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TMpvBeneH 0b630p pe3ybTaToB UCCAEAO0BAHMI U HOBbIE IKCMEPUMEHTASTbHbIE aHHbIE ABTOPOB M0 U3MEHEHMSM M30TONHOMO COCTaBa B
MPUMOBEPXHOCTHBIX CII0SX TBEPABIX TN B MPOLIECCaX MOHHOIO PacrblieHUs, MOHHOMO PACcCesHIS, BTOPUYHOM MOHHOM IMUNCCHM, MOHHOM
VIMIIaHTaLMM, 3NeKTPOMM3HOO HaCkILUEHMS M30TOMaMm BOAOPOAA, TEPMOANGDY3NM 13 BHELLHEro UCTOYHMKA. Bo BCcex nepevmncreH-
HbIX npoLeccax HaboAatoTCs 3aMETHbIE M3MEHEHWS €CTECTBEHHbIX M30TOMHbIX PACTPOCTPAHEHHOCTEM, Kak B COCTaBE MPUNOBEPXHOCT-
HbIX C/IOEB, Tak M B COCTaBEe BTOPUYHBIX (IMUTUPOBAHHBIX, OTPAXEHHbIX) YaCTUL. VICCIEn0BaHMA BbIMOMHEHb! METOAOM BTOPU4HOM MOH-
HOV Macc-CreKTPOMETPMI 1 SHEPrO-MAaCC-CrIEKTPOMETPUM BTOPMUYHBIX MOHOB Ha 0bpa3sLiax MonvbaeHa, HUKes UMNAaHTPOBAHHOMO
MEZbIO, Ha Pa3IN4HbIX MOAUMUKALMAX TUTAHA, Ha TOHKOMIEHOYHbIX CUCTEMAX TUTAH-amoMUHWIA U [PyrviX. BbisiBneHs! obLme 3aKoHO-
MEPHOCTY B M3MEHEHUAX U3OTOMHOIO COCTaBa B PaznyHbix npoLieccax. OBCYXAalTCA BOIMOXHbIE MEXaHU3MbI 3TUX U3MEHEHI.

BeeneHue

B crathe BbIMOMHEH 0030p OMyOJMKOBAHHBIX B
MOCJIEIHUE TOMBI PA0OT M PUBEAEHBI HOBBIE SKCIIEPH-
MEHTaJIbHblE JaHHbIE MO0 HM3MEHEHUSIM M30TOMHOIO
COCTaBa B MPUITOBEPXHOCTHBIX CJIOSX TBEPIABIX Tel B
XOJIe MIOHHOTO PaCTblIEHUSs, OTPAKEHUSI KIOHOB OT MO~
BEPXHOCTHU, BTOPUYHOM MOHHOM 3MMCCHUM, MOHHOM
MMILIAHTAlUK, 3MEKTPOJU3HOTO HACBIIEHUS M30TO-
namu Bofopona, TepMoaAuddy3Un U3 BHEIIHETO MC-
ToyHuKa. Takue rccienoBaHusI 00YCIOBIEHBI MOTPEO-
HOCTbIO MaTepUaNOBENeHMs], SHEPTETUKU M APYTHX
MPUKJIAAHBIX OTpac/elt 3HAHWUM, UCTIONb3YIOUIUX TeX-
HOJIOTMM MOJIM(DUKALIMY IPUTIOBEPXHOCTHBIX CIIOEB, U
3aHUMAIOLIMXCS U3YYEHUEM MEXaHW3MOB MUTpAlUU
aToMOB, TpaHc(opMaluK¥ M30TOMHOIO COCTaBa MpPU
Pa3IMYHBIX BO3AEHCTBUSIX Ha MOBEPXHOCTb. DTH MC-
CNIeJIOBaHUS MPENCTAaBISIOT M aKaAeMU4ecKuil MHTe-
pec Kak NpUMepbl MOJIEJbHBIX 00BEKTOB HEPaBHOBEC-
HBIX (DUBNYECKMX CUCTEM.

M3MeHeHMs M30TOMHOTO COCTaBa B MOHHBIX MyY-
Kax W MPUTIOBEPXHOCTHBIX CIOSIX TBEPABIX TeJ M3yva-
JICh BO MHOTMX paboTax 10 MOHHOMY PaCIbUIEHUIO U
BTOpPMYHOI MOHHOM smuccun [1—10], mo paccesiHuIO
MOHOB OT noBepxHoctu [11, 12], mpu BomopomgHOM Ha-
CBILIEHUH U TepMOoAU(GY3UM U3 BHEIIIHETO UCTOYHMU-
ka [13-20], mpu noHHO¥W umrIaHTaumMu [21-23]. B
3TUX SIBJIEHUSIX BAXHO BBISIBUTH OCHOBHbIE TIPOLIECCHI,
00yCJIOBIMBAIOIIME U3MEHEHNUSI U30TOITHOTO COCTaBa B
TIPUITOBEPXHOCTHBIX CITOSX TBEPIBIX TEJT.

