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PACS: 62.50.—p, 64.10.+h, 64.30.+t

E.I. Tpomu,Kaﬂ1, B.B. L1a6aHeHKo1, E.E. I'op6eH|<o2

AJIEMEHTAPHbIE KOJIEBAHNA B KPUCTAIITIAX MHEPTHbBIX TA3OB.
3. P°OHOHHbIE HACTOTbI CXXATbIX KPUCTAJJIOB

1,D,0Heu,|<vu71 PUNKO-TEXHNYECKUIN UHCTUTYT UM. A.A. lManknHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

2 . . .
JlyraHCKuin HauMOHarnbHbIA Negarornyeckuin yHusepcuteT uMm. T. LLeBueHko
yn. O6opoHHas, 2, r. JlyraHck, 91011, YkpauvHa

CraTbsa noctynuna B pegakumio 3 aekabps 2004 roga

Ilpeocmasnenvl  «nepsonpuHyuntbley UCCIC008ANHUSI OUHAMUKU PEeUlemKU  KPUCTHANIO8
unepmuuix 2azos (KUI) 6 wupoxom unmepsane 0asieHuti ¢ y4emom Heaouadamuyeckux
aghgpexmos. Paccuumannvi ghononnvie uacmomol npu p # 0 6ceco psida Ne—Xe. Hccredosanue
PONU PABTUYHBIX 83AUMOOEUCMEUL] NOKA3AO0, YMO PAHUYA 8 MOOEAX Hauboiee 3aMemHa Ha
epanuye 30onvl bpunmoona. Ilpu 6onvuux cocamusx oHoHHbIL cnekmp 6 Hanpagienuu A
Oechopmupyemcs, npoucxooum «pazmsederuey npoooIbHOU MOObL 3a CYem 3IeKmpPOH-
@ononnozo ezaumodeticmgus. Coanacue meopemuyeckux YOHOHHBIX YACHMOM C UMEIOUWUMU-
CS UX IKCHepUMeRmMAaIbHbIMU 3HaveHusmu oast Ar npu p = 3.1 GPa xopowee.

1. BBenenue

Dta paboTa SBISICTCS 3aBEepIIAIONICH B IIUKJIE CTATEH, MOCBAIIEHHBIX JIEMEH-
TapHBIM KoseOaHusM u ux B3aumozeiicTeuio B KUI'. B mepBoii wactu nccnemnona-
Tuch (POHOHHBIE YACTOTHI B OCHOBHOM COCTOSIHMM, KOT/Ia AJIEKTPOH-(DOHOHHOE
B3aumojeiicteue mano [1]. Bropas [2] u TpeThs (HacTosiasl) 4acTH LUKJIA TO-
CBAIICHBI (DOHOHHBIM YaCTOTaM CXKAThIX KpuUCTauioB psaga Ne—Xe. [{ens atux pa-
00T — uccienoBaTh HeaauadaTnyeckue >3PQPeKTsl B JMHAMUKE PEIIETKU KPUCTAal-
70B o1 aBiieHneM. B kauectBe ocHOBBI 6epercs mogenb K.b. Tonmeiro u ee mo-
mudUKauyd. DTO MO3BOJSIET B OTIMUKE OT CTAHAAPTHOTO MOIXOJa C MOMOIIBIO
bynkuuu ['prHa MPOBECTH KOJWYECTBEHHOE MCCIICIOBAHUE YJIEKTPOH-(POHOHHOTO
B3aUMOJICUCTBUS B KPUCTAJUIAX C CUJILHOM CBA3BIO B IIMPOKOM JMAIA30HE JaBJie-
HU, BIUIOTH 10 JABJICHUH MEpeX0/1a U30IITOP—METaILI.

B Hacrosiiiee BpeMsi HAUMHAETCSE MHTEHCUBHOE 3KCIEPUMEHTAIBHOE U3YUYEHUE
(OHOHHBIX CTIEKTPOB MPH OOJIBIINX JABICHUIX [3].

[ToBeneHre (OHOHHBIX YACTOT MO JABJICHHEM HECET MoJe3Hyr HHpopma-
[0, KACAIOIIYIOCS CTPYKTYPHOM HECTAOMIBHOCTH, MEXaHnU3Ma (Da3oBBIX Mmepexo-
JIOB ¥ MEKaTOMHBIX B3aUMOJCUCTBUN. 3Hass (OHOHHBIE YACTOTHI, JIETKO PacCUu-
TaTh U TEPMOJIMHAMHYECKUE CBOMCTBA MTPH OOJBIINX JABICHUSX.
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B npenpinynmx padorax Mbl ucciefoBai B Ne nepexo Iu3IeKTPUK—MeTal
[4] u ymenbiieHue ynpyroro moayist @ykca B33 B Xe nox nasienuem [S]. Ilo-
clleZlHEe TOBOPUT O HEOOXOAMMOCTH (Da30BBIX MEPEXOAOB U O MOSBICHUU «MSIT-
KHAX MOJI» B (DOHOHHBIX CIIEKTpPaX.

JUis BBISIBICHUS 3TUX WHTEPECHBIX (U3MUECKU 3HAUMMBIX sBieHuii B KUI
TpebyeTcs mpuiiokeHue 0oJiee BBICOKOTO JaByieHus [3,6], ueM npu ucciaeroBaHUN
JIPYyTUX KPHUCTAJIOB, YTO, B CBOIO OUYEPEIb, HAKIIAABIBACT psil OOJee JKECTKHX
TpeOOBaHUI K METOJIaM BBIYMCICHUSI (POHOHHBIX CEKTpoB. [TloaToMy HeoOxoam-
MO BbIOMpATh pacuyeTHbIE METO/BI: 1) He cojiepKalie MOATOHOYHBIX [TapaMEeTPOB;
2) ucronp3yromuye (pyHKIUOHANBHBIA 0a3uC, MPUTOIHBIA TPU JIFOOBIX CHKATHSIX,
BIUIOTH J0 CXaTWs METAUTU3alMK; 3) HE coaepiKaliue MpUOIMKEHUH s Kpu-
CTAJUIMYECKOT0 MOTEHILIMaNa, KOTOpbIE TPYIHO MPOKOHTPOIUPOBAThH NMPHU U3MEHE-
HUUW JIaBlieHus; 4) HE TOoJpa3yMEBAIONINE YCIOBUS MaJOCTU HHTETPAJIOB TEpe-
KPBITHS 0a3UCHBIX JIOKAJIM30BAaHHBIX opOuTanel; 5) yuutsiBatomue 3¢pQexrsr He-
annabaTuky (3NMEKTPOH-(HOHOHHOTO B3aUMOICHCTBUS).

Bo BTOpOM moapasnene gaHHOM pabOThI pacCUYUTHIBAIOTCS KOPOTKOACHCTBYIO-
M€ MOTEHIUAIbl OTTAJKUBAHMS, MHTETPAJbl MEPEKPbITUS U TapamMeTphl JIeK-
TpOH-(OHOHHOTO B3aumozencTaus Ar, Kr, Xe B 3aBUCUMOCTHU OT CXKaTusl; B TPETb-
€M — MPUBEIEHBI PE3YyJIbTaThl pacyeToB (POHOHHBIX YacToT psa Ne—Xe mox aas-
JICHUEM B Pa3JIMYHBIX MOJETSAX; B YETBEPTOM — OOCYXKIAIOTCS IMOJNyYEHHbIE pe-
3yibTaThl. B 3aKkmtoueHny mpeacTaBiaeHb! BBIBOIBI [0 BCEMY LIMKITY padoT.

2. HeaqmabaTn4yeckue BKJIAAbI B IMHAMHUKY pelmieTkH npu p # 0

B monemn K.b. Tonmeiro [7] Obla pa3BuTa AMHAMHYECKAs TEOPHUS PEIICTOK
KUT', yuutsiBaromas nedopMaiyio 3J1eKTPOHHBIX 0005104eK aTOMOB. «3 mepBhIX
IIPUHIUIIOB» TIOJy4YEHO BBIpaXXEHUE Ui NoTeHiuanbHOW sHeprum KUI' kak
(GYHKIIUM CMEIICHU aTOMOB U3 TOJIOKEHHUSI PAaBHOBECHS M HMX JUIOJBHBIX MO-
MEHTOB, BbIBeIeHbI oO1He ypaBHeHHs konebanuii ['TIK-pemeTok 3Tux Kpucrai-
708 [8,9] (cMm. Takxke padoty [1]).

