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OBW: AH XAP AKTEPIIICTJIIKA P ABOT:bI 

AI<TyanhHOCTb TeM:r.I J/ICCne;r,oBaHJ/ISI. B HBCTOHII:{ee BpeMR: 

Haomo.n.aeTCH 6onbmo9! HHTepec K MarH8TH3MY B CHCT8Max C 

ITOHH>K8HHOi'l pa3MepHOCTbID, TaKHX KaK YJibTpaTOHKHe MarHHTH:r.Ie 

rrrreHKH, ITOBepXHOCTH, Me>KrpaHH't{HJ,18 06.rraCTH . Pe3KOe oop:r.IBBHHe 

KpHCTa.TIJIH'!{8CKOi'l pemeTKH H OTCYTCTBHe onH>KHHX coce,n,e9! B 

rroBepXHOCTHOM crroe, H3M8H8HHe KOMIT03HQHOHHOro COCTaBa B 

MHOrOCJIOHH:r.IX rrrreHKax, rrepexo,n, K 2-MepH:r.IM CTPYKTypaM 

rrpHBO,lI,HT K B03HHKHOB8HHID :3K30TH'!{8CKHX CBOHCTB, TaKHX KaK 

YBElJIH'!{8HH8 HJIH YM8Hbfil8HHe MarHHTHOro MOM8HTa Ha aTOM, 

B03HHKHOB8HH8 MarHeTH3Ma B HeMarHHTH:r.IX MaTepHa.rrax, 

CYJl:l8CTBOBaHH8 CJIO>KH:r.IX MarHHTH:r.IX yrropR:,lI,0'!{8HHH . ,[(o He,n,aBHero 

Bp8M8HH H3Yl{8HH8 2 - MepHoro MarHeTH3Ma Ohl.TIO orpaHH'!{8HO 

OTCYTCTBH8M rrrreHOK B:r.ICOKoro Kal{eCTBa . He,n,aBHHH T8XHH'!{8CKHH 

rrporpecc ,n,arr B03MO>KHOCTb rrorryqeHHH YJibTpaTOHKHX rrrreHOK 

B:r.ICOKoro Ka qecTBa co CTaOHJibHOH HJIH MeTaCTaOHJibHOH 

KpHCTa.TIJIH'!{8CKOH CTpyKTypoi'l. ITosrnrremrn pH,n,a M8TO,lI,OB 

3ITHTaKCHa.TibHOro B:r.IpaII:{HBaHHH rrrreHOK OTKp:r.I.TIO OT,lI,e.TibHYID 

06.rraCTb B q>H3HK8 TBep,n,oro Terra - MarHeTHSM YJTbTpaTOHKHX 

IIJTeHOK. 3KcrrepHM8HTa.TibH08 H3Yl{8HH8 Mar HHTH:r.IX CBOHCTB TOHKHX 

IT.TI8HOK H ITOB8pXHOCT8H ITOTpeOOBa.TIO pa3BHTHff pa3JIH'!{H:r.IX 

M8TO,lI,OB ,n,nff H3MepeHHff crra6:r.IX MarHHTH:r.IX 3q>q>8KTOB . 

MeTO,lI, peq,rreKTOMeTpHH ITO.TIR:pH30BaHH:r.IX H8HTpOHOB (PITH) 

ffBJiff8TCff YHHKa.TibH:r.IM ,lI,.Tiff H3MepeHHff MarHeTH3Ma YJibTpaTOH:KHX 

rrrreHOK. 0CHOBH08 ,lI,OCTOHHCTBO PITH 3aKJIIDqaeTCff B TOM, '!{TO 3TOT 

M8TO,lI, ffBJiff8TCff HepaspymaIDII:{HM H Il03B0.Tiff8T H3MepHTb 

a6conIDTHYID B8.TIH'!{HHY HaMarHH'!{8HHOCTH Ha rrry6HH8 ,lI,O 5000 A OT 

IlOBepxHOCTH . TaKHM o6pa30M, npOB8,lI,8HH8 3Kcnepm,18HTOB C 

HCilOJib30BaHH8M M8TO,lI,a PITH no H3Yl{8HHID oco6eHHOCT8H 

MarHeTH3Ma YJibTpaTOHKHX nrreHOK ffBJiff8TCff B8CbMa aKTya.TibH:r.IM 

,lI,.Tiff IlOHHMaHHff q>H3HKH 3THX CHCT8M . 

IIerrbID nHcce;pTaUHOHHOH ;paooT:r.I ffBJiffnOCb 3KCnepHM8HTa.TibHOe 

HCCJI8,lI,OBaHHe M8TO,lI,OM PITH MarHHTHOro MOM8HTa OCHOBHOro 

COCTOffHHff YJibTpaTOHKHX nrreHOK 3d-nepeXO,lI,H:r.IX M8Ta.TIJIOB, 

BJIJ.iffHHff 3q>q>eKTOB H3M8H8HHff 30HHOH CTPYKTYP:r.I H Me>KaTOMHOH 

rH6pH,ll,H38QHH aTOMOB B Me>KrpaHH'!{HOH oonacTH B c.rryqae (3d - 3d) 

H (3d - 4d) B3aHMO,lI,eHCTBHff nepeXO,lI,H:r.IX MeTannoB Ha MarHHTH:r.Ie 

CBOHCTBa Tpexcnoi'IH:r.IX CHCT8M; H3Yl{8HJ.i8 B03HHKHOB8HHff 

HaB8,lI,8HH09! HaMarHJ.il{8HHOCTH B aTOMax HeMarHHTH:r.IX rrepeXO,lI,H:r.IX 

Otn.ca:;,,-;i:i;,.,.n 1,,;:rlrJT 
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MeTaJlJl0B; HCCJ18,!J,0BaHHe norJl0II:{aIOII:{HX CJl0eB H HX BJlHSIHHSI Ha 
nonsrpHSYIOntYIO cnoco6HOCTb MarHHTHLIX HefITp0HHLIX sepI<aJl. 

Hay-gHaa H0BPI3Ha. 
l. IIpSIM0e HSMepeHHe MarHHTH0ro M0MSHTa aT0M0B Fe B 

0CH0BH0M C0CT0SIHHH ,!J,JlSI YJlbTpaT0HI<HX IlJlSH0I< SIBJlSISTCSI 
Heo6XO,!J,HMLIM ,!J,JlSI Il0HHMaHHSI ,!J,BYMepHoro MarHeTHSMa. 0co6eHHO 
HHTepeceH cnyqafl, I<0r,!J,a M0H0CJl0tl MarHHTHoro nepeX0,!J,H0ro 
MeTaJlJla HaHeceH Ha HeMarHHTHLifl nepeX0,!J,HLifl MeTaJlJl (HanpHMep, 
Fe/W(l 10)), TaI< I<aI< BCJ18,!J,CTBHe a<p<peI<Ta rH6pH,!I,HSal,lHH d-o6onoqel( 
B0SHHI<aIOT oco6Lie MarHHTHLie CB0tlCTBa: YMSHbmeHHe MarHHTH0ro 
M0MSHTa IlJlSHI<H H B0SM0>KHaSI Il0JlSlpHSal,lHSI Il0,!J,Jl0IKI<H HJlH 
Il0I<pLIBaIOII:{ero CJl0SI. IIonyqeHHLie HaMH pesyJlbTaTLI BnepBLie 
3I<CnepHM8HTaJlbH0 Il0,!J,TBep,!I,HJlH npe,!I,CI<asaHH0e TeopeTHqecI<H [ l] 
yMeHbmeHHe MarHHTH0ro M0MSHTa aT0M0B Fe, HaHeceHHLIX Ha w 
Il0,!J,Jl0IKI<Y no cpaBHSHHIO C Il0BepXH0CTHLIM CJl0eM 061,eMHOro Fe. 

2. BnepBLie c HCil0JlbS0BaHHeM MST0,!J,a PIIH HCCJ18,!J,0BaHa 
HaMarHHqeHH0CTb TpexcnofIHofl cHcTeMLI Pd/Co(21A)/Pd, ,!J,JlSI 
I<0T0pofl TeopeTHqe1<He pacqeTLI [2) Il0I<aSLIBaIOT cyII:{eCTB0BaHHe 

Il0JlSlpHSal,lH0HHLIX a<p<peI<TOB B cnoe Pd, npHJle>KanteM I< 
Me>KrpaHHqHotl o6nacTH c Co. BnepBLie MST0,!J,0M PIIH HSMepeH0 
YBSJlHqeHHe MarHHTH0ro M0MSHTa B HsyqaeMofl CHCTeMe, I<0T0poe 
MLI 0TH0CHM I< cyII:{eCTB0BaHHIO HH,!J,Yl,lHp0BaHH0ro MarHHTHoro 
M0MSHTa, paBH0ro 0.4 µe, B ,!J,BYX M0H0CJl0SIX Pd, npHJle>KaII:{HX I< 
o6eHM Pd/Co rpaHHI,laM. 

3. BnepBLie 3I<CnepHM8HTam,Ho HCCJ18,!J,0BaHa cneI<Tpam,HaSI 
saBHCHM0CTb ,!J,JlHHLI pacceSIHHSI ra,!J,0JlHHHSI H ero crrnaBa C THTaH0M 
B TSilJl0B0fl o6naCTH 3HeprHfl HefITp0H0B. 