3KCﬂepVIMeHTaJ1beIe pe3ynbTaTbl U Oﬁ(y)K}J,EHMe

1. A30TOMHbIE 3(EKTbI NPY MOHHOM PaCbIfIEHUM U BO BTO-
PUYHOM MOHHOW 3MUCCHN

[lepBeiMM paboTaMu, B KOTOPBIX HCCIIEIOBAICS
u3otonHbl 3¢dexr (MD) Bo BTOpuYHON MOHHOM
amuccun (BUD), aBnsioTcs, Mo-BUAMMOMY, PabOThI
aBTOpoB [l], XOTS1 OOHapyXeHUe TPEANOYTUTETLHOIO
pacnbiieHus (preferential sputtering), To eCTb M30TOII-
Horo 3¢¢eKTa B paclbUIeHHd OTHOCAT K 1977 romy
(cM. [2] n bubmmorpaduio 3toit padoter). B [1] oOHa-
pyxeHo, uto B BUD psina MuHepaioB, METAILIOB, OK-

cuma Memu 1 criaBa GaAl MoHaMM KHMCIIOpoga OTHO-
HICHNE BBIX0Ja MOHOB JIETKOTO M30TOIA K TSLKEIOMY B
sHepreTryeckoM auamnasone (...20 3B Bblle cOOTBET-
CTBYIOLIETO CTAaHAAPTHOTO OTHOLIEHUE PAacIpoCTpa-
HeHHocTeil u3oromoB. HaGmiomaercss oboranieHue
"001aKka" pachblIEHHBIX MOHM30BAaHHBIX YACTHUII JIET-
KuMH n3otornaMu. CTereHb 000TalleHUs 3aBHCUT OT
AaTOMHOTO HOMepa 3JIEMEHTa, OT MaTPHUIIBI, B KOTOPOU
BNIEMEHT HAXOOUTCS, U CKOPOCTH MOHOB.

IpakTiyeckn oTHOBPEMEHHO ¢ pabotamu [1, 2] mo-
siBUJIach padorta [3], rae uccaeaoBaHO MPOCTPAHCTBEH-
HOE Y BHEepreTMYeckoe pacrhpeieeHus BeJIMUYuHbl U3-
MmepsieMoro B BUD uzoromHoro otHomeHust. Pabota [3]
MOATBEPAMIIA BBIBOAI paboT [1] oTHOCUTENnbHO obora-
nieHHocTd BUD nerkumu n30TonaMu ¥ 3aBUCUMOCTH
M30TOMHOTO OTHOLIEHUS BTOPUYHBIX MOHOB OJHOTO U
TOTO Xe 3JIEeMEHTa OT MX SHepruu. Apropamu [3] mom-
POOHO MCCEAOBATUCH IS Psifia UMCTHIX METAJLIOB 3a-
BucUMOCTH f4( E)=N"1(E)/N"y(E), tne N'y(E) u N"y(E)
— BHEPTeTUYECKUE CIIEKTPBI BTOPUYHBIX IOHOB JIETKOTO
1 TSKEJIOTO M30TOMOB. BbLIO ycTaHOBNIEHO, UTO B 3aBU-
CUMOCTH f15(E) B MCCNeI0BaHHOM AMAana3oHe SHepruit
(ot 0 go 80 2B) uMeeTcst MUK MM TJIATO MPU Pa3HBIX
SHEprusix sl pasHbix MeTamioB. Kak mpaBuio, 3ToT
MWK PACTIONOKEH B 00JIACTU HU3KUX SHEPTUH IS JieT-
KUX 2JIEMEHTOB M CMEILEH K BBICOKMM SHEPTUSIM ISt
TsekenblX. [Tonpo6HO Bompoc o 3aBucuMoctH fi4(E) B
nranasoHe F=4...30 3B usyyasucs Takxe B pabote [4] ¢
LIEJIbIO MPOBEPKU MPEAJIOKEHHOM B 3TOM paboTe Moje-
1 3¢dexTa. B manbHeiimeM 3akoHomepHocT D B
pacnbiieHun 1 BUD uccnenosanuce B [2, 4—7 u ap.].
I teoperuyeckoro oobsacHeHus UOBUD B [1-7]
chenaHo cienyoiee. [TpuBneueHbl 3BeCTHbIE (POpMY-
JIbI JIJIS BEPOSITHOCTY MoHM3auHu (B pabote [3]) 1 3Kc-
MepUMEeHTaJIbHasl 3aBUCHMOCTb BEPOSITHOCTH MOHM3a-
UMM OT CKOpocTU atoMa (V) B Buae exp(—v/v), v —
KOHCTaHTa (B padotax [2, 4]). DddexT u3mMeHeHUsT 130-
TOIIHOTO COCTaBa IMOJIY4YaeTcsl KaK CJEICTBUE 3aBUCH-
MOCTHU BEPOSTHOCTM MOHU3ALMU OT MAacChbl aTOMa. ITO,
OJIHAKO, He OOBSICHSIET (PU3MYECKOI CYIIHOCTU MeXa-
Hu3Ma 3pdekra. Lenpro Hammx nuccnenoBanuii [9, 10]
SIBJISIOCH 9KCTiepuMeHTabHoe u3ydyeHne MO BUD u
TIOTTBITKA YIIyOJIeHWUS TIPENCTABICHNI O eT0 MeXaHM3-
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Me. DKCIepUMEHTAIbHO U3YYeHbI 3aBUCUMOCTH f;y( E)
JUISI METAJITIOB, KPYT KOTOPBIX YACTUYHO TIEPEKPBIBAETCS
C TeMM, YTO MccnenoBanuch B [1, 3—7]. ITonyyeHo Kaue-
CTBEHHOE MONATBEPKAEHNE SKCIIEPUMEHTATbHBIX BHIBO-
JIOB YKa3aHHbIX paboT, XOTSl B KOJIUYECTBEHHOM OTHO-
LIEHUH IS psiia METAJUIOB Y Hac HaOmomancs a(dexr
NPEBBIIAIONIMI BEJUYMHBI, OMYyOJMKOBAaHHbBIE paHee,
KaK BUITHO, HAIpUMep, U3 puc. 1.
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Puc. 1. 3aBUCUMOCTb OTHOLLUEHUS MHTE‘HCVIBHOCTE‘VVI MacCcoBbIX

JIMHUM MOHOB M30TOMOB MonmbaeHa **Mo n ™Mo ot ux
3Heprum: 1) CTaHAapTHOE M30TOMHOE OTHOLLEHME, 2) 13
pabortei [6], 3) Hatum uameperns [9, 10]