B [10,11] ramu 6611 oNyueH aguabarudeckuit moternuan KU u ans pacye-
TOB aTOMHBIX CBOMCTB MpeasioKeHa npoctas popma

1 c —B(x-1)
E‘E% VS,,<R>—F[1—Ae It- (1)

[Tapamerp Ban-nep-Baansca C, a Takke 4 ¥ [} HaXOIUIU U3 yCJIOBHUSI MUHU-
MyMa 3HEpPIrHH, SKCIEPUMEHTAILHOTO 3HAYEHUS] SHEPTHUH CBS3U E]S;‘If’d U Majoro

OTKJIOHEHUS CABHTOBOTO MOIyJisi ynpyroctd Cgq OT €r0 SKCHEPUMEHTATBHOTO
3HAauYEHUS MPU 3a1aHHOM o0beme stueiiku ipu T = p = 0; V,(R) paccuutan 6e3 Ka-
KHX-T100 BapHALIMOHHBIX WU MOATOHOYHBIX TapaMeTPOB.

KopotkoneiictByromiee ottankuBanue Vg, (r) B (1) urpaer OCHOBHYIO POJIb NPH
pacueTe aTOMHBIX CBOMCTB C)KaTbhIX KpUCTauIoB. IloaToMy Ba)kHO paccuuTarth
Vs(r) xak moxHo TouHee. B [12] moreHmman V(r) paccuurtanu «u3 HEPBHIX
OPUHLUIIOBY) B npubmmkeHun Xaptpu—®Poka U B 0a3zuce TOYHO OPTOrOHAIU30-

8
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BaHHBIX aTOMHBIX OpOHTaJe, ncnoib3ys KinactepHoe pasioxenue (CE) AbGapen-
KoBa—AHTOHOBO [13].
[ToTentman kopotkoaencTBus V,(7) mOy4eH B MAPHOM MPUOIMIKCHUH B BUJIC

VSV(R”')=<00‘H”. ‘oo> 22 2l <I’B‘Vl"loc>+Z<l'y,l’B|VC|Z'y,loc> ;

Y (Rh AL 274 2<1'B\V’|z'y>—§<za,z's|vc|z'y,15>. )

Y

rie V' — norenmman meiitpamsaoro atoma I, Ve = r — rl, <l'y,l'B|VC|l'y,la> =

= I [((pé'(r)(pg(r’)(pi,'(r')(pg (r)/|r—r q dtdt’, rpeueckue HHACKCHI HYMEpYIOT

JIEKAPTOBbI KOMIIOHEHTBI.

BeipaxxeHue (2) nepexoauT B U3BECTHOE BBIPAXKEHHE JI IAPHOTO MOTEHIMA-
Ja, BIIEpBbIE MOJTYYEHHOro B Hameil pabote [14] B npeaene mansix S << 1, T.e.
€CJIM UCII0JIb30BATh

U 1 1
7 =55éfﬁ +0(S?),

3)
2l = ——ZSZ’”SZ’” +0(S%),

rae SgB — UHTErpajl MepeKphITU MEXIy IBYMS aTOMHBIMU OpOHUTANsIMH, LIEH-

TPUPOBAHHBIMHU HA PA3HBIX Y3JIdX,
Sup = [ @a (r =Dy (r—1)dr . 4)

B [12,15,16] npuBenensl paccuutanHble napamerpsl G, H, E, F, onuceiBaro-
nMe OTTaJKMBaHWE, a Takxke napamerp Ban-nep-Baamsca KUIT mis cxarmii
AVIVy ot 0 1o 0.8.

JaBnenue kak m000€ BO3JCICTBHE, HE MEHSIOIIEe CTPYKTYpPbl BOJHOBBIX
GYHKIUI 27EKTpOHA B aTOMeE, ACHCTBYET Ha KPHUCTAI TOJIBKO Yepe3 U3MCHEHHE
paccrosinus | — m 1 mepekprITHE aTOMHBIX OpOUTaNieid. B 3TOM cMbICiIe BETMUMHBI

Sgg (4) sBIAIOTCSI €AMHCTBEHHBIMU YIIPABISIIOIIMMU ITapaMeTpamu teopuu [15].
Wx nabop OIHO3HAYHO OMpEAENSeT BCE CBOWCTBA HM3OJSTOPOB, AJIEKTPOHHBIC
crieKTpsl (depe3 Matpuibl Au P) u aqunabdaTHIeCKuii MOTEHINAT (Yepe3 MaTPHILY
P [12]). Takum oGpa3om, 3a1aua 0 pacuere CBOWCTBA U30JISITOPOB pa3OMBaeTcs Ha
JBa JTamna: BHIYUCIEHHE Habopa S&‘E ¥ pacyer MpH 3aJaHHbIX S&‘E CIIEKTPOB,
TEPMOJMHAMHUKH U KHHETHUKH.

Jns onucanusa HeanuabaTHUECKUX BKIJIAJOB B JWHAMHKY pemieTku Ne K Hc-
MOJIb3YEMBIM paHee MHTErpajiaM MEepPeKphITHS HEBO30YKACHHBIX aTOMHBIX OpOU-
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Tanein S,l;'z(n +1)s =8 (st Ne n = 2) 6pu10 100aBiIeHO (CM. [2]) Takxe mepekpbl-

THE C OAHON BO30YKIACHHON opoUTaibio |m3s)

S (netys =0 =(12p, | m3s). (%)

Tounsie pacuetst Vy{r) mo dopmyne (2) moxasamu, aro (00[H "|00) ~ s (r)
SIBJISIETCS. XOPOIIUM MPHUOIMKEHUEM ISl HAXOXKJIEHUSI 3aBHCUMOCTH OT PacCTOsI-
Hus [9,11]. Kpome Toro, Ha mpumepe Ne BUIHO, UTO OTHOIIEHHUE G/.S c1abo MeHs-
€TCs B 3aBUCUMOCTHU OT cxatus (0T 2.5 10 2 npu usmeHenuu AV/Vy ot 0 no 0.7).

Ha puc. 1 nns Ar, Kr, Xe npuBeneHs! V,, BBIYUCICHHbIE B MPUOINKECHUH S2
(mogenu M2, M3) u S* B 3aBHCHMOCTH OT ckatua. Kak B Ne [2], nnst mpubnu-
’KEHHOTO PacyeTa MPOM3BOIHBIE MO # OT MATPUUHBIX dneMenToB (00|H" *"|00) (ma-
pamerpsl H, G) u (00|H"™|0i) (mapameTpsi %, g) GyaeM CUMTATh HOXOOHBIMH HPH
BCEX CXKATHX, MCKIIOYas, BO3MOXKHO, TOJBKO 00JacTh BONM3M METaUIM3alMU
AVIVy > 0.7. VUcnionb3yst ONSPU3yeMOCTh A U TIapaMeTpsl g, 4, onpeiesieHHbIE U3
JKCIIEpUMEHTa Tipu p = 0, a TakKe TOYHO pacCUMTaHHble napameTpsl H u G npu
p # 0, HalimeM MOJSIpU3yeMOCTh A W TapameTpbl g, /i I pa3IudHbIX CXKATUH
AV/Vy kpuctamioB psaa Ar—Xe:

g(p#20)=CG(p=0), Ci=g,/G,

6
rae go, ho, Go, Hy — mapaMeTpsbl, OnpeielIeHHbIE U3 SKCIIepuMeHTa npu p = 0;
a(p=0
A(piO):#; a(p#0)=kS*(p#0). (7)
a(p=0)
1200 - A
'S 1100 + A SZX
~ 1000 e Ar
2 900 &
i)
g 800 - SZKr Puc. 1. IToTeHuan KopoTKoeii-
5 700 - CTBYIOILETO OTTAIKUBaHHA V. U
5 600l Xe KBaJIpaThl WHTErPAJIOB MEPEKPHI-
¥ sr i S° miag Ar, Kr, Xe B 3aBHCH-
= 500 S2 MOCTH OT cxkatust AV/V)
400 - Ar
300
200 +
-_ A/A ®
0 - ‘:J") = 1 — 1 1 1 " 1
0.0 0.2 0.4 0.6 0.8