4. BnepBLie BLISICHSHLI npHqHHLI Ha6JlIO,!J,aIOII:{erocsr CHJlbH0ro 
na,!J,eHHSI nonsrpHSYIOII:{HX CB0tlCTB <peppoMarHHTHLIX sepI<aJlbHLIX 
HefITp0H0B0,!J,0B B ,!J,JlHHH0B0JlH0B0fl qacTH cneI<Tpa. IIpe,!I,Jl0>KeHa 
B0SM0IKH0CTb C0S,!J,aHHSI H0Boro norJl0II:{aIOntero cnnaBa ,!J,JlSI 
nonsrpHSYIOII:{HX HefITp0H0BO,!J,0B C CYII:{SCTBSHH0 M8Hbmefl 
0Tpa>KaIOII:{efl cnoco6HOCTbIO Ha 0CH0Be 6opa. 

IIpaI<TH'tlecI<oe sHa'tleHHe. 
l. IIoI<asaH0, qTo MST0,!J, pe<pneI<TOMeTpHH nonsrpHS0BaHHLIX 

HefITp0H0B Il0SB0JlSIST HSMepSITb MarHHTHLie 3<p<peI<TLI B YJlbTpa
T0HI<HX MarHHTHLIX IlJlSHI<aX BilJl0Tb ,!J,0 HSCI<0JlbI<HX M0H0CJl0eB. 

2. JIICCJ18,!J,0BaHLI oco6eHHOCTH HaMarHHqeHH0CTH B Pd/Co/Pd 
CHCTeMe, HCtt'5n:osyeMofl B MarHHT0-0ilTHqecI<HX sanoMHHaIOII:{HX 
YCTp0tlCTBax BLIC0I<0tl IlJl0TH0CTH. 
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3. IIIsyqeHLI npHqHHLI na,!J,eHHSI CTeneHH nonsrpHSal,lHH nyqI<a c 
poCT0M ,!J,JlHHLI B0JlHLI HefITp0H0B. IIpe,!I,Jl0>KSHLI norJl0II:{aIOII:{He CJl0H 
Ha 0CH0Be Cd H B 0ilTHMHSHp0BaHHLie Ha MHHHMYM 0Tpa>KeHHSI ,!J,JlSI 
C0SP,aHHSI Il0JlSlpHSYIOII:{HX sepI<aJI C BLIC0I<0fl CTeneHbIO nonsrpHSal,lHH 
B mHp0I<0M HHTepBaJle ,!J,JlHH B0JlH TSilJl0BLIX HefITp0H0B. 

Anpo6arrnsr pa60TLI. PesyJlbTaTLI HCCJ18,!J,0BaHHfl, HSJl0>KeHHLIX B 
,!J,HCCepTal,lHH, ,!J,0I<Jla,!J,LIBaJlHCb Ha XXV H XXVI mI<onax B 3aI<onaHe 
"Condensed matter studies by nuclear methods"' (3a1<onaHe, IIon:oma, 1990 

H npHrnameHHLifl ,!J,0I<Jla,!J,B B 1991 r.r.), 2 International Conference 
"Surface X-Ray and Neutron Scattering (npHrnameHHLifl ,!J,0I<Jla,!J,, Bad 

Hohnef, repMaHHSI 1991 r.), 3 International Symposium on Surface 
Science" (La Plagne, cl>paHI,lHSI 1992 r .), 6th International conference on 
solid films and surfaces (IIapH>K, cl>paHI,lH~, 1992 r .), "Symposium on 
magnetic ultra thin film, multilayers and surfaces" (nHoH, cl>paHI,lHSI, 1992 

r .), 3 International Conference "Surface X-Ray and Neutron Scattering, 
.[ly6Ha, 1 9 9 3 r.), 14th International Colloquium on magnetic films and 

surfaces (.[lroccen1>,!I,op¢, repMaHHSI 1994 r .), Ha ceMHHapax 
IIeTep6yprcI<oro HHCTHTyTa Sl,!I,epHofl <pHSHI<H P AH (faTqHHa), 

IIIHCTHTyTa nonynpoB0,!J,HHI<0B AH YI<paHHLI (KHeB), YHHBepCHTeTa r. 
K0HCTaHI,l (repMaHHSI), na6opaTOpHH MarHeTHSMa Louis Neel CNRS 
(rpeH06Jlb, cl>paHI,lHSI), IIIHCTHTyTa naya-naH>KeBeHa (rpeH06Jlb, 
cl>paHI,lHSI), 0T,!J,eJla <pHSHI<H I<0H,!J,SHCHpoBaHHLIX cpe,!I, na6opaTOpHH 
HefITp0HH0fl cl>HSHI<H HM. III.M.cl>paHI<a 0IIIHIII. 

IIy6ng1<anuu. IIo pesyn:oTaTaM ,!J,HccepTal,lHH ony6nHI<OBaHo 11 

CTaTetr. .~ 

CTpVI<Typa H OO'heM pa60TLI . .[lHccepTal,lHSI C0CT0HT HS IlSITH rnaB, 
npHJl0>KeHHSI, sa1<11roqeHHSI H CilHCI<a JlHTepaTypLI. Pa6oTa HSJl0>KeHa 

Ha 100 CTpaHHI,laX, BI<JlIOqaeT 25 pHCYHI<0B H 7 Ta6JlHI,l. CnHC0I< 
JlHTepaTypLI C0,!I,ep>KHT 111 HaHMeHOBaHHtr. 

CO.[l:EPJK AHHE PABOTliI 

IIepBaR rna1a cocToHT Hs Tpex qacTetI. 
B nepB0:0; qacTg o6ocH0BLIBaeTCSI HHTepec I< HsyqeHHIO BonpocoB, 
paccMaTpHBaeMLIX B ,!J,HCCepTal,lHH. 

Bo BT0poit "<12CTH o6cy>K,!J,aIOTCSI oco6eHHOCTH MarHeTHSMa B 
CHCTeMax c Il0HHIKSHH0tr CHMMeTpHetr . .[laeTCSI o6sop TeopeTHqecI<HX 
pa6oT 0 C0BpeMeHHLIX MST0,!J,aX, HCil0JlbSYSMLIX ,!J,JlSI 0ilHCaHHSI 
MarHeTHSMa YJlbTpaT0HI<HX IlJlSH0I<, Il0BepXH0CTetr H Me>KrpaHHqHLIX 
o6nacTetr. IIpHB0,!J,HTCSI o6sop 3I<cnepHM8HTaJlbHLIX MST0,!J,0B, 
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HCI10ffb3Y9MLIX ,ll.mi H3yqeHHH crra611x MarHHTHLIX acpcpeKTOB, 

aHaJIH3HpyIOTCH HX B03MO>KHOCTH H npe,ll.91111 . .aarree npHBO,lI.HTCH 

OIIHCaHHe pa6oT, B KOTOpLIX M9TO,ll. PITH 61111 npHM9H9H ,ll.JIH 

HCCJI9,lI.OBaHHH MarHeTH3Ma ym,TpaTOHKHX nrreHOK H MHOrocrrt!HLIX 

MarHHTHLIX CTPYKTYP- B KOHqe BTOpotr qaCTH cpopMYJIHpyIOTCH 

OCHOBHLie npo6rreMLI, HCCJI9,ll.Y9MLI9 B ,lI.HCcepTaQHH. 

B T;peTet! qacTH ,lI.aHHOt! rrraBLI H3JIO>K9HLI OCHOBH119 pesym,TaTLI, 

BLIHOCHMJ.Ie Ha 3alI(HTY. 

BTopaH rnaBB COCTOHT H3 nHTH qacTet!. 

B rre;pBOtl qacni onHCLIBaeTCH cneKTpOMeTp norrHpH30BaHHLIX 

Het!TpOHOB (CIIH) Ha HMnYJibCHOM peaKTOpe JtlEP-2, pa6oTaIOII(Htl: no 

M9TO,ll.Y BpeMeHH nporreTa, Ha KOTOpOM OLIJIH BJ.InorrHeHLI OCHOBH119 

9KCII9pHM9HT11 no HCCJI9,lI.OBaHHIO MarHeTH3Ma B yJibTpaTOHKHX 

nrreHKaX, 06cy>K,lI.aeM11e B ,lI.HCCepTaqHH 13). 
Bo BTO;potr qacTH paccMaTpHBaeTCH M9TO,ll. norryqeHHH 

K09cpcjJHQH9HTa OTpa>KeHHH B 9KCnepHM9HT9 no MeTO,lI.Y BpeMeHH 

nporreTa, paccMaTpHBaIOTCH BOIIpOCLI KOppeKTHOro yqeTa cpoHa, 

HOpMHpOBKH cpyHKQHH KOacpcpHqHeHTa OTpa>KeHHH. ,arrH norryqeHHH 

K09cpcjlHQH9HTa OTpa>KeHHH B 9KCIIepHM9HT9 IIO BpeMeHH nporreTa, 

HY>KHO H3M9pHTb cneKTparrbH119 saBHCHMOCTH na,lI.aIOII(ero Ii A) H 

OTpa>KeHHOI'O I,(A) nyqJ(OB npH cjJHKCHpoBaHHOM yrrre na,lI.eHHH e. 
.arrH yqeTa cpoHa H3MepHIOTCH cpoHOBLie cneKTpLI IoJ 11,) H I,b( A) 
na,lI.aIOII(ero H OTpa>KeHHoro nyqKoB C Cd 3aTBOpOM Ha ,lI.9T9KTOpe. 