PesysbraThl HalMxX U3MEpeHUii MOATBEPAUIIHN Cie-
JIAaHHBI paHee BBIBOI O CYLIECTBOBAHMM MUKA WM
IL1aTO B 3aBUCUMOCTH f;4(F), omHAKO, BEIBOI O KOppe-
JISIIMUA SHEPreTUYECKOro MOJIOXKEHUS TKa ¢ Maccoii
aJIieMeHTa He MmoaTBepauics. Bmecte ¢ TeM, neicTBU-
TeJbHO HAOI0JaeTCsl yMEHbIIEHUE MaKCUMaJlbHOIOo
3HaueHMs oTHolleHHUs fix(E) K cTaHAapTHOMY 3Have-
HUIO OTHOIIEHHMST PaCIPOCTPAHEHHOCTEN TP YMEHb-
IIEHWU Macchl 3neMeHTa. Kpome Toro, I M30TOIOB
OIHOTO 3JIEMEHTA, CIPaBEIIMBO CIEAyIONIee YTBEPXK-
JIeHue: 4yeM OoJiblile pasHuUIla KOJMYecTBa HEUTPOHOB B
sapax, TeM Oosblie BearnurHa MO B BUD.

W3 ycraHOBIEHHBIX K HACTOSIIIIEMY BpeMEHH 3aKO-
HOMEpPHOCTe HanOosee HaleXHBIMU SIBJISIIOTCS Clie-
Jyioliye: 0ojblas BEPOSTHOCTh MOHHU3AIMM aToMa
JIETKOTO M30TOIA 110 CPABHEHUIO C TSKEJIBIM M 00par-
Hasl 3aBUCHMOCTb BeJTMYMHBI 3¢heKTa OT MacChl B psi-
ny anemeHToB. [TocienHss 3aKOHOMEPHOCTb, OUeBU]I-
HO, KOPPEIHUPYeT C OTHOCUTENLHBIM U3MEHEHUEM Mac-
Chl ¥ 00beMa SiIpa TIPU ONMHAKOBOM BeJMUMHE Aehu-
LIMTa WIK U3JIMIIKA HEUTPOHOB B SIIpax IPH MEPEXoe
OT JIETKMX 3JIEMEHTOB K TsXKenbiM. JlaHHOEe 00CTOs-
TeJIbCTBO yKa3biBaeT, uTo MO BUD cBs3aH ¢ pa3nmmuu-
SIMU CTPOEHUSI JIEKTPOHHBIX 000J104eK aTOMOB-U30-
TOIOB. Pa3nmuuus B cTpoeHNM 3IEKTPOHHBIX 000I0YeK
obycnoBneHo wu3oronuyeckuM cmeineHueMm (MC)
3HEPreTUYECKUX YPOBHEM 371eKTpoHOB B aToMax. UC B
OCHOBHOM 3aBHMCHUT OT ABYX (DaKTOPOB: KOHEYHOCTHU
Macchl U MMPOCTPAHCTBEHHON MPOTSKEHHOCTH SIIpa.

W C 31eKTpOHHBIX YPOBHEH, CBI3aHHOE TIPOCTPaH-
CTBEHHOI TIPOTSKEHHOCTBIO SIpa OOYCTIOBIEHO TEM,
YTO BOJHOBAS (PYHKIIMSI BHEILIHETO §-2J1eKTpOHA Ie-

10

PEKpBIBAETCS C BOJIHOBBIMU (DYHKLIUSIMU siapa. B atom
Cllyyae CpaBHUTENbHO BEJIMKA BEPOSITHOCTh HAXOXJIe-
HUSI 3JIEKTPOHA B 00J1aCTH MPOCTPAHCTBA, 3aHUMAaeMOil
sapoM (T.e. B o0beMe siapa) [24, 25]. IIpocTpaHcTBEH-
Hasl MPOTSDKEHHOCTD SJEP XapaKTepU3yeTcsl CpemHeK-
BaIpaTUYHBIM (IPOTOHHBIM) paguycoM sapa <r>>. Be-
JIMYMHA MPOTOHHOTO pajilyca 3aBUCHUT OT KOJMYECTBA
HeWTpoHOB B siape (cM. puc. 2). CremoBartenbHo, OT
M30TOIa K M30TOITY JUIS OMHOTO M TOTO Xe 3JeMeHTa
BapbUPYETCs TIEPEKPHITHE BOJTHOBBIX (DYHKIIMIA BHEII-
HUX 3JIEKTPOHOB M sifiep. TakuM 00pa3oM, pasMephbl
SIEP-U30TOIIOB Yepe3 BOIHOBYIO (DYHKIINIO BHEIITHETO
BNIEKTPOHA BIUSIOT HAa BEJIMUMHY 1-TO MOTEHIMANA KO-
HU3ALUU aToMa, a CJIeJOBaTeJbHO U Ha BepOSITHOCTD
MOHM3AIMH aTOMa ITPY PacIbUICHUH. DTO BIUSHUE MO-
KET MPOSIBIISICTCS Yepe3 pa3auust: 1) BeIMIMH IOTEH-
LIMaJIOB MOHM3ALMKU, 2) IJMHBI B3aUMOACHCTBUS ()
aTOMOB C TTOBEPXHOCTBIO TP OTJIETE, M3MEHSIOIINXCS
BCJIEAICTBME HEOOMHAKOBBIX BeJIMUMH <r2> IS sifiep-
M30TOIIOB, MOCKONBKY y~a~<r*>, IJie @ —paauyc aToMa.
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Puc. 2. 3aBuCUMOCTb CpeHEeKBanpaTUYHOro paauyca aapa ot
yncna HeNTPOHOB A/1s U30TornoB pybuams [26]