AVIV,

10
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Tab6muma 1

Ko3¢ppuuueHTs! AJ151 onipeaesieHusi HapaMeTpPoOB 3J1eKTPOH-(POHOHHOT O

B3auMojeiicTBus U noaspusyemoctu (6), (7)

ITapameTtp Ne Ar Kr Xe
C —0.465 —-0.261 —0.2035 —-0.156
C -1.17 —0.665 —0.475 -0.415
k 0.093 0.232 0.177 0.1476

Cy1iecTByeT HECKOJBKO BAapHAHTOB OMPENEICHUS MapaMeTpoB g U A U COOT-
BercTBeHHO C| m Cp. MBI BBIOpasiv, Ha HAIl B3TJIAJ, ONTUMAJILHBIN (Hampumep,

st Ne g(p = 0) MmeHsiercs oT —9.0-10_2 no —2.4- 10_2, MBI OCTAaHOBWJINCH 3[I€Ch Ha
go=-4.28 10_2). Koaddummentsr Cy, C,, k mpuBeneHs! B a0, 1.

3. ®oHOHHBIE JUCTIEPCHOHHBIE KpuBbIe c:xaThix KNI

B [1] mpuBenens hononnsie yactoTel KUI' ¢ paccunTaHHbIMU TTapaMeTpaMu B
pasnmuuHbX Mojensax npu p = 0. B [2] paccmoTpen monpo6Ho Ne, ompexaesneHa
POJIb BTOPBIX coceliel, HeaqnabaTuueCKuX BKJIAJ0B, a TaKKe BBICIIMX MOPSAIKOB
110 UHTETPaTy HEPEKPHITUA S B Vg, IPU pa3IUUHBIX CTENCHIX CHKATHSL.

[TpencraBum pononHbIE YacTOThl ocTanbHbIX KUT — Ar, Kr, Xe. CunoBsie na-
pametpsl G u H paccunrtansl B [16] ¢ morenumanom (1). 3aech, kak u B [2], camast
npocTas Mojienb M2 — npubmmkenue onmxaiimux coceneit (£ = F = 0) 6e3 yueta
HeanuabaTnaeckux BKIanoB (g = 4 = 0), Vi, B (1) BEIYKCICHO B TPUOIIKEHUH s ,
B Mozaenu M3 nobGaBneHsl BTOpble cocenu. BBemem Takke momens M3a — 1 + 2
cocenu + HeanauabaTUyecKue BKIAbL, Vg, ~

Ha puc. 2 cxemarnuecku H300pa)keHbl (POHOHHBIC NUCIIEPCHOHHBIE KPHUBBIC
Bcero psga Ne—Xe nipu AV/Vy = 0; 0.3; 0.6; 0.7. [{Boitable muauu 1ipu p = 0 mo-
Jy4aroTcsi u3-3a Toro, 4ro pacuersl B Mojaenu K.b. Tonmeiro (M1) ¢ onpeznenen-
HBIMU U3 SKCIIEPUMEHTA MapaMmeTrpamu [9] U ¢ BBIYMCIEHHBIMU HAMU COBIAAAIOT
win 6mm3ke B ciydae Ne [2], Ar, Kr. [lnsg Xe 310 pa3znuuue B pacyerax Oosee 3ameT-
HO. /leTanibHOE CpaBHEHME C IKCTIEpUMEHTOM /i mipu p = 0 O6bLT0 TIpoBeeHo B [1].

U3 puc. 2 BumHO, uTO ¢ poctoM cxkatus A0 AV/Vy < 0.6 3nauenus iwm)(K) yBe-
JMYUBAIOTCS IPUMEPHO HA MOPSI0K, OCTABASICh TAKMMHU XK€ TUIABHBIMU B OTIIMYHE
OT AJIEKTPOHHBIX CIIEKTPOB, T1e yke npu cxatuu AV/Vy > 0.6 B Ne Habmoganach
ux nedopmaris 1 MosBISUITUCH «ropObl»y. B poHOHHOM criekTpe 3Ta nedopmarus
XOPOIIO 3aMETHA TOJIBKO Ha MPOAOJIbHOM BeTBU /iy B Hampasinenuu k(00E) npu
cxxaruu AV/Vy < 0.7, ecnu yuectb HeaguabaTtudeckue 3QQeKTsl (pacueT B MOJEIH
M3a), T.e. HaOmoAaeTcs pazMsArdeHue mpoaoisHeix Moa. Ilpu AV/Vy = 0.8 3Ha-

YCHUA h(Di CTaHOBATCA OTPHULATCIbHBIMHU B TOUKax XulL.

4. O0cy:xxneHue

ITepBast koOHKa B Tabi. 2 MOKa3bIBAET, KAKyIO MOTPEIIHOCTh B BEJIMYHHBI (O-
HOHHBIX 4aCTOT BHOCAT PAaCCYMTAHHBIE HAMM MAPaMETPhl [0 CPABHEHUIO C I1apa-

11
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METpaMH, OTPeACTICHHBIMU U3 dKcriepuMenTa (Monens M1). [Ipudem HanGombIIas
MOTPeIIHOCTh HaOIIoAaeTcs Npy Majbix K, 4TO OOBSICHSIET HE COBCEM YAOBIETBO-
PUTEIBHOE COTJIacue HKCIIEPUMEHTAIBLHBIX MOJYJIEH YIIPYTrOCTH ¢ Teopuen [5]. U3
9TOW TaONUILBI TaKKe BUAHO, YTO OTHOCHTENbHASI POJIb BTOPBHIX COCElel YMEHb-
HIAETCS C POCTOM JIABJICHHUSI.

120
Ne 10

110}

Ar 10

100 I
100
80 907
80
70 s
= 60 B 60|
g g 1 11
$ $ 50 ’
< 40 N, 9
40
30 7
20 20| 6
i 5
10 34
0 0 1.2
X Ky =T—~AL
o
40 10
70 A12
60
i 30
50 8
>
[ >
g4 [}
s ol g 20
< 3 A11
30 S
' 7
20
10 p
i 3
Y
10 Z
i f 1.2
0 0E
I A XKz ~T=AL
6 Z

Puc. 2. ®oHoHHBIE AMCTIEPCUOHHBIE KPUBBIE I psAna Ne—Xe B CHMMETPUYHBIX HaIpaB-
JeHUAX BOJIHOBOTO BekTopa k. Crutonaeie kpuBsie [ u 3, S u 6, 7u 8, 9 u 10 — cOOTBET-
CTBEHHO IONEpPeYHas U MPOJI0JbHAs BETBU B HampaBieHUusAX A u A (A1 HampaBieHUs X
0003HaYCHUS aHAJIOTHYHBI), paCCUUTaHHbIE B Moaean M2 cooTBeTcTBeHHO Tipu AV/V) =
=0.0; 0.3; 0.6; 0.7. CriomHbie KpuBBIEe 2 U 4 — TO XKE caMoe, PACCUUTAHHBIC B MOJICITH
M1 npu AV/Vy = 0. Toueunsie kpuBble [/ u /2 — monepeyHas U MPOAOJIbHASI BETBHU, pac-
cuMtaHHble B Mojenu M3a nipu AV/Vy= 0.7

12
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OTHocHuTeJIbHAS POJIb BKJIAJA0B Pa3jJMYHbIX B3auMoAeiicTBUI B poHOHHBIE YacTOThI (%)