Tor,ll.a 9KcnepHM9HTaJibHLit! KoacpcpHqHeHT OTpa>KeHHH B1IqHCJIH9TCH 

no crre,ll.YIOII(et! cpopMyrre 
[/ (;\..)- I b(,1-)] 

R (Q(,'l 0)) _ r I r I f 
exp i' - [/o(\)-/Ob(\)J , 

(1) 

r,ll.e Q - nepe,lI.aHHLit! HMnyrrbC,f - HOpMHpOBoqHJ.It! cpaKTOp. 

A6cOJIIOTHaH mKarra (H, crre,lI.OBaTeJibHO, HOpMHpoBoqHLit! cpaKTOp f) 

onpe,lI.eJIH9TCH HOpMHpOBKOt! o6rraCTH norrHoro OTpa>KeHHH Ha 

9,ll.HHHQY. Heo6xo,lI.HMOCTb HOpMHpOBKH B03HHKaeT B TOM crryqae, 

KOr,lI.a npoeKqHH o6pasqa ,lI.ITHHOt! l ( lsin e) MeH1>me, qeM ceqeHHe 

na,lI.aIOII(ero nyqKa. HopMHpOBKa Ha 9,ll.HHHQY BepHa TOJibKO B TOM 

crryqae, ecrrH o6paseq He co,ll.ep>KHT norrroTOTerrh, B npoTHBHOM 

crryqae crre,lI.yeT IIOJib30BaTbCH HJIH reoMeTpHqecKHM cpaKTOpOM, HJIH 

o6ecneqHTb norrHoe nepeKpLITHe o6pasqoM ceqeHHH nyqKa. 

qTOOLI np~ BLiqHcrreHHH 9KCnepHM9HTaJibHOrO K09cpcpHQH9HTa 

oTpa>KeHHH Rexp no cpopMyrre (2.2) He yxy,lI.maTb CTaTHCTHqeCKHe 

omHOKH H3-3a Marrotr HHT9HCHBHOCTH Cd cpoHa, npOH3BO,lI.HTCH 
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npe,lI.BapHTeJibHaH no,lI.rOHKa cpoHOBLIX cneKTpOB norrHHOMHaJibHLIMH 

cpyHKQHHMH I,btheor• H IObthcor" KOTOpLie H HCnOJib3YIOTCH B pacqeTax. 

B T:peT1>etr gacni o6cy>K,lI.aeTcH yqeT cpyHKQHH norrHpHsaqHH P(A), 
paccMaTpHBaeTCH cnoco6 KoppeKQHH 9KCIIepHM9HTaJibHO 

H3MepeHHLIX OTpa>KeHHLIX HHT9HCHBHOCTetr Ha H9H,lI.eaJibHOCTb 

cpyHKQHH norrHpHsaqHH. ,arrH norryqeHHH 9KCnepHM9HTaJibHLIX 

KOacpcpHqHeHTOB OTpa>KeHHH R+ H R-, OTKOppeKTHpOBaHHLIX Ha 

cneKTpaJibHLie saBHCHMOCTH cpyHKQHH P(A) norrHpH3aQHM M 

acpcpeKTMBHOCTH CilHH-cjlrrHnnepa f(A) ,ll.JIH crryqaH 

no~HpM3aQHOHHOro 9KcnepMM9HTa 093 aHaJIH3a norrHpMsaqHM B 

OTpa>KeHHOM nyqKe, KOppeKqHH 9KCnepMM9HTaJibHLIX 

HHTeHCMBHOCTet! I+ H I- npoBO,lI.HJiaCb no crre,lI.yIOII(HM cpopMyrraM: 

R (,'l) == - n , J (2) + 
I [ {I - P(,'l)[I - 2f(,'l)])(/+ - / I )-[I - P(,'l)](r -1.

1 
)] 

k 2f(,'l)P(,'l)(/o - 'ob) 

11 {I - P(,'l)[l -2/(,'l)] )(r - I b)-[1- P(,'l)](/+ - I ·I) 
R-(,'l)- - r 1 1 I (3) 

k 2/(,'l)P(,'l)(/o - 'ob) 

B qeTBe:pTot! qacTH aHaJIM3MpyeTCH cpyHKQMH paspemeHHH FR((Q) 
cneKTpOMeTpa CIIH, B qacTHOCTH noKa3aHO, qTo FR(Q) 
cneKTpOM9Tpa CIIH OIITHMaJibHO a,lI.aIITHpoBaHa ,ll.JIH 

pecprreKTOMeTpHqecKHX 9KCIIepHM9HTOB ·-

B ijHTOtr qacT:t! oocy>K,lI.aeTCH MeTO,lI.HKa oopaooTKH H aHaJIH3a 

9KCIIepHM9HTaJibHLIX ,lI.aHHLIX, npHBO,lI.HTCH MeTO,lI. pacqeTa 

KoacpcpHqHeHTa OTpa>KeHHH OT MHOrocrrot!HOt! CTPYKTYPLI 

(OIITHqecKHt! MaTpHqH:r.rt! M9TOA), OIIHCLIBaIOTCH ocooeHHOCTH 

nporpaMMLI ,ll.JIH IIO,lI.rOHKH 9KCIIepHM9HTaJibHLIX ,lI.aHHLIX. 

Tp8Tl»SI I' nasa nocBHII(9Ha H3yqeHHIO MarHMTHoro MOMeHTa 

OCHOBHoro COCTOHHHH aTOMOB >Kerresa B Tpexcrrot!Hot! CTPYKType 

W/Fe/W M COCTOMT H3 qeTLipex qacTetr. 

B ne;pBOtI '{8CTH OOCY>K,lI.aIOTCH ocooeHHOCTH MarHHTHOro MOMeHTa 

OCHOBHOro COCTOHHHH B CHCTeMaX C noHH>KeHHOt! pa3MepHOCTbIO. 

B npeAerrax H9CKOJibKMX MOHOCJIOeB (3-5) TOHKMe nrreHKM 

nepeXOAHLIX MeTarrrroB C xopomHM npHOJIH>K9HHeM HBJIHIOTCH 
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MO.U,eJU,HbIMH 2D CHCTeMaMH, TaK KaK B030Y>K.U,eHHeM 

rreprreH.U,HKYJJHpHbIX MO.U, CIIHHOBbIX BOJ1H MO>KHO rrpeHe6pe-cu,. 

OCHOBHbIMH "HOCHT9J1HMHN MarHHTHOro MOMeHTa B rrepexo.U,HbIX 

M8Ta1111ax HBJ1HIOTCH 3J1eKTpOHbI .u,enoKaJ1H30BaHHbIX d - OOOJ10"CieK (H 

B M9Hbme9r CT9II9HH rH6pH.U,H30BaHHbIX s - OOOJ10"CieK), "CITO HBJ1HeTCH 

rrpH"CIHH09r CHJ1hH09r qyBCTBHT9J1bHOCTH MarHeTH3Ma B TOHKHX 

IIJ19HKax rrepeXO.U,HbIX MeTaJ1J10B K OKpY>KSHHIO. 

ECJ1H MarHHTHbI9r CJ109r rrepexo.u,Horo MeTanna IIOMeCTHTb Ha 

HeMarHHTHYIO IIO.U,J10>KKY, MarHHTHbI9r MOMSHT OCHOBHOro 

COCTOHHHH 6y.u,eT orrpe.u,enHTbCfI KOHKypeHQHe9r MS>K.U,Y ABYMH 

ll,OMHHaHTHbIMH rrpoueccaMH. Cy>HeHHe 3d 30HM Ha IIOB9pXHOCTH 

CTpeMHTCH yBeJJH"CIHTh MarHHTHbI9r MOMeHT, a I'HOpH,l{H3a[1HH C 

IIO.U,J10>KK09r - yMeHbIDTh. 

3a C"CIST yMeHbmeHHH pa3MepHOCTH Ha IIOBepXHOCTH yBeJ1H"CIHBaeTCH 

J10KaJ1H3aQHH 3J19KTpOHOB, 3TO npHBO.U,HT K cy>KeHHIO 3d 30HbI no 

cpaBHeHHIO co 3Ha"CI9HHeM l1,J1H 061,eMHOro MaTepHana. 3cpcpeKTbI 

rH6pH.U,H3aQHH B03HHKaIOT H3-3a nepeKpbITHH 3d MarHHTH1IX 30H 

a6cop6aTa C, HanpHMep, s H d 3J1eKTpoHaMH nO,ll,J10)KKH. 3TO BbI31IBaeT 

ymHpeHHe 30HbI no cpaBHSHHIO C OObeMH1IM MaTepHaJ10M, "CITO 

npHBO.U,HT K YMSHbmeHHIO MarHTH3Ma. TeopeTH"CISCKHe pacqeT1I [4], 

BbinOJ1H9HHbie l1,J1H Fe/W(I I 0), Ag/Fe/W(I 10), noKa3bIBaIOT, "CITO 

nO,ll,J10>t<Ka W( 110), 3Ha"CIHTeJ1hHO YMeHhmaeT MarHHTHbI9r MOMeHT B 

MOHOCJ109 >t<eJ1e3a no cpaBHSHHIO C µB = 2.65 ,ll,J1H IIOBepXHOCTHoro 

CJ10H OObeMHoro >t<eJ1e3a. B Ka"CieCTBe MO.U,eJ1bH09r CHCTeMbI .U,J1H 

rrpHMOrO H3MepeHHH MarHHTHoro MOMeHTa OCHOBHoro COCTOHHHH B 

YJ1bTpaTOHK09r nneHKe ObIJ1a B1I6paHa CTpyKTypa 

W(l lO)Fe(I IO)/W(l IO)/Al20/l I 20), r.u,e TOJ1IIlHHa nneHKH Fe 
COCTaBJ1HJ1a Bcero 3 MOHOCJ10H. 