Habmonaemble M30TONMYECKUE CABUTM YacTOT
CMEKTPATbHBIX JIMHUIA HEKOTOPBIX OMTUYECKMX Mepexo-
noB gocrurator 107...10* 3B [24]. DHepruu voHU3aLUK
(/) aTOMOB-M30TOTIOB IOJDKHBI PA3TAYATHCS Ha BEJTMUMHY
NC, HabmonaembIx B onTKe. BeposTHOCTh MOHM3ALMY B
BMD 3KCIOHEHIMATBHO 3aBUCUT OT [. DTO MO3BOJISET
OLIEHUTb OTHOCUTEJIbHYIO Pa3HUILLY BEPOSTHOCTEH MOHU-
3aI[M aTOMOB-H30TOIOB. B cooTBeTCTBIM C [26] BeposT-
HOCTb MOHM3ALMU R onpenensieTcs COOTHOLIEHUEM:

R+(E)~E”-exp{—([_(;).c} (1
E 2

rae F — KuHeTuueckasi 3Heprus MoHa, I — moTeHIMan
MOHU3AlMK aToMa, ¢ — paboTa BbIXOAA 3JEKTPOHA,
¢ = m/2yh, i — nocrosiuHas Ilnanka; n = y,0/4ykT,
¥, = a,/v, a, — BeIMYMHA TIOPsIIKA MOCTOSIHHOI pereT-
KM, Vv — CKOPOCTb OTJIETAIONIETO aTOMa, 0 — KOHCTAHTa,
k —niocrosinHast bonbiimMaHa; T, — TeMIiepatypa 3J1eKT-
POHHOH MoJCUCTEMbl B 00JIACTM Pa3BUTHSI Kackaja;
1/y, — IMHa B3aMMOAEHCTBUS MEXIY OT/IETAIOIINM
aToMOM 1 TioBepxHOCThI0. Ha ocHoBaHuu (1), Beauyu-
Ha OTHOCHUTEJIbHOW PAa3HOCTU BEPOSITHOCTEH MOHM3a-
UK JBYX aTOMOB, pa3IMyaloIluXcs MOTEHIMalaMu
MOHU3AIMK Ha BeMMYMHY Al M JUIMHON B3auMojei-
CTBUS Ha BennuuHy AA = A(1/y,), paBHa:
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R(E)=R— 2 O e {N }—1, 2)
R; R; £V

TIE K| U K; — KOHCTAHTBI pa3MepHOCTH (HYIKE MPH pac-
yeTax 1oJaraaoch K,=k,=1).

R, otH. eg.
1E—2{

1E-3+

1E-5 T T T T T T T T T T T T
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Puc. 3. CpaBHeHve pacyeTHbIX U IKCePUMEHTabHbIX 3aBUCH-
MOCTeVi OTHOCUTENbHbIX BEPOATHOCTEN MOHM3ALMM M30-
TOIMOB BTOPUYHbIX MOHOB OT UX SHEPrN: 1) SKCNEPUMEH-
TanbHble AaHHble, 06paboTaHHbIe B COOTBETCTBUM C (4);
2) 1 3) pacdert, cooTBETCTBEHHO, M0 hopMynam (2) u (3)

Ha puc. 3 npencraBneHbl TeOpeTUIECKUE KPUBHIC
R(E), paccunTtaHHbie 10 (2) — KpuBas 2, a TaKxXe 110
dhopmyne (kpusas 3):

R(E)=——=E"-1. (3)
R

ITpu pacuerax nonaranock, 4to k- Ay=kyAl=10~.
Kpome Toro, Ha puc. 3 (Kkpupasi 1) mpeacraBieHa u3-
MepeHHast 3KCIepUMEHTAIbHO JUISl M30TOMOB cepedpa
""Ag 1 '"Ag BenmuunHa

R(E) = Sosen |

R, 4)

rne R,..,=I'L(E)/Ii(E), I (i=L,H) — NHTEHCUBHOCTU
MAcCOBBIX JIMHUI HM30TOMOB B COOTBETCTBYIOIIMX
SHEPreTMYECKUX CreKTpax, R, — CTAHAApTHOE OTHO-
IIeH1e M30TOIMHBIX pacmpocTpaHeHHocTel, AM/M —
OTHOCHUTETbHAS Pa3sHOCTh Macc m30TomoB. Popmyrna
(3) mony4ena aHajnorn4Ho (2) ¢ MCIOJIB30BAHMEM 3a-
BucuMmoctd R'~E' Bmecto (1). Takue 3aBUCHMMOCTH
TaKKe TOMyYeHbI B psiIe MoJeNeil HOHU3ALUK BTOPHY-
HBIX aTOMOB. TakuM 00pa3oM, KpuBble 2 1 3 puc. 3 xa-
pakTepusyloT npospieHue B U3 BUD aByx mpouec-
COB, OIMH M3 KOTOPBIX OIMMUCHIBAETCSI CTEMEHHOM, a
JIPYroil 3KCroHeHManbHOi (yHKIuMe, a KpuBas 1,
BO3MOXHO, XapaKTepH3yeT CYIEPIO3UILIUI0 3THX MPO-
neccoB. Ha puc. 4 npeacraBieHbl 3aBUCUMOCTH BeJTH-
yuH R'(E) (4) 114 psima SAeMEHTOB, MOJTyYeHHbIE B Ha-
IIUX SKCIIEPUMEHTAX W TIOCTPOSHHBIX MO Pe3yibTaTaM
pabotsl [6]. CpaBHeHMe puc. 3 U pUC. 4 MOKA3bIBAET,
9710 (hopMa Kaxkmoit U3 SKCIIePIMEHTAIBHBIX KPUBBIX B
OCHOBHBIX CBOMX YepTaX COOTBETCTBYET OMHOI U3 TeO-
PETUYECKUX KPUBBIX. Pa3inuusl B OJOXEHMM OCTPBIX
MMHUMYMOB Ha 3KCIIEPUMMEHTAIbHBIX M TeOpeThyec-
KHX KPUBBIX MOKHO O0BSICHUTD, BO-TIEPBBIX, 3KCIIEPH -
MEHTAJIbHBIMM TTOTPEITHOCTSIMU, OCHOBHAsI M3 KOTO-