TaOmnua 2

Hampagne- do 31 32 33 Y0 Y1 Y2 Y3
YacroTa d
nue k 0.0 0.3 0.6 0.7 0.0 0.3 0.6 0.7
1 | 2 3 4 5 6 7 8 9 10 11
Ne
o, (n/4) 6.74 17.2 12.15 11.27 12.26 0.01 0.11 1.04 2.17
o, (rn/2) 4.89 9.6 7.07 6.67 7.29 0.05 0.45 4.59 10.05
o, (3n/4) 3.73 2.7 2.07 1.98 2.17 0.09 0.91 10.90 26.08
o, (1) 3.36 0 0 0 0 0.11 1.14 15.09 38.81
[001] o (n/4) 0.77 52 4.5 4.90 5.73 0.01 0.05 0.31 0.30
0 (n/2) 0.79 3.0 2.62 2.84 3.31 0.01 0.14 1.34 1.24
o, (3n/4) 0.86 0.9 0.75 0.83 0.96 0.01 0.20 3.34 2.75
o, (1) 0.85 0 0 0 0 0.01 0.23 4.95 3.68
o, (n/4) 0.11 5.1 4.40 4.75 5.52 0.01 0.12 1.12 1.29
o, (n/2) 1.99 29 243 2.56 2.95 0.03 0.54 64.28 33.93
o (/4) 2.61 33.1 29.59 32.70 38.57 0 0.02 0.44 1.54
[110] o7 (m/2) 1.00 18.1 15.54 16.36 18.76 0 0.09 0.37 1.87
o, (m/4) 5.52 6.4 4.58 4.22 4.57 0.04 0.33 3.16 6.92
o7, (m/2) 4.03 53 3.95 3.72 4.05 0.08 0.77 9.24 21.70
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1 2 3 4 5 6 7 8 9 10 11
o, (1/8) 5.87 34 2.40 2.16 2.31 0.22 0.16 1.53 3.32
o, (n/4) 5.10 33 2.37 2.15 231 0.06 0.57 5.50 12.44
o, (31/8) 4.57 3.2 2.35 2.14 2.30 0.11 0.98 10.04 23.69
o, (n/2) 4.40 3.2 2.33 2.14 2.30 0.12 1.16 12.12 29.26
(1] o7 (1/8) 0.98 15.2 12.80 13.21 15.03 0 0 0.11 0.43
o7 (n/4) 1.01 15.1 12.78 13.20 15.02 0 0.01 0.41 1.53
o7 (31n/8) 1.05 15.1 12.77 13.20 15.02 0 0.01 0.76 2.76
07 (n/2) 1.06 15.1 12.76 13.20 15.02 0 0.01 0.92 3.30
Ar
0, (n/4) 10.96 1.70 2.77 5.78 7.92 0.05 0.26 1.50 2.99
0, (n/2) 6.99 0.94 1.59 3.39 4.68 0.16 1.01 6.55 13.79
o, (3n/4) 4.53 0.26 0.46 1.00 1.38 0.27 2.00 15.44 36.46
o, (1) 3.74 0 0 0 0 0.32 2.53 21.46 56.98
[001] oy (n/4) 2.67 0.24 0.64 1.92 2.99 0.01 0.58 0.22 0.25
o (1/2) 2.60 0.14 0.38 1.12 1.74 0.04 0.95 0.93 1.01
o, (3n/4) 2.54 0.04 0.11 0.33 0.51 0.06 1.04 2.13 2.21
o7 (1) 2.51 0 0 0 0 0.07 1.06 2.94 2.96
o, (1/4) 1.84 0.24 0.63 1.85 2.89 0.03 1.03 0.86 1.18
[110] 0, (n/2) 0.29 0.14 0.35 1.00 1.55 0.12 1.95 22.60 30.53
10.39 3.58 7.68 19.01 27.35 0 0.05 1.02 291

o7, (1/4)

‘ST WOL ‘S()()7 MMHI'ARY XUMO0JI9d BIMHXJL U BIUEUPD
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1 2 3 4 5 6 7 8 9 10 11

a7 (m/2) 7.01 1.92 3.86 9.09 12.87 0 0.01 0.99 3.66

[110] o7, (m/4) 8.63 0.67 1.08 2.22 3.02 0.11 0.69 4.38 9.28
o7, (m/2) 5.18 0.56 0.94 1.96 2.68 0.24 1.76 13.25 30.30

®; (n/8) 9.53 0.40 0.61 1.20 1.60 0.05 0.33 2.06 4.37

o;(n/4) 7.90 0.39 0.61 1.10 1.60 0.18 1.14 7.57 16.66

®; (3n/8) 6.71 0.38 0.60 1.20 1.59 0.30 2.00 14.00 32.75

0y (1/2) 6.32 0.38 0.60 1.20 1.59 0.36 2.38 17.01 41.32

[111] o7 (m/8) 6.96 1.77 343 7.75 10.79 0 0.03 0.23 0.72
o7 (n/4) 7.05 1.76 3.42 7.74 10.78 0 0.07 0.82 2.56

®7(31/8) 7.04 1.76 3.42 7.74 10.78 0 0.10 1.48 4.58

07 (n/2) 7.07 1.76 3.42 7.74 10.78 0 0.10 1.77 5.48

Kr

o, (n/4) 11.02 0.95 2.53 6.50 9.07 0.05 0.24 0.94 1.57

o, (1/2) 7.01 0.53 1.45 3.80 5.33 0.17 0.91 4.05 7.07

o®; (3n/4) 4.50 0.15 0.42 1.11 1.58 0.30 1.82 9.39 17.41

o, (1) 3.68 0 0 0 0 0.36 2.31 12.89 24.86

L001] o7 (n/4) 247 0.02 0.49 232 3.93 0.01 3.09 0.11 0.07
o (1/2) 2.57 0.01 0.29 1.35 2.29 0.05 2.03 0.44 0.28

o7 (31/4) 2.65 0 0.08 0.39 0.66 0.09 1.54 1.01 0.60

o (1) 2.70 0 0 0 0 0.10 1.45 1.40 0.81
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1 2 3 4 5 6 7 8 9 10 11
o, (1/4) 2.56 0.02 0.48 2.22 3.76 0.03 3.96 0.46 0.46
0, (n/2) 2.88 0.01 0.26 1.19 1.97 0.16 2.21 14.28 15.91
o7 (n/4) 5.88 2.15 7.55 25.08 38.56 0 0.03 0.88 2.37
[110] (DTI(TC/2) 4.26 1.15 3.71 11.13 16.34 0 0 0.95 3.32
o7, (/4) 7.60 0.40 1.01 2.47 3.38 0.12 0.61 2.75 491
o7, (m/2) 5.16 0.33 0.87 2.18 3.00 0.27 1.60 8.09 14.78
o, (n/8) 7.88 0.25 0.58 1.32 1.75 0.05 0.29 1.31 2.36
o, (n/4) 6.33 0.25 5.92 1.31 1.74 0.19 1.01 4.73 8.71
o, (3n/8) 5.19 0.24 0.57 1.31 1.73 0.33 1.77 8.62 16.23
0, (1/2) 4.82 0.24 0.54 1.30 1.73 0.38 2.10 10.40 19.81
o o7 (m/8) 4.36 1.14 3.37 9.42 13.43 0.01 0.02 0.22 0.66
o7 (n/4) 4.18 1.14 3.36 9.41 13.41 0.01 0.15 0.77 2.36
o7 (31/8) 4.19 1.14 3.36 9.41 13.41 0.01 0.26 1.40 4.22
o7 (1/2) 4.14 1.13 3.36 9.40 13.41 0.01 0.17 1.68 5.06
Xe
o, (n/4) 15.28 0.71 1.86 11.32 21.17 0.05 0.17 0.31 0.32
o, (1/2) 14.20 0.39 1.06 6.59 12.51 0.16 0.65 1.38 1.51
[001] o, (3n/4) 13.43 0.11 0.30 1.93 3.73 0.29 1.29 3.23 3.84
o, (1) 13.17 0 0 0 0 0.34 1.64 4.44 5.51
o7 (n/4) 11.12 0.48 0.06 3.95 10.34 0.01 0.11 0.08 0.48
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1 2 3 4 5 6 7 8 9 10 11
o, (/2) 11.16 0.28 0.04 2.30 5.93 0.04 3.30 0.31 1.82

