYMHOM 7jj, & BOJHBL € 4 < A
MMEIOT MEHBIIYI0 BeJIM4uHY 7 (A¢/2 = 2r¢ = 60 nm). 1y6-
JIETBl YE€TBEPTOH MONBI CIEKTPAJIbHOM KpPUBOW MPOSABIIA-
0T ce0si OBYyMSI OpOMHATaAMH ﬁi(l’n) JUIA CIMHOBOH BOJI-
HBl Ap/2=d; +dy; =90nm, a nmyGyieThl BOCBMOI MO-
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Puc. 4, Cnektp  CBP  MynbTHC/IOHHON — IUIGHKH

[COgng (40 nm)/C095P5 (50 nm)]4.
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Puc. 5. «) 3aBucumoctp BenMYMHB S()(OEKTUBHON CIIMH-
BOJIHOBOIl ECTKOCTH OT HoMepa Mompl crekrpa CBP 1uienkn
[Cogs P, (40 nm)/CogsPs (50 nm)]4. BosHOBOI BekTOp CTOSTYEH CIiv-
HOBOH BOJHBEI Kn = N(ar/L); b) [IUCIepCHOHHBI 3aKOH CITMHOBBIX
BOJIH B MYJIBTHCJIOWHO CTPYKType (CXeMaTH4HO).

~ (LI o
Obl — JBYMSI OpAMHAaTaMH T]t(g ) IJid CIIMHOBOM BOJIHBI C

Mp/2 = (di + d2)/2 = 45 nm. DTuM BOIHAM COOTBETCTBYIOT
BOJIHOBBIE BekTOphl K4 = Ky u kg = 2Ky, T.e. rpanuimp
30H BpmumosHa MarHOHHOro Kpucrawia (cM. puc. 5,b).
Ha puc. 5,b cxemMaTu4HO MpenCTaB/IeH IUCIEPCHOHHBIN
3aKOH OOMEHHBIX CIIMHOBBIX BOJIH B MYJIbTHCJIONHOM TIJICHKE.
[ITpuxoBast JMHASA ONKMCHIBACT AWCIIEPCHOHHBIN 3aKOH B
OIHOPONHOH (heppPOMAarHUTHOH IJICHKE.

B CIIEKTpE CBP MyJIbTHCTIONHON IIJIEHKA
[CoogP2/Co9sPsls (puc. 4) momet n=1, 2, 3, 4 xapakre-
pU3YIOT NEPBYIO 30HYy BpWiIII09Ha MarHOHHOrO KpHCTaJla,
Morsl 4, 5, 6, 7, 8 — BTOpYIO 30HY, a MOfIbI 8, 9 — TpEThIO
30Hy. VIHTeHCHBHOCTH HaOJIIOaeMbIX CITMH-BOJHOBBIX MOJ
YHOBJICTBOPSIIOT ~ C(OPMY/IMPOBAaHHBIM BBIIIC  IPaBHUJIAM.
[lupyuna 3anpemeHHON 30HBI HM3MepseTcd B  IOJIEBBIX
KOOpAMHATAaX KaK pa3HULA [OJIeH, XapaKTepU3YIOLHUX
AyOJIeThl CIIMH-BOJIHOBBIX Mof. [l 9TOH MyJIbTHCIIORHOM
CTPYKTYpHl IIMPHUHBI 3allpelIeHHBIX 30H Ag; m Agy OKa-
sasiuch  paBHbiMu 200 um 1800e  cOOTBETCTBEHHO.
PesynbraThl, mnpencTaBieHHblE HAa pHC. S5, YKa3bBalOT
Ha TO, YTO Habmomaemas momupukarus 3aBucumocta 1(K)

00s13aHa CBOMM IIPOMCXOXKIEHHEM COBMECTHOMY NEHCTBHIO
IByX (aKTOpOB: HM3OTPONHBIM (IIYKTYal|saM OOMEHHO-
ro mapamerpa ¥ OJIHOMEPHOH HMEPUONMYECKON MOMYJIAIHH
obMeHa B MynbTHCIIOMHO# crcteme [CoggPy/CogsPs.