Bo BTopo9r qacTH onHCbIBaeTCH H3rOTOBJ1eHHe 3nHTaKCHaJ1bHbIX 

MeTaJ1J1H"CieCKHX nneHOK H HX XapaKTepHCTHKa. arrH norry"CieHHH 

3nHTaKCHaJ1bHbIX nneHOK MbI HCnOJ1b30BaJ1H MeTO.U, l/IMnYJJhCHOro 

na3epHoro HanbIITeHHH (lllnH), peaJ1H30BaHHbI9r Ha ycTaHOBKe B 

naoopaTOpHH nyH HeeJJH (CNRS, Grenoble). 15]. anH C03,ll,aHHH 

nneHKH MbI HCnOJ1b3S)BaJ1H MOHOKpHCTaJ1J1H"CieCKYIO no.u,no>+<KY 

Al20,( 1120 ). C IIOMOIIlhIO 3J1eKTpOHH09r .U,HcppaKQHH BO BpeMH 

HaHeceHHH nneHKH npoH3BO.U,HJ1CH .U,HcppaKQHOHHbI9r aHaJ1H3, H3 

KOToporo CJ1e,ll,OBaJ10, "CITO B rrneHKe He ObIJ10 HanpH>t<eHH9r 

(Kp~cTaJ1J1J4~CKHe na paMeTpbI COOTBeTCBOBaJ1H na paMeTpaM 

OObeMHoro W) H OpHeHTaQHH B nneHKe 61111a W(l 10). 
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IlpH HaHeceHHH nneHKH Fe npOH3BO.U,HJ1CH in-situ aHaJ1H3 H3 KOToporo 

CJ1e,ll,OBaJ10, "CITO Fe pacTeT 3nHTaKcHaJ1bHO Ha W Bee 

KpHCTaJ1JIOrpacpH"CiecKHe OCH Fe ObIJ1H naparrneJ1bH1I OCHM w C 

COOTBeTCTBYIOIIlHMH HH,ll,eKcaMH. Ilocne H3rOTOBJ1eHHH nrreHI<a 611na 

oxapaI<TepH30BaHa Ha ycTaHOBI<e peHreHOBCI<HX nyqetl MeTO,ll,OM 

pecpneI<TOMeTpHH. 

B TpeTbetI qacTt,: onHC1IBaIOTCH 3I<cnepHMeHTaJibHbie pe3yJ1bTaTr.:r, no 

H3MepeHHIO MarHHTHoro MOMeHTa B nneHI<e, no11yqeHH1Ie MeTO,ll,OM 

PITH. llI3MepeHHH 3epI<aJ1bHOro I<03Q)Q)HUHeHTa OTpa>t<eHHH 

nom1pH30BaHH1IX He9ITpOHOB npoBO.U,HJ1HCb npH TeMnepaType 300 K. 
Be.rrH"CitiHa npHIIO>t<eHHoro MarHHTHoro IIOJ1H ObIJ1a 500 3. Cne,ll,yeT 

OTMeTHTh, "CITO pa3Mep o6pa3ua ObIJ1 O"CieHb Man H COCTaBJ1HJ1 TOJihI<O 

5 MM B ,ll,HaMeTpe. IIocne YCTaHOBI<H B ,ll,ep>t<aTeJib pa6oqa11 IIJIOIIla,ll,b 

l1,J1H pecpneI<TOMeTpH"CieCKHX H3MepeHH9r paBH!IJiaCb npH6JIH3HTeJU,HO 

3X5 MM 2
. MarHHTH1I9r 3cpcpeKT HaH6onee HarJI!l,ll,HO MO>t<HO 

npe.u,cTaBHTb B BH.U,e cpnHn-OTHOmeHH!I (R+/R), I<aI< IIOI<a3aHO Ha 

pHCYHI<e 1. TeopeTH"CieCI<H9r aHaJIH3 3KCIIepHMeHTaJibHbIX ,ll,aHHbIX 

npOH3BO,ll,HJIC!I no MaTpH"CIHOMY MeTO,ll,Y, onHCaHHOMY B rnaBe 2. 

MarHHTHa!I qacTb nJIOTHOCTH ,ll,JIHHbI pacceHHH!I, nonyqeHHa!I B 

pe3yJibTaTe IIO,ll,rOHI<H ,ll,JI!I CJIOH Fe, paBH!IJiaCb ( 4.0 ± 0.1 )x 1 o-6 A-2
. 

3To COOTBeTCTBYeT MarHHTHOMY MOMeHTY ( 1.80 ± 0.05) µa/a TOM 

npH T = 300 K. an11 Toro, "CITOObI cpaBHHTb nonyqeHHbitl pe3yJibTaT C 

TeopeTHqecI<HMH pacqeTaMH, HY>+<HO 3I<CTpanonHpOBaTb pe3yJibTaT, 

nonyqeHH1ItI npH I<OMHaTHOtl TeMnepaType, I< T = 0 K. ]:{JIii 3Toro 

6bino npoBe,ll,eHo H3MepeHHe TeMnepaTypHo9r 3aBHCHMOCTH nonHbro 

MarHHTHOro MOMeHTa o6pa3ua C noMOIIlbIO CKBllla-MarHeTOMeTpa. 

HaMarHH"CieHHOCTb o6pa3Qa 61111a H3MepeHa B HHTepBane TeMnepaTyp 

4.2 K - 300 K B IIOCTO!IHHOM MarHHTHOM none, paBHOM 1 I<3 (pHC. 2). 

I1onara11, qTo TeIIJIOBOe H3MeHeHHe MarHHTHoro MOMBHTa B 

o6nacTH TeMnepaTyp OT o K AO 4.2 K Mano no cpaBHSHHIO co ero 

3Ha"CieHH9M npH T = 300 K, 3HaqeHH9 MarHHTHoro MOMSHTa, . 

nonyqeHHOe HaMH B HSHTpOHHOM 3I<CnepHMeHT9 H paBHOe MOMSHTy 

( 1.80 ± 0.05) µa/aTOM npH T = 300 K, MO>l<HO 3I<CTpanonHpoBaTb I< 

3Ha"CI9HHIO (2.1 ± 0.1) µe/aTOM npH T = 0 K. IIonyqeHH1ItI HaMH 

MarHHTH1ItI MOMSHT P,JI!I aTOMOB Fe B TpexcnotIHotI CHCTeMe 

W/Fe/W, paBHbitl 2. l+/-0.1 µB , COBna,ll,aeT B npep,enax omH6I<H c 

TeopeTHqecI<HM 3HaqeHH9M [51, paBHLIM 2.18 µB ,ll,JI!I MOHOCJIO!I Fe Ha 

W - IIO,ll,JIO>t<I<e H co 3HaqeHH9M 2.17 µB ,ll,JI!I Fe B CHCTeMe CHCTSMe 

Ag/Fe/W. 

7 



I 

. 2 
E 
Cl) 

= ·a 
-=r:::: 

10 r----.--~-:--i~--
o R+/R"dat:1 C 

---R+ IR" fit 

0.1 L----'-----I.---'..__,__,_.......__ 
0.01 

q (A"!) 
0.1 

P:0:c. l 31<crrep:0:MeHTam,HafI :0: Teope
T:0:qecI<afI ct>YHI<I:(:t!:t! <pJrnII-OTHOme
H:t!fI (R+/R) P,JlfI W/Fe/W rrneHI<:t!. 

2~ ~ • • . " I" 'l""j 
1i • : • • • 

":' .. . 
0 • 

3 t .. . . . 
:::, . 
= . .§ 1 i=" 

.f! r 
;j 

~ 
i 

0 .... 1 ... 1 .... 1 .... 1 .... 1 .... 

0 50 100 150 200 250 300 

Temperature (K) 

P:t!c.2 TeIIJIOBOe :t!3MeHeH:t!e 
HaMarH:0:qeHHOCT:t! W/Fe/W 

rrneHI<:t!, :t!3MepeHHoe B rrone 
H = l I<Oe 

B qeTBepTofI qacn1 P,enaeTCfI aHan:0:3 :0: cpaBHeH:0:e rronyqeHH1IX 
pe3yJ1bTaTOB C :t!3B9CTHYM:t! P,aHHYM:t! TeopeT:0:qecI<:t!X :t! 