[001] o, (3n/4) 11.19 0.08 0.01 0.67 1.70 0.07 0.78 0.69 3.72
oy (1) 11.20 0 0 0 0 0.08 0.61 0.95 4.85

o, (1/4) 11.41 0.47 0.06 3.74 9.64 0.03 0.71 0.03 0.42

®, (1/2) 12.12 0.27 0.03 1.93 4.77 0.15 1.53 1.48 0.23

oz (n/4) 8.33 1.04 6.31 64.66 200.535 0 0.12 2.09 3.81

[110] o (1/2) 9.66 0.55 3.02 23.60 51.43 0 0.10 4.16 9.94
or, (1/4) 14.62 0.20 0.79 433 7.98 0.12 0.45 1.11 1.39

oy, (1/2) 13.64 0.16 0.68 3.84 7.13 0.26 1.14 2.76 3.19

o, (1/8) 14.83 0.06 0.50 2.37 4.20 0.06 0.21 0.58 0.77

o, (1/4) 14.37 0.05 0.49 2.34 4.15 0.19 0.76 2.07 2.77

®, (31/8) 14.02 0.05 0.49 2.32 4.11 0.32 1.33 3.71 4.98

®, (1/2) 13.90 0.05 0.48 231 4.09 0.37 1.58 4.44 5.98

(1] o (1/8) 9.69 0.24 2.98 20.53 43.63 0 0.12 0.91 2.00
oy (m/4) 9.63 0.24 2.97 20.47 43.46 0 0.51 3.26 7.01

©;(31/8) 9.64 0.24 2.97 20.47 43.47 0 1.18 5.83 12.34

o, (m/2) 9.62 0.24 2.97 31.51 43.41 0 1.42 2.02 14.64

o(M2) oMl o _[0(M2)—o(M3)
w(MI) Y o(M2)

Ho cxxaturo AV/Vy=0.0; 0.3; 0.6; 0.7).

IIpumeuyanue: 6=

100%, y

_ |o(M3) — »(M3a)

1

o(M3)

-100% (i =0, 1, 2, 3 COOTBETCTBEH-
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B [2] Obu10 0OTMEUEHO, YTO M3-32 KOMIICHCAIIMH BKJIAJ0B OT 3PPEKTOB Heaauna-
0OaTUKN M BTOPBIX COCEJECH HET CMBICIA YCIOXKHATh B JajbHEHIIEM PacyeThl, TaK
Kak camasi mpocTast Moziesib M2 Oimke BCero K caMoii cioxkHoit MS.

K coxanenuto, B HacTodllee BpeMsl TOJbKO HAUYMHAETCS SKCIEPUMEHTAIBHOE
u3yudeHre (OHOHHBIX CHEKTPOB IpU OOJBINUX AaBieHusX [3,6,17], moatomy mpo-
BEJIEM CPABHEHHUE C €MHCTBEHHO MMEIOIIMMCS SKCIIEPUMEHTOM A Ar IpH He-
OOJBIINX TABICHUSX.

Tao0muma 3

JKcnepuMeHTAIbHbIE H TeopeTH4Yeckre (POHOHHBIE YACTOTHI 0 (MeV) KPUCTAIMYeCKOro
Ar B HanpasJyienun [00E] npu cxxaTun AV/Vy = 0.246 (a = 4.842 A, p = 2.6 GPa)

DkcnepuMenT| Pacuer B Mo- Pacuer B Mo-
(005) [17] e M3 5, % nmenu M3a 5, %
1
()3 OOZ 6.92 6.79 1.9 6.77 2.2
1
o7 OOZ 4.18 4.50 7.6 4.46 6.7
1
;| 00— 12.65 12.60 04 12.43 1.7
2
1
[y OOE 7.63 8.33 9.2 8.22 7.7
3
oy OOZ 16.3 16.48 1.1 16.06 1.5
3
OF OOZ 10.06 10.90 8.3 10.75 6.8
®, (001) 17.39 17.84 2.6 17.24 0.9
o7 (001) 10.93 11.81 8.0 11.64 6.5
Ipumeuanue: D = 0.2499; H = —0.14825; G = 1.08256; F = —2.0828'10_3; E=
= 2.275-10_2; g = —36.33; h = 13.0; 8 — oTHOCUTENbHasE MOTPEITHOCTb,
§= w -100% .
(Dexp

B Tabn. 3 mpuBemeHbl 3KcriepuMeHTaNbHBIE [17] M paccunTaHHBIC 3HAYCHUS
(oHOHHBIX YacTOT B Mojenax M3 u M3a. Cxarue BoiOpano AV/Vy = 0.246, uto
OTBEYAET SKCIIEPHMMEHTAIBHOMY IIAPAMETPY PEIIETKH (PeOpPo Kyba dexp = 4.845 A,
p =3.1 GPa [17], atheor = 4.842 A, p = 2.6 GPa [12]). Cornacue BIONHE yI0BIIE-
TBOPHUTENIFHOE. BU/IHO, YTO OTHOCHTENbHAS MOTPEIIHOCTD O MEHBIIE MPH Yy4eTe
HeanuabaTnueckux BKIagoB. OcoOEHHO XapakTepHa TOYKa X, B KOTOPOW ydeT
3JIEKTPOH-()OHOHHOTO B3aMMOJIEHCTBHS JIENAET COTIIACHE Otheor U Wexp TOYTH HJIE-
anpHbIM. [lomepedHass BETBb OMMCBHIBACTCS HECKOIBKO XYK€, YeM IPOAOJIBHAsL.
ABTOpHI [ 15] o11eHHBaOT OTPENIHOCTH dKcniepuMenTa ot 4 1o 17% npu p = 3.1 GPa
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(3KCIIEPUMEHTAIIbHBIN TTAPAMETP PEIIETKH dexp = 4.845 A). Ha wam B3rusg, 9T0
CJIMIIIKOM OOJIbIIasi TIOTPEITHOCTh, YTOOBI JIeJaTh BBHIBOJ O BAXKHOCTH POJU HE-
LHEHTPAJIBHOTO HEAJJAUTUBHOTO TPEXYACTUYHOIO B3aUMOJIEUCTBUS. boiiee TOUHBIM
HKCIIEPUMEHT MOJTBEPU BbINOJIHEHHE cooTHoIIeHus Koy, a cienoBaTeiabHo,
U LEeHTpabHBINA XapakTep B3aumoaeicteust B KUI' [5]. Ha stom ¢done ponb He-
annabaTnyeckux APQPeKToB (ANEKTPOH-(POHOHHBIE B3aUMOICHCTBHSA) MTPEICTABIIS-
eTcsi Oosiee BayKHOM, a MPEJIOKEHHAsl B HAIIEeM LIMKJIEe Teopusl — OoJiee aJieKBaT-
HOI1, 4eM pacyeTbl ¢ MOJICNIbHBIMU NOTeHIManamu [17].

5. 3akaoyeHue

B nanHoMm 1ukie «DneMeHTapHbIe KoJieOaH!s B KPUCTAIaX MHEPTHBIX Ta30B»
WCITOJIB30BaH OOIIUNA MOJX0J K MOCTPOCHHUIO aua0aTHIYECKOTO MOTEHITHAa (CM.
[1] u ccbuiku Tam). PaccMoTpeHne B 3Tux paboTax OCHOBAHO HA CaMbIX OOIIUX
MPUHILINIAX KBAHTOBOW TEOPUU TBEPAOIO Tejla, HE OIPAaHMYEHO KOHKPETHON MO-
JeNbl0 M TPEAOCTaBIs€T BO3MOXKHOCTb JJIsI MOCTPOEHUSI aJ€KBAaTHOM MOJEIH
MEKaTOMHOTO B3aUMOJICHCTBUS B KPUCTAILIaX C CHIIbHOM CBS3bIO.