4. 3aknioueHue

Takum oOpa3oM, B OTHOMEPHBIX MAarHOHHBIX KPHCTaJ-
JIaX, MOJyYeHHBIX B BUIE MYJIBTHCIOMHBIX CTPYKTYD ,.bep-
pOMarHeTuk/(peppoMarHeTuK, METOHOM CIIMH-BOJIHOBOT'O
pe3oHaHca I OOMEHHBIX CIHMHOBBIX BOJIH OOHapyke-
Ha MOAU(UKAIUS CHEKTpa CIIMHOBBIX BOJIH, OOYCJIOB-
JieHHasg oOpa3oBaHHEM IIepBOH, BTOpOi M TpeTbell 30H
bpwimosna. V3MepeHHble BeNIUYMHBI 3alpellieHHBbIX 30H
B IOJIEBBIX KOOpIOMHATAX B CIHEKTPe OOMEHHBIX CIHHO-
BBIX BOJIH MYJIbTHCIONHON TieHKH [CoggPy/CogsPs]y 1 Agy
=2000e, Ae; =1800e — B maAThb—CeMb pa3 MEHbBIIE
BEJIMYMH AaHAJIOTUYHONM XapaKTepUCTHKU MYJIbTUCJIONHBIX
wieHok [NiFe/NiFe]y.

Cnucok nuteparypbl

[1] P.C. Ucxakos, JI.A. Yexarnosa, C.B. Cromsp. B ¢6.: Tp. 12-ro
MexnayH. cuMmIl. ,,YTOpsAfoYeHHEe B MHUHepajax M CIUlaBax .
Pocrop /]l Msn. CKHI[ BII I0®Y ATICH T. 1 (2009).
C.214.

[2] ZK. Wang, VL. Zhang, HS. Lim, SC. Ng, MH. Kuok,
S. Jain, A.O. Adeyeyev. Appl. Phys. Lett. 94, 083 112 (2009).

[3] VA. Ignatchenko, Yu.l. Mankov, A.A. Maradudin. Phys. Rev.
B 62, 2181 (2000).

[4] V.V. Kruglyak, AN. Kuchko. Physica B 339, 130 (2003).

[5] B.A. Urnaruenko, IO.M. Manbkos, [I.C. Lpikasos. JKITD
134, 706 (2008).

[6] R.S. Iskhakov, S.V. Stolyar, L.A. Chekanova, M.V. Chizhik.
Solid State Phenomena, 168-169, 73 (2011).

[7] HM. Casnanckmit, M.III. EpyxumoB. ®usuueckie CBOICTBa
¥ TIpUMEHEHHe MarHuTHeIX IuteHOK. Haykxa, HoBocubupck
(1975). 220 c.

[8] AT I'ypeBmu. MarHUTHBIA pe3oHaHC B (eppuTax U aHTHEp-
pomarsetukax. Hayka, M. (1973). 588 c.

[9] FO.A. Kopuarun, P.I. Xne6onpoc, H.C. Yucrsikos. OTT 14,
2121 (1972), ®MM 34, 1303 (1972).

[10] P.C. Ucxaxos, I'B. ITonos, M.M. Kapnerko. ®MM 56, 85
(1983).

[11] B.A. Urnaruenko, P.C. Mcxakos. JKOT® 72, 1005 (1977).

[12] M.B. Mensenes. @TT 23, 1943 (1980).

[13] K. Handrich, R. Ottking. Phys. Status Solidi B 216, 1073
(1999).

[14] B.A. Urnaruerxo, P.C. Ucxakos. B ¢6.: MarauTHele cBO#icTBa
Kpuctayummdecknx u amopdusix cpen / Ilon pen. B.A. Urnar-
yenko. Hayka, HoBocu6upck (1989). C. 128.

[15] P.C. Ucxakos, C.B. Cromsp, JLA. Yekanosa, B.C. JKurasos.
DTT 43, 1072 (2001).

[16] P.C. Ucxakos, [I.E. [Ipokodnes, JL.A. Yekanosa, B.C. XKura-
JioB. [Tucema B JKT® 27, 8, 81 (2001).

®dusnka TBEpgoro Tena, 2012, tom 54, Boin. 4