3I<CIIep:t!M9HTaJ1bH1IX paooT. 3TO cpaBHeH:t!e IIOI<a3YBaeT, qTo 
rronyqeHH1Ie HaM:t! pe3yJ1bTaT1I BrrepBYe 3I<CIIep:t!M9HTaJ1bHO 

rroP,TBepP,:0:n:0: rrpeP,cI<a3aHHoe TeopeT:0:qec1<:0: yMeHbmeH:0:e 
MarH:t!THOro MOMeHTa aTOMOB Fe, HaHeCeHH1IX Ha w IIOP,JIO>KI<Y IIO 
cpaBJI9H:t!IO C IIOBepXHOCTH1IM CJIOeM 001,9MHoro Fe. 
'9:eTBepTaff: r naBa IIOCBfII!l9Ha :0:3yqeH:t!IO act,cpeI<TOB II011fip:t!3ar(:t!:t! 
HeMarH:t!THYX aTOMOB Pd B YJibTpaTOHI<ofI Pd/Co/Pd rrneHI<e :0: 
COCTO:t!T :0:3 qeT1Ipex qacTefI. 
B rrepBofI qacT:t! OOCY>KP,aIOTCfI CTPYI<TYPHYe :t! MarH:t!TH1Ie CBOfICTBa 
Co/Pd(l 11) c:0:cTeM, rrp:0:BOP,:t!TCfI 003op TeopeT:0:qec1<:0:x :0: 
3I<CIIep:t!MeHTaJ1bH1IX paooT, ct,opMyn:0:pyIOTCfI rrpooneMY. 
HecMoTpfI Ha TO, qTo d-ooonoq1<a Pd He3arronHeHa, rrannaP,:0:t! 
fIBJif!eTrn rrapaMarHeT:t!I<OM. IIp:0: aTOM Pd fIBJif!eTrn 11er1<0 
IIOJifip:t!3yeMYM: Manotr np:t!MeC:t! Co P,OCTaToqHo, qT001I B1I3BaTb 
cpeppoMarHeT:t!3M B rrannaP,:0::0: [6, 7]. TeopeT:0:qec1<:0:e :0:ccneP,oBaH:0:fI 
CTPYI<TYP1I :t! MarHeT:t!3Ma B Co/Pd(l 11) TOHI<OH rrneHI<e [81 IIOI<a3aJ1:t!, 
qTo aTOMY Co Ha Pd oopa3yIOT ruK pemeTI<Y C 5-61 COI<paI!leH:t!eM 
paCCTOfIH:t!H M9>KAY OJI:t!>Kaflm:t!M:t! Co-Pd, aTOM1I Co np:0:oopeTaIOT 
yBeJ1:0:qeHH£'11t MarH:t!TH1IH MOMeHT, paBH1IH 1.89 µB B 1 MOHOCJIOe Co 
Ha Pd :0: qTo cnotr Co :t!HAYI:(:t!pyeT oonbmotr MarH:t!THYH MOMeHT 
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(0.38 µ8 ) B 011:0:>KaflmeM cnoe Pd . .[{JifI np0Bep1<:0: aT:0:x TeopeT:0:qecK:0:x 
pacqeTOB MY :t!CCJieP,OBaJI:t! MarH:t!THYe CBOHCTBa CTpyKTYPY 
Pd(70A)/Co(20A)/Pd(270A)/ Au(220 A)/Si. 
Bo BTOpofI qaCTM OIIHCYBaeTCfI rrpHrOTOBJieH:t!e H xapaKTep:t!CT:t!I<a 
oopa3I:(OB. IIJieHK:t! 01IJ1H np:0:roTOBJieH1I MeTOP,OM HaIIYJieH:t!fI C 
IIOMOI!lbIO 3JieKTpOHHOro nyqI<a B KaMepe YJibTpa-BYCOI<oro BaKyyMa 
B rraoopaT:0:p:0::0: <P:0:rrHnc (Philips Research Laboratories, Eindhoven, 
Netherlands). MY HCIIOJib30BaJI:t! IIOP,JIO>KK:t! ABYX T:t!IIOB: Si( 100) :t! 

Si( 11 1 ). Oopa3I:(Y OYJIH oxapaKTepH30BaH1I c IIOMOI!lbIO X:t!MHqecKoro 
aHaJI:t!3a, pecpneKTOMeTp:t!H peHTreHOBCK:t!X nyqetr. MarH:t!THafI 
xapaI<TepHCT:t!I<a oopa3I:(OB OYJia BYIIOJIHeHa C IIOMOI!lbIO 
IIOBepXHOCTHOro MarHHTO-OIIT:t!qecKoro acpcpeI<Ta Keppa H 

MarH:t!TOMeTp:0:qecKHX H3MepeHHfI. 3Kcnep:t!MeHTY IIOKa3aJI:t! 
OTCYCTCTB:t!e IIJIOCKOCTHOH aHH30TpOII:t!H. Pe3yJibTaTY :t!CCJieP,OBaHHfI 
CTPYKTYPH1IX H MarH:t!TH1IX xapaI<TepHCT:t!K oopa3I:(OB 
npeP,cTaBJieH11 B Taonm~e 1. 

Tat5rrm~a 1. 
XapaI<Tep:t!CT:t!Ka oopa3I:(OB. B KOJIOHKe 2 IIOKa3aHa opHeHTar(:t!fI 
noP,JIO>KI<:t!, d 03HaqaeT, qTo IIOP,JIO>KKa t511rra npoTpaBJieHa B HF 
K:t!CJIOTe. B CJieP,YIOI!lHX KOJIOHKax npeP,CTaBJieHY TOJII!l:t!HI:,.I 
Pd/Co/Pd/Au nrreHOI<. IIonHafI TOJII!lHHa Pd t511rra onpeP,erreHa c 
IIOMOI!lbIO X:t!MHqecKoro aHaJIH3a (KOJIOHKa 5), TOJ1I!lHH1I HH>KHero H 
BepxHero Pd CJIOeB pa3P,9JibHO 01IJI:t! onpeP,errem..i C IIOMOI!lbIO 
Het!TpOHHOH pecpneI<TOMeTpHH (I<OJIOHK:t! 6 H 7) . 3HaqeH:t!fI AJifI 

HaCYI!laIOI!lero nonfI, napanrreJibHoro (H II ) :0: nepneHP,:t!KYJIHpHoro (H 

l_ ) K IIOBepXHOCT:t! ot5pa3I:(OB, npeP,CTaBJieH1I B ABYX nocrreP,H:t!X 
KOJIOHI<ax. 

Oopa- ITOP,- Co(A) Au (A} Pd (A) Pd(A} Pd (A) HII H 1-
391:( J!O>KI<a (±5%) (±3%) (±3%) (±3%) (±3%) (k3) (k3) 

1 Si(IOO) 21.4 214 345 270 75 2.5 3.5 
d 

2 Si( 111) 
d 

21.2 217 352 270 75 2.5 3.8 

3 Si(IOO) 20.9 216 340 270 70 2.5 3.8 
4 Si(ll I) 20.9 220 342 272 70 2.5 3.8 
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KaK cne,ZI,YeT H3 TaonHr.rE>I, 3Hati:eHHfI Ton~HH cnoeB Co, Pd H Au, 
nonyti:eHHlJe pa3HlJMH MeTo.zr,aMH, C xopomei'I CTeneHbIO TOti:HOCTH 

cornacyIOTCfI Me>K.zr,y coooi'I. 

8 TI;>eTbei'I ti:aCTJA onHClJBaIOTCfI 3KCnepHMeHTanbHlJe pe3ynbTaThI, no 

H3MepeHHIO npoqmnfI fI,ZI,epHoi'I nnoTHOCTH .zr,nHHlJ paccefIHHfI 

Hei'ITpOHOB .zr,nfI nneHOK Pd/Co/Pd . .[(nfI 3Toro K3¢>QmQHeHT OTpa>KeHHfI 

H3MepfinCfI B HaC:EJ~aIO~eM BHemHeM MarHHTHOM none, paBHOM 8.S 
K3, npHno>KeHHOM nepneH,ZI,HKYnfipHO K nnoCKOCTH nneHKH, npH 3TOM 

cnHHlJ Hei'ITpOHOB Oh!nH HanpaBneHlJ no non IO. 8 3TOM cnyti:ae 

K03¢>¢>HQHeHTlJ OTpa>KeHmr R+ H R CTaHOBfITCfI He3aBHCHMlJMH OT 

CilHHa Hei'ITpoHa [ 1 1 ). VI3 no.zr,roHKH 3KCnepHMeHTanbHlJX .zr,aHHlJX 

TeopeTHti:eCKOi'I MO.zr,enbIO, MlJ nonyti:HnH nnOTHOCTH Nibi H 

TOn~HHlJ di Ka>K.zr,oro cnofI i. IlnOTHOCTH He OTnHti:anHCb OT 

TaonHti:HhIX 3Hati:eHHi'I. Ton~HH:EJ Ka>K.zr,oro cnofI, nonyti:eHH:EJe B 

pe3ynbTaTe no.zr,rOHKH, Haxo.zr,HnHCb B H.zr,eanhHOM cornarnH C 

BenHti:HHaMH, nonyti:eHHlJMH C noMO~bIO XHMHti:ecKoro aHanH3a H 

MeTO,lI,OM peHTreHOBCKOi'I pecpneKTOMeTpHH. 