Takoi mo1xo/1 K MOCTPOEHHIO aanadbaTiHyeckoro noreHmana £ psna Ne—Xe mo-
3BOJISIET BBIACHUTH HanOoJiee BayKHbIE B3aUMOACHUCTBUS B HUX, T.€. CTPYKTYpPY MEX-
ATOMHBIX TMOTeHIaoB. OOOCHOBaHHAs TOCTATOYHO TO4YHAs Gopma aauadaTuye-
CKOr0 TOTEHIIMaNa MOJy4YeHa B MPEANON0KEHUH MapHOr0 MEXAaTOMHOI'O B3aHMO-
JEHCTBUS, HO MOXKET ObITh 0000IIICHA Ha CITyJaid JJIsl #-aTOMHOTO B3aMMOJCHCTBUSI.

B HacrosimeM 1ukie paboOT HCCIENOBaHbl IMIECTh MOJAENEH MeKaTOMHOIO
B3aumojeiicteusa B KUI'. Ilokazano, yro moaenu M2 mig Ar, Kr, Xe u M4 — nns
Ne sBASIOTCS aJeKBATHBIMHM, OCHOBAHBI Ha SICHBIX (PM3WYECKUX MPUHLHUIAX, CO-
JEpKaT 4YeTKO CPOPMYITUPOBAHHBIC MPUOIIKEHUS U YAOBIECTBOPUTEIILHO OTHCHI-
BaloT ()OHOHHBIE YAaCTOTHI MPU KOHEUHBIX JaBICHUAX M Temmeparypax. [lpu
OOJBIIUX JABICHUAX ITYUYIIMMHU SIBISIFOTCS MOJEIH, YYUTHIBAIOIIUE AJICKTPOH-
dbononHoe B3aumozeiicTue (M3a, M5 — niis Ne u M3a — s octansabix KUT).

B [18] aBTOpBI aHAaIM3UPOBAIN BKJIAJbl TPEXUACTUUHBIX KIACTEPOB B SHEPTUIO
CBSI3H, PEUIETOYHYIO MOCTOSIHHYIO, MOJYJb ynpyroctu psaa Ne—Xe npu p = 0.
OHU NPULIUTH K BBIBOAY, YTO, XOTSl IBYX4YaCTUYHbIE BKJIAJIbl JOMUHHUPYIOT B SHEP-
THH CBA3HM BO BCEX CIIyyasiX, BIMSHHE TPEXUaCTUYHBIX BKJIAJO0B HE SBISETCS Ipe-
HEOpEeKMMO MaJbIM U JJIs1 Xe JOCTUraeT MPUMEPHO 7% 3HEpruu cBsi3u, A Ne —

Bcero ~ 3%. B [14] namu ObLT OlleHEH BKJIAJ TPEXYACTHUHOTO Vs(r3) ~ 83 xak 0.1

oT Vg ~ s AHanu3, NpoBeJEHHBIN B [5], moka3ai, 4ToO BBINOJHEHHUE COOTHOUIE-
Hus Komwm g Kr npu p < 8 GPa noarBepkaaeT LEHTpaIbHBIM XapaKkTep CHII B
KUT', a cnepoBarenbHO, 1 BO3MOKHOCTh HMCIIOJIB30BaTh MoTeHIManN (1) ansg omnu-
canus aroMHubIxX cBorictB KUI mpu p # 0.

Jns moctpoenus noteHnuana Ne He0OX0IMMO PacCMOTPEHUE MapHBIX clarae-
MBIX BBICIIMX CTENEHEH Mo S, B TO BpeMs Kak Ul OCTalIbHBIX KPUCTAJUIOB J10CTa-
TOYEH Y4YEeT WICHOB ~ S%. D10 O6BACHSETCS TEM, YTO MOTEHIHAJI KOPOTKOAECUCT-
BUSI V' SIBISICTCS MAJIOH pPa3HOCTHIO OOJIBIUX BeNU4HH [ 14]:
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vK.II. — v-I:I(. +v§.n.

u s kpuctaioB Ar, Kr u Xe cocrasnser 40-50% ot Vf . B 1o xe BpeMs s
Ne otHowenne v~/ Vfﬂ' cocraBisieT 20—-25%. CienoBaTelbHO, AT KPUCTAIOB
Ar, Kr u Xe ciaraeMmble BBICHIUX CTENEHEH S SBIAIOTCS MaJbIMU MOMpPABKAMH,
TOrAa Kak Juisi noTeHurana Ne uxX BKJIaJl CPAaBHUM C YIECHAMH ~

TakuMm 00pa3zom, pa3BUTasi TEOPUS MO3BOJISIET BBIYUCIUTH KOPOTKOJECHCTBYIO-
M TOTEHIMAN OTTAJKUBAaHUS WHIWBHUAYAJIbHO ISl KaXKIOTO KpUCTauia psijia
Ne—Xe 6e3 kakux-1100 MOATOHOYHBIX WM BapUALIMOHHBIX MTAPAMETPOB.

Hesmnupuueckuii pacyeT KOpOTKOACHCTBYIOMIETO MOTEHIMANIA OTTAIKUBAHUS,
Ha Halll B3TJISA], SBISETCS OCHOBHBIM TPEeOOBaHHEM K TEOPHH, MPETEHAYIOMEH Ha
aJIEKBaTHOE OINKUCAHUE CBOWCTB BEILIECTBA MO/ JABJICHUEM.

C npyroii cTOpoHBI, pa3yMHO BBeACHHbIE mapameTpbl Teopuu (4, C u P)
[10,11] mpu yca0BUM aHATMUTUYECKH MTOTyYEeHHON (YHKIMOHAIBHOMN 3aBUCUMOCTH
JAIBHOACMCTBYIOLIETO M MEPEKPECTHOTO MOTEHIIMANIOB MO3BOJISIIOT 00OUTHUCH O€3
TPOMO3JIKMX PACYETOB TPEXUACTUYHBIX CHUJ M KBAJPYMOJIHLHOTO B3aHMMOICHCTBHUS.
XOTsl MEepevrClICHHbIE B3aUMOJECUCTBUS B KPUCTAJUIE NMPUHLUIHMAIBHO BaXKHBI,
OHM HE WTPAIOT pelaromield posm mpu (pOopMHUPOBaHUHM aTOMHBIX cBoMCTB KUI®
noJ naBieHHeM. BpiOop mapaMeTpoB MOTEHIMANIOB W3 YCIOBHM COBMAJEHUS C
SKCIIEPUMEHTAIILHBIMH 3HAYCHUSIMH HEPTHU CBSI3U U CIBUTOBOM YIPYTroOM IMOCTO-
sHHOM (44, BBIMUCIICEHHBIX C SKCIIEPUMEHTAIILHON TTOCTOSIHHOW pelieTku mpu p = 0,
Onmaromapst aziekBaTHOW (opMe MOTEeHIIMaNa KaKIOro KpUCTasia 00eCcreunBaeT Xo-
poutee cornacue npu 7' = 0 ¢ 3KCIEPUMEHTOM, BO-IIEPBBIX, CIEKTPa yacToT o, (K)

H, BO-BTOPBIX, KPUBBIX p(Q2) 1 B;(£2), B OTINYHKE OT HPOCTHIX MOTCHIUAIOB [19].