AM RHI\'(?VI .
M

PBIX CBSI3aHA C UCTIONb30BaHMEM IHEPTOaHATM3aTOPOB
C OTHOCHUTENIBHO HIMPOKMM 3HEPTeTUYECKUM OKHOM
(~1 2B), BO-BTOpPHIX, HEAOCTATOUHOI 0OOCHOBAH-
HOCTBIO MCITOJIb30BAHHBIX MPU pacyeTax BeJUYUH
AA=A(1/y,)=10*. ABconoTHbIE 3HAYEHUS CPABHUBAE-
MBIX SKCITIEPUMEHTAIBHBIX U TEOPETHICCKUX BETNIMH
COBIAIAIOT JIUIIb B 00acTi Hepruii 10~...10~ 3B.

R, oTH. e]1.
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Puc. 4. IkcrepymeHTanbHble 3aBUCUMOCTY (Ryer/Ra)—1 OT 3Hep-
VM BTOPUYHBIX MOHOB: @) 10 pe3y/ibTataM HaLLMX U3mMe-
peHui ang uotonos: 1) #*Mg n *Mg , 2) Mo un *Mo,
3)%°Cru®Cr, 4)™Snn™Sn; 6) no pesynsraram pabots! [6]
419 wzotonos: 1) S u Si°, 2) Cr° u Cr?, 3) Mg™* u Mg’

[TpoBeneHHOE COMOCTaBIEHUE TEOPUU M IKCTEPH-
MEHTa, HECMOTPS Ha 3HAYUTEJIbHBIE PACXOXKICHHUS B I10-
JIOXXEHUM OCOOEHHOCTE KPUBBIX TO ILIKaJe 3HEpruii,
YKa3bIBacT HA BO3MOXHOCTh PE30HAHCA B 3aBUCHMOCTHU
R'(E) nns aromoB B ob6s1actu aHepruii 0...107 9B.

2. V130TOMHbIe 3PdEKTLI MPKU OTPaXEHNIN UOHHBIX MY4KOB

N3zotonHbie 3pekThl B MOTOKE 0OpaTHO paccesiH-
HBIX OT TIOBEPXHOCTEH METaIOB IOHOB M3YYeHHI B OC-
HoBHOM miasi map uoHoB ‘He'—'He™ m *Ne"—*Ne*
[11, 12]. MccnemoBaHust MPOBOAWINCH METOIOM JBO-
HOM CHEeKTpOCKONmMK MoHHOro paccestHust (JICUP). B
JCHP KOMIOHEHTHI YKa3aHHBIX Map MPUCYTCTBYIOT B
TIEPBUYHOM ITyYKe B paBHBIX KOHLEHTpalusx. Mcronb-
30BaJICS TAKKE METOJ TI0OUEPEIHOTO HAITyCKa B pa3psi-
HYI0 KaMepy MOHHOTO MCTOYHMKA YKa3aHHBIX M30TO-
MOB. DHeprusl MepBMYHBIX MOHOB BapbHPOBATach OT
~200 mo ~3000 3B, mnotHocTH ToKa ~ 0,1...500 HA, yr-
JIbl TIAIEHUST U YIJIbl OTPakKeHUsI — OT HOPMAJIbHBIX JI0
ckonp3gimx. Ha puc. 5 mpeacrtaBiaeHbl CBOIHbIE TaH-
HBbIe 113 paboTHI [ 12] mo n3oTormHOMY 3P QEKTy 11 Iaphl

1
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noHop *He'—'He*. Boixon paccessHus (Y) Ha maHHOM
PUCYHKE JJaH B TIPOM3BOJIbHBIX €IMHUIIAX, XOTS OTHOCH-
TeJIbHbIE Pa3HOCTU MHTeHCHBHOCTel nap *He*—*He* na
KaX[O0ro M3 METAIIO0B COOTBETCTBYIOT SKCIEPUMEHTY.
Hauana oceit abcumcc sl Kaxaoro M3 MeTajloB
(Zn, Pb, In, Sn) moka3aHbl YepTOii IIOJ COOTBETCTBYIO-
1M cUMBOJIOM. TTo ocu abcirce OTI0XeHb 00paTHbIE
ckopoctu (1/v=m/2Ve, m n e — Macca u 3apsiJ MOHA,
V' — yckopsiioluii moteHLMan). Xopolio pa3BUTast
CTpYKTYpa MakcuMyMoB Ha KpuBbix JICUP, n1a ciyya-
eB Pb, In u Sn Ha puc. 5, oObsicHeHa B [27] KaK pe3yiib-
TaT KOHKYPEHIINHT MEXIY POCTOM CEYCHHMS PACCESTHUS 1
BEPOSITHOCTH HEHMTpaIM3aluy, 110 Mepe yMEHbIIECHHS
SHEepruy myyka. B obmacT HU3KMX 3HaYeHMi oOpaT-
HOW CKOPOCTH ISl BceX KOMOMHALIUI MOH-MUIIEHb TOK
paccestHHbIX MOHOB ‘He' Bhime, yem 1ok ‘He'. Bto
OXHMITaeMO, JIeTKIe 60MOapanpyIONIHe YaCTUIIBI HMEIOT
OoJblIITee CeYeHIe PacCesTHIS MO CPABHEHUIO C TSKETbI-
MM TIPH TTPOYMX PABHBIX YCIOBUSIX (HATIPUMED, CUIIOBOE
MoJIe, BEPOSITHOCTh HeWTpanuzauuu). [Ipu BBICOKMX
3HAYEHUSIX 0OPAaTHOM CKOPOCTH MMeeTCsl TeHACHLIUS K
TOMY, YTO TOK paccessHHbIX MIOHOB ‘He" mpeBbliiaeT ToK
paccesTHHBIX MOHOB *He" 171 BceX M3y4eHHBIX CHCTEM.
DT0 BO3MOXKHO, €CJIM TIPY HU3KMX SHEePrisix MoHbI ‘He*
HEUTPAIM3YIOTCS C TOPa3l0 MEHbBIIEH BEPOSTHOCTHIO
no cpaBHeHuo ¢ *He'. OyeBugHOE pazinyne MEXIy
ATUMU JIBYMSI U30TOMAMU, UMEIOIIUMU OIHY U Ty Ke
CKOPOCTb, COCTOUT B Pa3IMUMKM UX MMIYJIbCOB, KOTO-
poe, B CBOIO OYepelb, CO3MAET HEOONBIIIE Pa3TAYIMs
(HamHoro MeHsIte 1 en. bopa) B X TpaeKTOpPUSIX CTONK-
HoBeHMsI. [10CKOMBbKY cumMTaeTcsi, 4YT0 OCHOBHBIE TPO-
1ecChl HelTpanuzauu (oxe-HelTpanu3alus U pe3o-
HaHCHasl TyHHeJbHas HeWTpaau3alus) MPOUCXOIST
CPaBHUTEJILHO JaJIeKO OT oBepxHOCTH (0K0:10 4 ef1. bo-
pa), TPYIHO MOHSTh, KaK TAKHUe MaJIble Pa3IMIus TPacK-
TOPUI MOTYT BIMATH HA OTHOCUTETBHYIO BEPOSITHOCTD
HEUTpaIM3aL1MK¥ NOHOB U30TOIIOB.