8 ti:eTBepToi'I ti:aCTH onHClJBaIOTCfI pe3ynbTaT1J H3MepeHHfI 

HaMarHHti:eHHOCTH B nneHKax Pd/Co/Pd MeTO,lI,OM pecpneKTOMeTpHH 

nonfipH30BaHHlJX Hei'ITpOHOB. 3KcnepHMeHTanhHlJe K03¢>¢>HQHeHTlJ 

OTpa>KeHHfI R+ H R H3MepfinHCb B HaC:EJ~aIO~eM BHemHeM MarHHTHOM 

none, paBHOM 3,5 K3, npHno>KeHHOM napannenbHO noBepxHOCTH 

oopa3Qa (CM. pHC. 3). Ha pHCYHKe 3KcnepHMeHTanbHlJe .zr,aHHlJe 

npe.zr,cTaBneHlJ BMecTe C no.zr,roHoti:HlJMH KpHBlJMH. IIo.zr,roHKa 

3KCnepI4MeHTanbHlJX .zr,aHHlJX npOH3BO,ZI,HnOCb C Hcnonb30BaHHeM 

4>HKCHpOBaHHlJX napaMeTpOB rrpo¢>Hnei'I fI,ZI,epHhIX rrnoTHOCTei'I .zr,nHH 

paccefIHHfI H TOn~HH cnoeB, rronyti:eHHlJX H3 3KcrrepHMeHTa IIO 

H3MepeHHIO rrpo¢>HnfI fI,ZI,epHoi'I nnoTHOCTH .zr,nHHlJ paccefIHHfI 

Hei'ITpOHOB ,ZI,nfI rrneHOK Pd/Co/Pd, OIIHCaHHOrO B TpeTei'I ti:aCTH . .[(nfI 

onpe.zr,eneHHfI HaMarHHti:eHHOCTH H3 Hei'ITpOHHOro 3KcrrepHMeHTa 

Y,ZI,OOHO rrpe.zr,cTaBnfITb .zr,aHHlJe B BH,ZI,e 4>YHKQHH IIOnfipH3aQHH, HnH 

CIIHH-acrnMeTpHH SA = (R+ - R)/(R+ + R). Ha pHCYHKe 4 
rrpe.zr,cTaBneHa ¢>YKQHfI rronfipH3aQHH .zr,nfI oopa3Qa 4. CrrnomHoi'I 

nHHHei'I IIOKa3aHa HaHnyqmafI rro.zr,roHKa 3KCIIepHMeHTanhHlJX 

.zr,aHHlJX, COOTBeTCTBYIO~afI Mo.zr,enH, B KOTopoi'I MlJ rronaranH, tl:TO 

aTOMlJ Co HMeIOT HaMarHHti:eHHOCTb OO'beMHOrO MaTepHana Cl.76 
µB), a HH,ZI,YQHpoBaHHlJi'I MOMeHT B aTOMax Pd fIBnfinrn napaMeTpOM 

no.zr,roHKH . .[(nfI 3TOi'I Mo.zr,enH MlJ nonyti:HnH, ti:TO B cnoe Pd mHpHHOi'I 
0 1-,/!» 

5 A c ooeHX CTOpOH OT cnofI Co cy~eCTByeT HH,ZI,YQHpOBaHHlJi'I 

MarHHTHlJi'I MOMeHT, paBHlJi'I 0.4 µB Ha aTOM Pd. TaK KaK 
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pHC. 3, (a) Ko3cjlcjmQHeHT OTpa>KeHHII Hi'ITpOHOB OT Pd/Co(21A)/Pd nneHI<H, 

H3MepeHHLIH BO BHemHeM MarHHTHOM none 8.5 K3, HanpaBneHHOM 

nepneH,ll,HI<YnllpHo K noBepXHOCTH o6pa3Qa. (B) KoacjlcjlHQHeHTLI OTpa>KeHHII 

R+ (o) H R (+), H3MepHHLie B MarHHTHOM none 3.5 I<3, HanpaBneHHOM 

naparrnenbHO noBepxHOCTH nneHI<H. CnnomHLIMH nHHHIIMH noI<a3aHLI 

no,ll,rOHOti:HLie I<pHBLie. 
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Pnc. 4. v'I3MepeHHaf! (o) H pactreTHafI ¢YHKQHH CilHH-aCCHMeTpHH ,2J,nll 

Pd/Co(21A)/Pd nneHI<H. Ha BCTaBI<e nYHI<THpHaf! nHHHII COOTBeTCTBYeT 

061>eMHOH HaMarHHtreHHOCTH B aToMax Co, cnrromHall nHHHII 

COOTBeTCTBY8T HH,ll,YQHpOBaHHO#I: HaMarHHtreHHOCTH 0.4 µ./Ha aTOM Pd. B 5 
A cnof!X Ha o6eHx Co/Pd rpaHnqax. 
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OTCYTCTBYIOT TeopeTJ/I'tleCKJ/Ie pac'tleTLI .u,mi: MO.U,enJ/I, aHanorIII'tlHOtl 

J/I3Y'tlaBmeticsi: HaMJ/I peam,Hotl CJ/ICTeMe Pd/Co/Pd, TO MLI MO>f<eM 

roBOpIIITb TOnbKO O Ka'tleCTBeHHOM cornaCJ/IJ/I nonyqeHHLIX HaMJ/I 

pesynbTaTOB C pacqeTaMJII, J/I3nO>f<eHHLIMJ/I B pa6oTe 18). 

B IIHTOI r naae J1Iccne.u,0Banocb BnJ1Isi:HJ1Ie nornoll'(aroll'(ero no.u,cnosi: 

Ha nonsi:pI1I3YIOII'(YIO cnoco6HOCTb MarHJ/ITHLIX HetlTpOHHLIX sepKan. 

rnaBa cocTOJ/IT III3 qeT:i.:rpex qacTetl. 

B nepBOtl qacTJ/I npIIIBO,lI,J/ITCSl: TeopeTJ/I'tleCKJ/Itl aHanIII3 K03<pq>IIIQJ/IeHTa 

sepKanbHOro OTpa>f<eHIIISl: HetlTpOHOB OT CJ/InbHLIX nornoTJ/ITenetI. 

IIpoaHanJ/I3IIIpOBaHa cneQJ/Iq>IIIKa noBe.U,eHJ/ISl: .U,nJ/IHLI pacceSl:HJ/ISl: Gd B 

TennoBotl o6nacTIII aHeprIIItl HetlTpOHOB. v'IsoTon:i.:r 
155Gd III 

157Gd, 
BXO,ll,Sl:Il'(J/Ie B COCTaB eCTeCTBeHHOtl J/I30TOn-cMeCJ/I (14.8:i' III 15.7:i' 

COOTBeTCTBeHHO), J/IMeIOT CJ/InbHLie pe30HaHCLI B ceqeHJ/IJ/I nornoII'(eHJ/ISl: 

npIII ~ 155 = 2.25 A III ~ 157 = 1.7 A, TO ecTb Henocpe.u,cTBeHHO B 

o6naCTJ/I MaKCJ/IMYMa TennoBoro cneKTpa HefITpOHOB. 3TO, B CBOIO 

oqepe.U,b, npIIIBO,lI,J/IT K CJ/InbHOtl cneKTpanbHOtl saBJ/ICJ/IMOCTJ/I I/IX .u,nIIIH 

paccesi:HJ/ISI, BnnOTb ,ll,O J/I3MeHeHJ/ISl: 3HaKa peanbHLIX qacTetl .U,nIIIH 

paccesi:HIIISI B o6nacTJ/I pesoHaHca. 3HepreTJ/I'tlecKasi: saBIIICJ/IMOCTb 

.u,nIIIHLI paccesi:HJ/Isi: B o6nacTIII O,lI,J/IHO'tlHOro pesoHaHca sanJ/ICLIBaeTcsi: 

no cpopMyne EpetITa-BIIIrHepa 191 B cne.u,yroII'(eM BJ/I.U,e: 

_ I gfn(E-Er) · I gfn f 
h - ho + 2k 2 - 1 2k __ :.:.._;,__ 2 ' 

(E-E )2 +L (E-E )2 +L r 4 r 4 

(5) 

r.u,e E - 3HeprI1Isi: HetlTpOHa ( E = ti2k212m, k - BOnHOBOtl BeKTOp 

HetlTpoHa, E, - aHeprIIIsi: pesoHaHca, r - nonHasi: mIIIpIIIHa pesoHaHca, r" 

- HefITpOHHasi: mIIIpHa pesoHaHca, g - CTaTCTJ/I'tleCKJ/Itl BeCOBOtl cpaKTOp, 

BenIII'tlJ/IHa ho He 3aBJ/ICJ/IT OT 3HeprIIIJ/I III onpe.u,ensi:eTCSl: CYMMOtl 

BKna.u,oB B .u,nIIIHY paccesi:HJ/Isi: OT Bcex .u,aneKo ne>f<all'(J/IX pesoHaHCOB III 

OT noTeHQJ/IanbHOro paccesi:HJ/ISI. CneKTpanbHLie saBJ/ICJ/IMOCTJ/I 

peanbHOtl III MHJ/IMOtl qacTetl .U,nJ/IHLI pacceSl:HJ/ISl: CMeCJ/I J/I30TOnOB 
155Gd(50%) 157Gd(50% ), pacc'tlJ/ITaHHLie c J1Icnon1,soBaHJ1IeM napaMeTpoB 

pesoHaHCOB J/I30TonoB 155Gd III 157Gd, B3Sl:TLIX J/I3 I 101, no.u,TBep>f<.u,aroT 

cno>f<HLitl xapaKTep noBe.u,eHJ/Isi: .u,nIIIHLI paccesi:HJ/Isi: B TennoBotl 

o6naCTJ/I 3HeprI1ItI HefITpOHOB III, KaK cne.U,CTBJ/Ie, HeB03MO>f<HOCTb 

KOMneHCaQJ/I peanhHOtl qacTJ/I .U,nIIIHLI paccesi:HJ/ISI Gd B mIIIpOKOM 

IIIHTepBane ~J/IH BonH HetlTpoHoB (A- > 0.5 A). gnsi: IIIHTepnpeTaQJ/IJ/I 

3I<CnepIIIMeHTanhHO nonyqeHHLIX 3Ha'tleHJ/Itl K03<pq>IIIQJ/IeHTa 
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oTpa>f<eHJ/Isi: J1Icnon1,s0Banacb cpopMyna .u,nsi: Rd(q), 

nornoII'(aIOII'(ero cnosi: KOHe'tlHOtl TOnII'(IIIHLI d, 
nony6ecKoHeirnyro no.u,no>f<KY: 

nonyqeHHasi: .u,rrsi: 

HaHeceHHoro Ha 

(q - qi )[(qi + q2 )e + (qi - q2 )] + lql (qi - q2) 
I 

-i2q/ 12 

Rd(q) = . 2' (6) 

I 
-12q(I I 

(q-ql)[(ql +q2)e +(qi -q2)J- 2q1<lf1 -q2) 

r.u,e q1, q2 - HOpMaJibHLie KOMnoHeHTLI BOJIHOBoro BeKTOpa HetJ'.TpOHa 

B nrreHKe III no.u,no>f<Ke COOTBeTCTBeHHO. 