HyneBble koneGaHUs UIparOT CYLIECTBEHHYIO KOJIMYECTBEHHYIO POJib B (hop-
MUpOBaHUU CBOMCTB Juib Ne. IIpu 3ToM Gosee BCero oHM BIMSIIOT Ha SHEPTHIO
CBSI3M U YIIPYTHE TIOCTOSIHHBIE B33 U B1j. B Ar HyneBbie KoeOaHus HE CTOJIb 3HA-
YUTENbHBI, HO UX BKJIAJ B DHEPTUIO CBSA3M U YNPYTYIO MOCTOSHHYIO B33 ClleyeT
yunutbiBaTh. CBolictBa Kr u Xe npu 7= 0 o4ty LEIUKOM OIPENEISIOTCS CTaTu-

YECKOM pelIeTKOW. 3aMEeTHM, YTO OTHOCUTENIbHAs MaJIOCTh BEIUYMHBI Bﬁ U1

BCErO psifia KPUCTAUIOB — CJEACTBHE CHJIBHOM KOMIIEHCALUU IOJIO)KUTEIBHOIO
BKJIaJ]a YETBEPHBIX aHFAPMOHU3MOB OTPHUIATEIbHBIM BKJIAIOM TPOUHBIX (cM. [1]).
Pacuer poHOHHBIX "acTOT /i Beero psaa KU nmo3Boaun onpeaenuTs BaKHOCTh
Pa3IUYHbIX B3aMMOJEHCTBHI BO BCeM 3TOM psity. Ne, SBJISSACh TUIIMYHBIM IIPeJ-
craBuresieM Low-Z materials, BbIagaeT U3 31oro psaa. B Hem Hapsay ¢ KBaHTOBBI-
mu 3ddexramu, nposBisrommMucs pu 7 = p = 0, HaOMOAAIOTCS HHTEPECHBIE d(-
(eKThl, MPOSIBISIOLMECS PU OOJIBIINX JIaBJICHUSIX, & UMEHHO, B HEM Haubolee 3a-
MeTHBI HeaauabaTnieckune dPQEeKTh U BKIIA/ WICHOB BBICIINX MOPSIKOB 1O S B V.
JUI oCTaJbHBIX KPUCTAJUIOB MOXKHO OTPaHUUYUTHCS Vi, ~ s Bxnan ot anekTpoH-
(OHOHHOTO B3aUMOJCUCTBHSI B YAaCTOTHI TAK)KE YMEHBIIIAeTCs B paxy Ne—Xe.
HyXHO OoTMETUTb, UTO (POHOHHBIE YACTOTHI CIIy>KaT OUYEHb UYyBCTBUTEIbHOMN
XapaKTepUCTUKON KpHcTauia (B OTJIMYUE OT MAKPOCBOMCTB, SIBJISIFOIIMXCS WHTE-
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rpanbHOM (DyHKIHMEH OT ®). TO AajJ0 BO3MOXHOCTH BBISIBUTH POJIb WICHOB BBIC-
HIMX TOpsSAKOB 1o S B V, naxke mpu HEOONBIIMX CHKATUAX Oosiee HATJSAIHO, YEM
MIpU pacyeTe 30HHOU CTpyKTypsl Ne [15].

KonnyecTBeHnsle uccaenoBanus HeanuadaTuueckux 3(h(eKkToB nmpu OONbIIMX
JABJICHUSIX MO3BOJISIIOT CENIaTh BBIBOJ, YTO CTPYKTYpPHAsk HECTAOMIbHOCTb, MOSIB-
JICHHUE «MATKOW MOJIbI» B KPUCTAILIAX C CUIBHOM CBSI3bI0 00YCIIOBJICHBI 3JICKTPOH-
(OHOHHBIM B3aMMOJICHCTBHEM, KOTOPOE MOXXHO OTMHUCATh TUHAMUYECKOU Teopuen
KPUCTAJUTMYECKOM PEIIeTKH, YUYUTHIBAIOUICH IedopMalfio 3JIEKTPOHHBIX 00010~
yek atomMoB, pa3putoil K.b. Tounmbiro.
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ELEMENTARY OSCILLATIONS IN INERT-GAS CRYSTALS.
3. PHONON FREQUENCIES OF COMPRESSED CRYSTALS

Dynamics of the inert-gas crystal lattice has been investigated within the first principles
in the wide pressure range and with nonadiabatic effects taken into account. For the
whole of Ne—Xe series the phonon frequencies have been calculated for P # 0. Investiga-
tion of the role of different interactions has shown that the difference in models is the
most appreciable at Brillouin zone boundary. At high compression the phonon spectrum
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in direction A is deformed, the longitudinal mode becomes «soft» due to the electron-
phonon interaction. Theoretical phonon frequencies agree well with the available experi-
mental values for Ar with P = 3.1 GPa.

Fig. 1. Potential of short-range repulsion Vs, and overlap integrals squared S* for Ar, Kr,
Xe as a function of compression AV/V)

Fig. 2. Phonon dispersion curves for Ne—Xe series in symmetrical directions of wave
vector k. Solid curves / and 3, 5 and 6, 7 and 8, 9 and /0 — respective transverse and lon-
gitudinal branches in directions A and A (for direction X the designation is the same) cal-
culated within model M2 for AV/Vy=0.0; 0.3; 0.6; 0.7. Solid curves 2 and 4 — calculation
within model M1 for AV/Vy = 0. Dotted curves // and /2 — longitudinal and transverse
branches calculated within model M3a for AV/Vy = 0.7
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B.l". bByTtbko, B.A. BonowwuH, A.A. T'yces

M3MEHEHME 3NEKTPOHHOW MNIOTHOCTU B EuO
MNP CTPYKTYPHOM ®A30BOM IMNMEPEXO[E,
NHNUNMPYEMOM BbICOKM OABJIEHNEM

HoHeuknii PU3NKo-TEXHUYECKMI MHCTUTYT uM. A.A. lanknHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. [JoHeuk, 83114, YkpaunHa
E-mail: voloshin@host.dipt.donetsk.ua

Cratbsa noctynuna B pegakumio 17 gekadbpsa 2004 roga

K paccmompenuio cmpykmypro2o ¢pazo6o2o nepexooa, UHUYUUPYeMo2o 8biCOKUM 0asie-
Huem @ kpucmanie EuQO, npumenen mooupuyuposanuwvlii CMAMUCHMUYECKUN Memoo.
Haiioenvt 3asucumocmu 3apsa0o8 UOHHBIX siUeeK Om OMHOCUMENbHO20 00bema Oas Kpu-
cmanauyecxkux cmpykmyp muna NaCl u CsCl. Ilogedenue 3apsi0os xopouio Kkoppenupyem
C IKCNEPUMEHMANILHOU OUASPAMMOT 00beM—OasileHue.

Pacuer, nmpoBeneHHBINT MOIU(PHUIIMPOBAHHBIM CTATHCTUYECKUM MeTojoM [1,2] B
npensiayIei padote [3], mokasai, 4To Mpu CHIBHOM HU30TPOITHOM CXKATHU KPUCTAI-
na PrO, 3apsan penxosemernbHoro noHa uMensercs ot 0 no +8. B atoit e pabote
OBLIO BBICKA3aHO TIPETIONOKEHNE B pa3BUTHE MpaBwia [lonuara [4], 9To BenmunHa
3apsaa MOXKET CIY>)KUThb MEpOW HEyCTOHUMBOCTH cHUCTeMBI. [Ipu 3apsge +8 Gnusko
PACIOJIOKEHHBIE 00JIACTH KPUCTAIUTMYECKON SUEHKH Pa3InyaroTcs MO AJIEKTPOHHOU
IUIOTHOCTH B JIeCATh pa3. Takas cuiibHas HEOTHOPOIHOCTb MOXET CyLIECTBOBATb
TOJIBKO NP «3aMOPOKEHHOI» CTPYKType. AHAIOTHYHbIE BBIBOIBI OBLIN MTOTY4EHBI U
B paboTe [5] npH McclieioBaHUN BIMSHHS CBEPXBBICOKOTO JaBiieHust Ha Sm,0;s. Sc-
HO, YTO CYILECTBYIOT MEXaHU3MBbI, IIPEIATCTBYIOIME HAPACTaHUIO HEYCTONYNBOCTH
IIPY MOBBIIIEHUY BEJIMYMHBI CKATHs, B YACTHOCTH MEXAHU3M CTPYKTYpPHBIX U3MEHE-
HUHA. MBI IPEATIONI0KMIN, YTO HAOII0IaeMBbIi SKCIIEpUMEHTANILHO B Kpuctamwie EuO
[6] mpu 392 kbar dazoBsiii nepexon ot crpykrypsl THma NaCl k cTpykrype Tuma
CsClI mpu ymenbiiennn oobema (puc. 1 [6]) kak pa3 u CBsi3aH ¢ MOHIKEHUEM HEO-
HOPOZHOCTH CUCTEMBI WJIH, TI0 KpailHEN Mepe, ¢ TOPMOKEHHUEM €€ HapacCTaHUsl.