Y

_Zn

Pb
In -~
Snl — ; i : ! L ) 3
2 6 - 10 14 - x108
v, coem-l

Puc. 5. 3aBucuMoCTb BbIXOAA ynpyro paccesiHus MoHoB *He™ n
“He* Y oT ux 0bpaTHov cKopoCTy 7151 TOBEPXHOCTEN LiyH-
Ka, CBUHLA, MHAMA 1 010Ba, yron pacceaHns — 90° [12]

OTMeTHM TaKXe, 4To 00Jiee TSKeIble HOHBI, BBI3BI-
BaloT 0oJiee CUJIbHOE MOAM(MULIMPOBAHKUE TTOBEPXHOC-
TH B pe3yibTaTe UMILIAaHTAallMK, TOBEPXHOCTHOTO
TpaBJieHUs] U OYUCTKU. OnHAKO, 3TU TIPOLIECCHI HE Ja-
10T TIPUEMIIEMOTO OOBSICHEHHUSI XapaKTepa KPHMBBIX
JCHP nipu HU3KUX SHEPIUSIX.

Ocummiauun kpusbix JCHUP puc. 5 1151 MoHOB re-
JIsI, pacCeMBAaEMBbIX Ha MOBEPXHOCTU CBUHLA, UHAMS U
0J10Ba, ObUIM MpuIUcaHbl [28] KBa3upe3oHaHCHOMY
ANIEKTPOHHOMY TiepeHocy. [IpyM paccMOTpeHMH 3THX
KPUBBIX MOXHO 3aMETHUTh, YTO TTOJIOKEHNE MAaKCHMY-
MOB ¥ MUHUMYMOB Tipu paccesiHuM *He* u “‘He*™ Ha on-
HOM U TOH K€ TOBEPXHOCTH COOTBETCTBYIOT MPUOIU3HU-
TeJIbHO OJIHUM U TE€M e 3HaUeHHUSIM 00paTHOM CKOpOC-
i [28]. Bonee meranbHOE pacCMOTpeHME MOKA3bIBAET,
9TO B IEHCTBUTECITBHOCTH B 00JIACTH HM3KMX SHEPTHiA
HaOJTIONAIOTCS 3HAYUTENBHBIC CMEICHHS B TTIOJIOKEHHM -
SIX MAKCUMYMOB M MUHMMYMOB. B ciyyae 6ombapau-
POBKM TOBEPXHOCTU CBUHIA (PUC. 5, 6) U3OTOIMHBIN
CIBUT IMKKa MPU 3HAYEHUU 00paTHON CKOPOCTH OKOJIO
12-10% ¢/cM cornacyetcst ¢ JaHHBIMU 110 UCCIEA0BAHUIO
YIJIOBBIX pactiipeneneHuit [29]. To ecTb, yBemuueHue yr-
Jla paccessHUs] TIPM TIOCTOSTHCTBE SHEPTUM M MAacChl
OomOapaupyolieit YacTULIbI OKa3bIBAET TAKOE XK€ BIIK-
sIHUE, YTO UM YBEJIMYEHUE ee MAcChl TPU MOCTOSHCTBE
CKOPOCTH U yIJIa paccessHusl. B 00oux cinydasx yMeHb-
HIaeTCS pacCTOSHUE HanbobIIero commkenus. Mnre-
PECHO OTMETHTD, YTO CIOBUTH HMU3KOIHEPTETHIECKOTO
MUKa U1 UHAKS U 0JoBa (puc. 5, ¢, d) UMEIOT APYroi
3HAK T0 CPAaBHEHUIO CO CIBUTAMM JIJISI CBUHIIA.