Bo BTOl)Otl qacTJ/I J/I3JIO)f(eHLI 3KcnepI1IMeHTaJ1bHLie pe3yJibTaTLI 

J/I3MepeHJ/ISl: cneKTparrhHOtl saBJ/ICJ/IMOCTJ/I K03<pq>IIIQJ/IeHTa OTpa>f<eHJ/ISl: 

OT nrreHOK Gd III GdTi. v'Iccne.u,0BarrJ1Ich .u,Ba o6pasQa, 

npe.u,cTaBJISl:IOII'(J/Ie co6otl TOHKJ/Ie nrreHKJ/I, HaHeCeHHLie MeTO,lI,OM 

B8KYYMHOro Han:i.:rrreHJ/ISl: Ha CTeKJUIHHLie no.U,JIO>f<KJ/I (CM Ta6rr.2) 

Ta6rrJ1IQa 2. OnJ1IcaHJ1Ie o6pasQOB 

nrreHKa nO.U,JIO>f<Ka 

ecTeCTBeHH8Sl: J/I30TOn-cMeCb Gd CTeKrro "float-glass" 
1000 A 
cnrraB Gd( 15%)Ti(85), 8000 A cTeKrro "float-glass" 

l' 

ELIJIJ/I J/I3MepeHLI K03<pq>IIIQJ/IeHTLI OTpa>f<eHJ/ISl: RJ)J OT Gd sepKarra III 

cnrraBa Gd(l 5% )Ti(85% ). TeopeTJ/I'tleCKOe onJ/IC8HJ/Ie OTpa>f<aIOII'(etl 

cnoco6HocTJ/I norrroToTerretI no cpopMyrraM (5) III (6) no3BOJIJ/Irro 

.u,eTanhHO onJ/IC8Tb cneKTparrbHYIO 38BJ/IC:JIIMOCTh K03<pq>IIIQJ/IeHTa 

OTpa>f<eHJ/ISl: TenrroBLIX HefITpOHOB OT noBepXHOCTJ/I C:JIIJibHLIX 

norJIOTJ/ITerretI. Pe3yJibT8TLI 3KCnepI1IMeHTOB no OTpa>f<eH:JIIIO OT GdTi 
cnrraBa y6e.U,J1ITeJ1bHO .u,oKa3arr:0:, qTo Ha6n10,11,aeMoe CIIIJibHoe 

OTpa>f<eHJ/Ie HefITpOHOB B JJ,JIJ/IHHOBOJIHOBOtl qacni cneKTpa ,ll,OJI>f<HO 

np:HBOJJ,J/ITh K yxy,11,meHJ/IIO CBOtlCTB JIIOOLIX norrsi:pIII3YIOII'(:JIIX 3epKarr C 

GdTi no,11,crroeM. 

B TpeTbetl qacTJ/I OOCY>f<JJ,aIOTCSl: III npIIIB0,11,Sl:TCSl: pacqeTLI 0Tpa>f<8IOII'(:JIIX 

CBOtlCTB cnrraBOB Ha OCHOBe KaJJ,Mlrn. C J/ICnorrb30B8HJ/IeM Ta6rr:0:qHLIX 

3Ha'tleH:Htl ,11,rr:0:H paccesi:H:0:si: Cd, Ti, V Ha ocHoBe q,opMyrr:i.:r (6) 6:i.:rrr 

npoBeJJ,eH TeopeTJ/I'tleCKJ/Itl aHaJIJ/I3 cneKTparrbHLIX 3aBJ/ICJ/IMOCTe#I 

K03q>Q>IIII.\J/IeHTOB OTpa>f<eHJ/ISl: He9!TpOHOB OT TOHK:JIIX nrreHOK :JII3 

cnrraBoB CdV :0: CdTi Ha cTeKrrsi:HHo9! no,11,rro>f<Ke. v'I3 
13 
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npoaHaDil!3Il!pOBaHHLIX cnDaBOB Ha11!60Dee onTil!MaDbHLIM HBDHeTCH 

cnDaB Cd(20%)V(80%) TODIIIIl!Hoi'I d = 1.5 µm. 

B 'l!eTBe;pToi'I 'l!aCTII! aHaDI/!311!pyIOTCH norDOII1aIOII1Il!e TOHKil!e nDeHKII! 

Ha ocHoBe 6opa II! ero Il!30Tona 
10B. Pacc'l!Il!TaHLI npocjlil!DII! 

K03cpcpI1!n;Il!eHTa OTpa>KeHil!H, onTil!MI/!3Il!pOBaHHLie Ha Mil!Hil!MYM 

OTpa>KeHil!H JI.DH BTi III BY TOHKil!X nDeHOK. r.,13 cpaBHeHil!H c 

pe3YDbTaTaMII! 3Kcnepil!MeHTOB no OTpa>KeHil!IO Hei'!TpOHOB OT GdTi 
nDeHOK CDeJI,oBaDo, 'l!TO OTpa>KaIOII1Il!e CBOi'ICTBa BTi nDeHKII! 

HBDHIOTCH 60Dee onTil!MaDbHLIMII!, 'l!eM JI.DH GdTi CDOH. 

OcHOBHLie pe3YITbTaTLI ,lI,Il!CCepTan;Il!OHHOi'I pa60TLI 

1. IIpoJI,eMOHCTpil!pOBaHO, 'l!TO MeTOJI, pecj>DeKTOMeTpil!II! 

nODHpI1!30BaHHLIX Hei'ITpOHOB n03BODHeT I/!3MepHTb MarHil!THLie 

3cpcpeKTLI B noBepXHOCTHX, MHOrOCDOi'IHLIX CTPYKTYPX II! ynbTpa

TOHKil!X MrHil!THLIX nneHKax, TODI!IIl!HOi'I BnDOTb JI,O HeCKODbKil!X 

MoHocnoeB. 

2. HccneJI,oBaH MarHeTil!3M yDbTpaTOHKoi'I nneHKII! >Kene3a B 

Tpexcnoi'IHOi'I Cil!CTeMe W /Fe/W, COCTOHI!lei'I 11!3 Tpex MOHOCDOeB 

>Kene3a Fe( 110), TOITI!IIl!HOi'I (6 ± 1) A, 3nil!TaKCil!anbHO BLipaII1eHHLIX 

Ha MOHOKpil!cTaDnil!'l!eCKOM cnoe BODbcppaMa W(l 10), TOITIIIIl!HOi'I (500 
± 5) A II! noKpLIToi'I cDoeM W(l 10), TODI!IIl!Hoi'I ( 100 ± 5) A. 

a) C Il!Cnonb30BaHil!eM MeTOJI,a pecpneKTOMeTpil!II! 

noDHp_I1!30BaHHLIX Hei'ITpOHOB npll! KOMHaTHOi'I TeMnepaType I/!3MepeH 

MarHil!THLii'I MOMeHT aTMOB >KeDe3a, paBHLii'I ( 1.80 ± 0.05) µB. 

6) 06Hapy>KeHO CYI!leCTBOBaHil!e HeMarHil!THOrO cnoH 

TODIIIIl!HOi'I 5 A Ha o6ell!x rpaHil!n;ax Fe/W, HBITHIOII1erocH npoJI,YKTOM 

B3ail!MHOi'I Il!HTep,lI,11!cpcpy3Il!II! >Kene3a II! BOnbcppaMa II! COCTOHII1ero 

npI1!6nil!3Il!TeDbHo 11!3 2oi Fe II! 3oi W. 
B) C noMOI!lblO CKBHA - MarHil!TOMeTpa I/!3MepeHa 

TeMnepaTypHaH 3aBil!Cil!MOCTb HaMarHil!'l!eHHOCTII! nDeHKII! B o6naCTII! 

TeMnepaTyp OT 300 K JI,O 4.2 K. 

r) HcnODb3YH I/!3MepeHHYIO TeMnepaTYPHYIO 3aBil!Cil!MOCTb 
HaMarHil!'l!eHHOCTII!, 3KCTpanoDHU:Il!ei'I K HyneBoi'I TeMnepaType 
noDy'l!eHO 3Ha'l!eHil!e MarHil!THOrO MOMeHTa OCHOBHoro COCTOHHil!H 

JI.DH a TOM OB >Kene3a, paBHoe (2.1 ± 0.1) µ 8, corDacy10II1eecH c 

TeopeTil!'l!eCKil!:b,(H npeJI,cKa3aHil!HMII! Toro, 'l!TO KOHTaKT C 

BBOnbcppaMoii npll!BOJI,Il!T K YMeHbmeHil!IO MarHil!THOro MOMeHTa no 

cpaBHeHil!IO c aTOMaMII! noBepXHOCTHOro MOHOCDOH o6'beMHoro Fe. 
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JI,) BeDil!'l!Il!Ha MarHil!THOro MOMeHTa Fe, paBHaH (2.1 ± 0.1) 
µB/aTOM (0 K), noDy'l!eHHaH )1,DH Tpex MOHOCJIOeB Fe, HBJIHeTCH 

nepBLIM 3KCnepil!MeHTanbHLIM nOJI,TBep>KJI,eHil!eM TeopeTil!'l!eCKil!X 

npe,lI,CKa3aHil!i'! 0 TOM, 'l!TO Ha W /Fe rpaHil!n;e MarHil!THLii'I MOMeHT Fe 
YMeHbmeH, no cpaBHeHil!IO co CB060JI,HOi'I noBepXHOCTbIO, I/!3-3a 

3cpcpeKTOB rI1I6p11!,lI,Il!3an;Il!II!. 

2. It1CCDeJI,OBaHLI MarHil!THLie CBOi'ICTBa YDbTpaTOHKOi'I nneHKI/! Co (21 
A) B Tpexcnoi'!Hoi'I cTpyKType Pd/Co/Pd. 

a) C Il!CnOJib30BaHil!eM pa3JIIl!'l!HLIX MeTOJI,OB (XIl!Mil!'l!eCKil!i'I 
aHaDI/!3, 3epKaDbHOe OTpa>KeHil!e peHTreHOBCKil!X nyqei'J:, cnil!H

He1aBil!Cil!MOe OTpa>KeHil!e Hei'ITpOHOB B HaCLIII1aIOII1eM MarHil!THOM 

none, npil!no>KeHHOM nepneHJI,Il!KYITHpHO K noBepXHOCTII!) JI,eTaITbHO 

Il!3Y'!eHa CTpYKTypa nneHKII! II! nony'l!eHLI cornacyIOI!IIl!ecH Me>KP,Y 

co6oi'I pe3YJibTaTLI. 

6) It13MepeHo npe.zr,cKa3aHHoe nopeTil!'l!ecKII! yBenil!'l!eHil!e 

MarHil!Toro MOMeHTa B Cil!CTeMe Pd/Co/Pd Ha 1 oi no cpaBHeHil!IO co 

3Ha 'l!eHil!eM P,JIH o6'beMHoro Co. 
B) It1cnoJib3YH MeTOP, PIIH, HaM y.zr,aJIOCb BnepBLie onpe.zr,enll!Tb 

YBeITil!'l!eHil!e MarHil!THoro MOMeHTa B Il!3Y'l!aeMoi'I Cil!CTeMe, KOTOpoe 

MLI OTHOCil!M K CYI!leCTBOBaHil!IO 1/!HP,YU:Il!POBaHHOro MarHil!THoro 

MOMeHTa, paBHoro 0.4 µs, B P,BYX MOHOCJIOHX Pd, npil!Jie>KaI!IIl!X K 

o6ell!M Pd/Co rpaHil!n;aM. AnbTepHaTil!BHO o6cy>K.zr,aeTCH Bapil!aHT 

CYI!leCTBOBaHil!H yBeITil!'l!eHHOro MarHil!THoro MOMeHTa B aToMax Co, 
paBHOro 1.84 µB Ha aTOM. AnH pa3.zr,eneHil!H Me>KP,Y P,BYMH 

aDbTeHaTil!BHLIMII! cny'l!aHMII! II! I/!3MepeHil!H npocpnnH 

HaMarHil!'l!eHHOCTII! B o6naCTII! rpaHil!U:LI Pd/Co, HeOOXOP,Il!MO 

I/!3MepeHil!e K03cpcpI1!n;Il!eHTa OTpa>KeHil!H B o6naCTII! 6onbmll!X 3Ha'l!eHil!i'I 

nepe.zr,aHHOro Il!Mnynbca. MLI noKa3aJIII!, 'l!TO HeCMOTpH Ha MaJILii'I 

3cpcpeKT, 3TII! I/!3MepeHil!H HBITHIOTCH B03MO>KHLIMII!. 

3. AnH Il!3MepeHil!i'I ManLix MarHil!THLIX 3cpcpeKTOB MeTop;oM PIIH 

noBeP,eHil!e cl>YHKU:Il!II! nonHpI1!3aU:Il!II! HBJIHeTCH Il!CKJIIO'l!Il!TeJibHO 

Ba>KHLIM. C n:enbIO Il!CCJieP,oBaHil!H npil!'l!Il!H naP,eHil!H CTeneHII! . 

nonHpI1!3aU:Il!II! ny'l!Ka C poCTOM P,JIIl!HLI BOITHLI, MLI npoBeJIII! 

Il!CCJieP,oBaHil!e BJIIl!HHil!H norJIOII1aIOII1ero no.zr,cnoH Ha nonHpI1!3YIOI!IYIO 

cnoco6HOCTb MarHil!THLIX Hei'ITpOHHLIX 3epKaJI. 

a) It13MepeHa cneKTpaJibHaH 3aBil!Cil!MOCTb K03cpcpI1!n;Il!eHTa 

OTpa>KeHil!H OT TOHKOi'I nneHKII! raP,OJIIl!Hil!H II! ero cnnaBa C Til!TaHOM. 

BnepBLie 3Kcnepil!MeHTaJibHO 1/!CCJieP,OBaHa cneKTpaJibHaH 

3aBil!Cil!MOCTb P,JIIl!HLI pacceHHil!H Gd B TenJIOBOi'I o6JiaCTII! 3Hepril!i'I 

Hei'ITpOHOB. 06Hapy>KeHHOe HenoCTOHHCTBO P,JIIl!HLI pacceHHI/!H Gd II!, 
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I<8I< cneJJ,CTBHe, H8B03MO>KHOCTb ee I<OMileHcaqHH C mHpOI<OM 

HHTepBane ,ll,flHH BOnH Het!TpOHOB, Il03BOnHnH OOllCHHTb 

Ha6nIOJJ,8IO~eecll CHflbHOe naJJ,eHHe nonllpH3YIO~HX CBOt!CTB 

cjJeppoMarHHTHLIX 3epI<8flbHLIX He#!TpOHOBO,ll,OB B ,ll,flHHHOBOflHOBOtl 

qacTH cneI<Tpa. 

IIonyqeHHLie H8MH 3I<CnepHM8HT8flbHLie ,ll,8HHLie y6eJJ,HT8flbHO 

JJ,eMOHCTpHpyIOT, l!TO Ha6nIOJJ,88MOe CHflbHOe OTpa>KeHHe Het!TpOHOB 

B ,ll,flHHHOBOflHOBOtl ll8CTH cneI<Tpa llBnlleTCll OCHOBHO#I npHl!HHOtl 

nnoxotr nonllpH3YIO~etr cnoco6HocTH 3epI<an c GdT norno~aIO~HM 

noJJ,cnoeM. 

6) IIpe,ll,nO>KeHa B03MO>KHOCTb C03,ll,8HHll HOBoro norno~aIO~ero 

cnnaBa ,ll,flll nonllpH3YIO~HX He#!TpOHOBO,ll,OB C cy~eCTBeHHO 

MeHbmetr OTpa>KaIO~etr cnoco6HOCTbIO B o6nacTH ,ll,flHH BOflH 

Het!TpOHOB OT l ,ll,O l O A_ CneI<TpanbH8ll 38BHCHMOCTb I<OacjJcjJHqHeHT8 

OTpa>KeHHll npoaHanH3HpOB8Ha ,ll,flll norno~aIO~HX cnnaBOB BTi, BV 
H CdV, H8IlLineHHLIX Ha CTeI<nllHHLie IlO,ll,flO>KI<H. KoacjJcjJHqHeHT 

OTpa>KeHHll I<8I< cjJyHI<qHll ,ll,flHHLI BOflHLI Het!TpoHa OilTHMH3HpOB8H 

no I<OHqeHTpaqHH H TOn~HHe nneHOI<. 

4. Hapll,ll,Y C nepellHCneHHLIMH cjJH3Hll8CI<HMH 38,ll,8ll8MH OJ.In pemeH 

PllA BOnpocoB MeTO,ll,HlleCI<Oro xapaI<Tepa: 

a). .[{nll H3BneqeHHll HHcjJOpMaqHH O CTPYI<TYPHLIX H 

MarHHTHLIX xapaI<TepHCTHI<ax ynbTp8TOHI<HX nneHOI<, pa3BHT8 

MeTO,ll,HI<a I<OflHl!eCTBeHHOtl o6pa60TI<H cneI<TpOB nonllpH30B8HHLIX 

Het!TpOHOB C yqeTOM 3I<CnepHM8HT8flbHLIX cjJyHI<qHtr nonllpH38qHH H 

pa3pQJJieHHll YCT8HOBI<H. 

6) C03,ll,8HLI nporpaMMLI ,ll,flll o6pa60TI<H H . HHTepnpeTaqHH 

3I<cnepeMeHT8flbHOtl HHcjJopMaqHH, 

IIonyqeHHLie B pa6oTe pe3ynbT8TLI ,ll,8IOT B03MO>KHOCTb npeJJ,nO>KHTb 

PllA 3I<CnepHM8HTOB no HCCfl8,ll,OB8HHIO MarHeTH3M8 B pa3flHllHLIX 

CHCTeMax, CO,ll,ep>Ka~HX ynbTp8TOHI<He nneHI<H. IIpo6neMa 

ABYMepHoro MarHeTH3M8 JJ,aneI<a OT CBoero pa3pemeHHll, Il03TOMY 

npe,ll,CTaBnlleTCll HHTepecHLIM npoJJ,on>KaTb CHCTeMaTHl!eCI<He 

HccneJJ,OB8HHll B ,ll,8HHOM HanpaBneHHH. 
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