M3 puc. 5 Takxke BUAHO, YTO BBICOTBI MMKOB, AJIs
‘He* u ‘He" He uaeHTUYHBI U He TPOMOPLIMOHATbHBI
IpyT apyry. HekoToprie pa3indmst BHICOT MMKOB B HU3-
KOOHEPTETUYECKHUX CIIEKTPaX OT OJI0BA, BEPOSITHO,
00YCIIOBJIEHBl Pa3IMIMSIMU O0MLICH (HOPMBI KPUBBIX.
Hawubosee oT4eT/IMBO 3TO IEMOHCTPUPYIOT HEOCTIJLIS -
TOpHbIE JIaHHbIE 1S 1IMHKA (puc. 5, a). B uenom kpu-
BbIE UMEIOT (hopMy MTapabosIbl C CUHYCOUIATbHON MOMTY-
nsmreit. MckmodeHreM M3 3TOTO TIpaBWIIA SIBISIETCS
KpuBasi paccesinus uoHoB ‘He® ot Pb, umeromas He-
0OJIBIIION MUK MTPU 3HAUYEHUH 00pPaTHON CKOPOCTH OKO-
710 8,5:10% ¢/cM, CBA3aHHBIIA, MO-BUIUMOMY, C KBa3Upe-
30HAHCHBIM 3JIEKTPOHHBIM TepeHocoM. KomyecTBeH-
HO, TOKY OTPaXXeHHBIX MIOHOB JIETKUX U30TOTOB MOTYT B
cnyyae *He* u ‘He* mpumepHo B 2 pa3a IpeBHIIATh TO-
KM TsDKenbIX n30TonoB. B ciyyae *Ne' u Ne* 310 nipe-
BhIlIeHKe cocTasiseT okono 20 %. To ecTb, yeM TsxKe-
Jiee DJIEMEHT, TeM MeHblie BeauyuHa 3ddekra. DTo
KOPpEJIUPYET C BEJIMYMHOW OTHOCUTEJIBHOM pa3HOCTH
Macc M30ToMoB (Kak 1 B ciryyae 1O B BUD, cwm. Bhilie).

3. M30TONHbIe 3(hDeKTbI NPK MOHHOW MMMAGHTALWM

Pe3ynbrathl HalllMX KCCICIOBAHMIA M3MEHEHMST U30-
TOITHOTO COCTaBa Me/IH, UMILIAHTMPOBAHHOM B HUKEJIb,
onyonikoBaHsl B [21-23]. MoHHYI0 MMITIaHTaLMIO Me-
I B TIOJIMKPUCTAJTNYECKHI HUKEITh CO CPETHIUM pa3Me-
poM 3epHa 0Kojio 20 MKM TPOBOAMIM Ha UMILIAHTEPE
"[lnana-2" [30], ocHallleHHOM BaKyyMHO-IyTOBBIM HOH-
HbIM MCTOYHUKOM, PabOTAIOLIMM B MMITY/IbCHO-TIEPHO-
IMYECKOM pEeXMMe C JUIMTEIbHOCTBIO MMITyJIbCa



EctecTBeHHbIe Hayku

150...200 mxc u yactoroit cinemoanus S0 i, MmriaH-
Talys OCYLIECTBISIACh TpU HaBieHun ~6-107° wu
4-107 Ila ¢ TUIOTHOCTBIO MOHHOTO TOKA B MMITYJIbCE
125 MKA-cM™ 1 cpeiHeli TNIOTHOCTBIO TOKA Ha MUIIEHU
nopsinka 1 MxkA-cMm? Jlo3bl umrmiantaumy — 2:10' u
2:10"7 moH'cM~, pa3HHIIA BO BPEMEHU MEXIy HaOOpoM
YKa3aHHBIX 03 OKOMO 6 4. MIOHBI YCKOPSTUCH B TIOJIE
50 xB. O06pa31bl HUKeNs, IPEABAPUTEIBLHO IEKTPOXH-
MUYECKH TIOJIMPOBAHHbIE, YKPETISTUCH METALTMIECKUM
JiepxxaTesieM Tak, YToObl 00eCTeunBaICs MIOTHBIA KOH-
TAKT C TIOBEPXHOCTHIO METAJTMUECKON MOMIIOXKH., TeM-
nepaTypa o0pasiia B Ipoliecce MMITIAHTALIMY He TIPEeBbI-
mana 50 °C. Ha puc. 6 npuBeaeHbl poduiy pacrpee-
neHus u3oronoB Meny *Cu u “Cu o myouHe odpasia
Hukenst U cymmapHbiii “Cu+*Cu npoduib nocie umi-
JaHTanyy 10301 2-107 woH-cM™ ripu gasiaeHuu 6-107 Ila.
BumHo, uto XapakTep pacrpeneneHust H30TOMOB pasiu-
YeH: criafaolnas Kpusasi s u3oromna “*Cu, ¥ HapacTao-
mas - pisg uzorona “Cu, T.e. B MOBEPXHOCTHOM CJIOE,
npuMepHo 10 100 HM MPOUCXOAUT HAKOTUIEHHUE U30TOMa
%Cu. U TosbKO Tocle BbIXoaa Ha MaKCUMYM MHTEHCUB-
HOCTU JIMHUU M30Toma “Cu HauMHaeTCsl BhIpaBHUBAHME
M30TOITHOTO COCTABa, MPUOMIKASICh K UX TMPUPOTHOMY
COOTHOIIEHHIO Ha TiyouHe 250 HM. s Oosnblueii Har-
JISTHOCTH TI0 JAHHBIM pHC. 6 Ha puc. 7 MpeacTaBIeHbl
OTKJIOHEHUSI KoHIIeHTpaluii (C;) M30TOMOB MEIU 110 ITy-
Oune, paccuntaHHble Kak C=I/X1; (i —w3oton, I — uH-
TEHCUBHOCTb), OT UX MPUPOIHBIX PACIPOCTPaHEHHOCTE
(R). BumHo, uto Ha rybuHe npumepHo 330 HM MmoJTyJeH-
Hble 3HAUEHMS PaCIPOCTPAHEHHOCTEH M30TOIOB MMII-
JIAHTMPOBAHHOW Me[Iy COBIANAIOT C IPUPOIHBIMU 3Ha-
YeHUsIMUA. MakcuUMaibHOe OTKIOHEHUE OT MPUPOTHOM
PacIpoCTpaHEHHOCTH U30TOIOB (0K0J10 54 %) Habmona-
€TCs Ha TIOBePXHOCTH. [10 JTaHHBIM pHC. 6 1 7, BBIBIIA-
10TCA 3 XapakKTepHble 00J1aCTH M3MEHEHUST M30TOITHOTO
cocrapa: | —ot 0 10 80...100 HM, 2 —ot 100 g0 250 HM, 3
— mryoxxe 250 HM. BugHo, 4TO M3MEHEHME U30TOITHOTO
cocTaBa Haubojiee 3HAUMTEJIHHO B TIPUIIOBEPXHOCTHOM
cioe. 31ech HaOMIONAETCsl HapacTaHWe KOHILIEHTpaLUn
MMIUTAHTUPOBAHHBIX MOHOB C BHIXOIOM HA MAKCUMYM Ha
myoure ~100 HM (puc. 6). O6macT pe3KOro CHIDKEHUS
KOHIIEHTpAaLlMM MMILIAHTUPOBAHHOW MeOu B CJIoe
120...250 HM cOOTBETCTBYET Iepexol K MPUPOIHOMY CO-
OTHOIIIEHUIO PacTIpocTpaHeHHOCTel n3oTomnoB. 1, Hako-
Hell, muddy3rnoHHOMY "XBOCTY" Ha poduie UMILIAHTH-
POBaHHOM M€ COOTBETCTBYET 00J1aCTh BbIPABHUBAHMS
M30TOITHOTO COCTABA C NPUPOTHBIM. TakuM 00pasoM,
MaKCHMaJIbHbIe HApYIICHUS] M30TOITHOTO COCTaBa IMpo-
UCXOJST Ha yJacTKe HaOOJIbIIMX OTePh SHEPTUU UMII-
JIAHTMPOBAHHBIX MOHOB M MaKCUMAJIbHOTO HAKOTLICHHUSI
KOHLEHTpaLUY UMILIAaHTUPOBAHHOM MeIn.

Ha puc. 8 mpencraBneHBl KpWBble, aHAJOTUYHEIE
puc. 7, Ho misg go3el 2-10" mon-cM?. M3 cpaBHeHuUs
puc. 7 1 8 BUIHO, UTO XapaKTep MOCIOMHOTO U3MEHEHMUS
M30TOITHOTO COCTaBa C YBEIMYCHUEM I03bI HE U3MEHSIET-
csl, HO [Tl O0Jiee BBICOKO# 103bI MI3MEHEHUS U30TOITHO-
r0 COCTaBa PACIPOCTPAHSIOTCS HA OOMBLIYIO [IYOUHY.
D10, BO3MOXHO, CBSI3aHO C YBEJIMUEHUEM 0011l KOH-
HEHTPAIM UMIUIAHTHPOBAHHOM MM U BO3pacTaHNEM
€€ KOHIIEHTpalM Ha OoJiblell ITyOMHe B pe3yibTaTe
PaIMaIOHHO-CTUMYIMPOBaHHON muddy3uu. DKcre-

PUMEHT ObLJI TOBTOPEH MPY 103¢ MOHHOIN UMILTAHTALIUK
2:10" mon-cM~ ipu gaBieHnu ~4-102 I1a. B aToM ciyyae
3¢ deKT TpaHchOpPMALIY U30TOITHOTO COCTaBa MEIH Ka-
YeCTBEHHO He M3MEHSIETCS, OMHAKO, 0OHAPYXKUBAIOTCS
pasmuust B hopMe TIpoduIeii M30TOMOB UMILIAHTHAPO-
BaHHOI Menu (puc. 8). OHU cTaHOBATCS OoJee Y3KUMHU,
CTATMBASICh K MOBEPXHOCTH 00pasiia.

Y orH.ex.
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Puc. 6. [lpogunn pacnpeaeneqms nsotonos *“Cu vn “Cu no rmy-
bviHe 0bpasua HuKens v cymmapHbiv ©Cu+2Cu npogunb
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Puc. 7. OtkiioHeHus KoHLeHTpauwi (G) uaotonoB Meam no riy-
OUHE OT WX MPUPOAHBIX PacipoCTpaHeHHocTeu (R)
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Puc. 8. OTKIIOHEHWS KOHLEHTPALMI M30TOMOB Meau o ri1ybuHe
00pa3La HUKeNs OT VX MPMPOAHBIX PACTPOCTPAHEHHOCTEN

OO0bsicHeHre TpaHCHOPMAIIMK U30TOITHOTO COCTa-
Ba MMIUIAHTUPOBAHHOM MEIM HEBO3MOXHO B pPaMKax

13



V13BecTva TOMCKOrO NONMTEXHWUYECKOro YHuBepcuTeTa. 2004. T. 307. N2 2

TpaIUIMOHHBIX MeXaHu3MOB nudby3uu. M3BecTHO,
YTO OTHOILEHHE KOIPPUIMEHTOB IUPDY3UU HU30TO-
OB 00PaTHO MPOMOPLUOHAILHO KOPHIO KBaIPaTHOMY
M3 OTHOIIEHWS MX Macc, T.e. ~1,02. HabGmonaemsrit
3¢ deKT B HECKOIBKO pa3 BhILIIE.

3akntoyeHune

HpeZ[CTaBJ'[CHHBIG B HepBOﬁ YaCTu CTaTbM 3KCIIC-
PUMCHTAJIbHBIC PE3YJAbTAThI KaCaroTCA JIMIIb HEMHOTUX
TEXHOTEHHBIX BO3ICHCTBUI Ha IOBEPXHOCTDH, IMPHUBO-
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