Jliis IpoBepKH 3TOro ObLIM NMPOBEAEHBI NMapauleibHbIE PAacyeThl paclpeene-
HUS JIEKTPOHHOM MJIOTHOCTH MpHU U30TponHOM ckatuu EuO kak ¢ nepBoi, Tak U
CO BTOPOM CTPYKTYpoil. MoauUIIMPOBAaHHBINM CTATUCTUYECKUII METO]T MTO3BOJISET
HaXOAWTh PACIPEACICHUE dICKTPOHHOU IUNIOTHOCTH, BBOJS B pacueT MaKCUMallb-
HO BO3MO>KHOE YMCJIO 3JIEKTPOHOB Ha BHEHIHUX oOonoukax: 10 + n ans penkose-
MEJIBHOTO MOHA (I/1e 7 — YUCIIO 3JEKTPOHOB 4f-koHpurypanuu aroma, 10 — uucio
3JIEKTPOHOB Ha 000mouKax 52, 5p°, 6s7), a 6 (257, 2p°) — s KuCIOpPOA.
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1.00 B pe3ynbrare pacuera MOXHO TO-
0.96r1 JYYUTh DJIEKTPOHHYIO IUIOTHOCTH B
0.921 S KaXJ0W TOYKE DBJIEMEHTapHOW SYeH-
0.88[ KH. B HEKOTOPHIX CIydasx BO3MOXKHO

g’ 0 84 NaCl-type
0.80T

AOCTATOYHO KOPPCKTHO pa3AC/IMTh

o BCE KOJIMYECTBO DJIEKTPOHOB MEXKIY

0.761 NaCl’ CsCL MOHAMY, BXONSAINMMM B DIEMEHTap-
0.721 type HyIO S4elKy, IOJyYUB TaKMM 00pa-
160 260 360 460 500 30M MOHHBIE SYehKkU. Bech 00beM Jc-

P, kbar JUTCS Ha Majble 00beMbI (0CTaTOY-

HO Majble Uil TOTO, YTOOBI CUMTATh,
YTO 3JIEKTPOHHAs IUIOTHOCTh OJMHA-
KOBa 110 BCEMY 3TOMY MUKPOOOBEMY),
U KKl MUKPOOOBEM MPUITHCHIBAETCSI TOMY MOHY, PACCTOSIHHE OT KOTOPOTO 10
[IEHTpa 3TOr0 MUKPOOOBEMa KOpOUe, YeM COOTBETCTBYIOIIEE PACCTOSHHE OT Ka-
KOro-1u0o Apyroro noHa. IHbBIMU clIoBaMH, JJI1 HOHOB CTPOSATCS siueiiku Burhe-
pa—3eiitua. SIcHO, YTO cyMMa 3JIEKTPOHOB, 3aKJIIOYEHHAs] B 3TUX MOHHBIX SYEH-
Kax, 1acT o0lee Yncio IeKTPOHOB, YUaCTBYIOIIUX B pacyeTe. A pa3HOCTh YuciIa
JIEKTPOHOB, YYaCTBYIOUIUX B pacyeTe, JaHHOTO aToMa U 4YHCJIa 3JIEKTPOHOB B CO-
OTBETCTBYIOIIEH sTYEHKE MacT 3apsia sUeku O, T.€. KOMIOHEHTY HOHHOM B 001IIeiH
XUMHUYECKOH cBs3H. Pe3ynbratel pacueroB ans ctpyktyp Thma NaCl u CsCl mpu-
BEIIEHBI B TaOJIHIIE.

Puc. 1. 3aBUCUMOCTE OTHOCHTEJILHOTO 00b-
eMa OT JaBJieHus [6]

Tabnuma
Bausinue cikatuss EuO Ha ero napamerpsl
Newm | v,A° | Pkbar | REu-0),A |R(Eu-Eu),A| Qg
Crpyxkrypa tumna NaCl
1 135.8(1.00) 0 2.57 3.63 —0.005
2 115.2(0.85) 220 243 3.44 +0.374
3 106.5(0.78) 320 2.37 3.35 +0.573
4 99.6(0.73) | 392(mpu 0.76) 2.32 3.28 +0.737
5 72.6(0.53) — 2.09 2.95 1.394
Crpykrypa tuna CsCl
6 135.8(1.00) - 2.80 3.23 —0.115
7 115.2(0.85) — 2.65 3.07 +0.309
8 106.5(0.78) — 2.59 2.99 +0.511
9 104.5(0.77) — 2.57 2.97 +0.545
10 99.6(0.73) | 392(mipu 0.70) 2.52 2.92 +0.620
11 72.6(0.53) — 2.28 2.63 +1.094

[Tpu paBHBIX 00beMax 37eMEHTapHBIX stueek pacctosiHue Eu—O B cimydae cTpyk-
Typsl CsCl Gosblrie, 4eM cooTBeTCTBYIOIIas BemmunHaa B cTpykrype NaCl. TToatomy
MOYKHO OYKHJIaTh OJIHOTO M3 JIBYX BO3MOXHBIX (Pa30BBIX TMepexoioB. Bo-nepBrix, da-
30BBIN MEPEXO/I MPH TIOCTOSTHHOM 00hEME W YMEHBIIICHUH 3apsia PEAKO3EMEITLHOTO
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1.2
1.01
0.8+

HoHa (Kak CIICJICTBHE PACTSDKEHHS pac-
crossusi Eu—O). Bo-BTopbsix, (a3oBbrit
MepPexo/1 PH MOCTOSHHOM 3apsie, HO C

392 kbar yMeHbIlIeHueM oobema (puc. 2). B 060-

1

0.61 UX CIy4Yasx NpH JadbHEHIIEM MOBBIIIE-
0.4+ 240 kbar HHMHU CXKATHs, KaK U B CIIy4ae CO CTPYK-
021 125kbar  1ynoii NaCl, 3apsg 1 HeycTOHUMBOCTH
oo 91<Ibar CHCTEMBI OY/yT HOBBIIATLCS, HO OoJiee

0.6 0.7 038 09 1.0 MCIJICHHO.
ViV, W3 Tabnuibl BUAHO, KaK BIHSET Ha Be-

JUYMHY 3apsaaa (O paccTOSHUE HE TOJIb-
KO MEXJy €BpOIMEM U KHCIOPOJIOM, HO
U MEXAy OJHOMMEHHBIMH aTOMaMH.

Puc. 2. CpaBHeHUE SKCIIEPUMEHTAIBHBIX
JNaHHBIX [6] C pacueTamu nOusi mpolecca

cxatust B EuO co crpykrypamu NaCl (/)
CsCl (2) Haubonee xapakTepHblii IpUMep — cpaB-

Henue 1-ii u 9-if cTpok Tabmunsl. B
000MX CITyYasx PacCTOSHIE MEXIy eBPOIHEM H KHCIOPOIOM OHO 1 To ke (2.57 A),
HO B IIEPBOM CITy4ae 3apsiJi €BPOMHUs PaBEH HYJIIO, H COCTOSIHUE OJIF3KO K aTOMapHO-
My. SICHO, 4TO ATO ompeaessieTcs: OOIBIION YAAJICHHOCTHIO OJHOMMEHHBIX HOHOB.
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V.G. But’ko, V.A. Voloshin, A.A. Gusev

CHANGES IN THE ELECTRON DENSITY OF EuO UNDER HIGH
PRESSURE-INDUCED STRUCTURAL PHASE TRANSITION

High pressure-induced structural phase transition in EuO crystal has been investigated by
modified statistical method. Dependences of ion cell charges on the relative volume have
been determined for crystal structures of NaCl and CsCl type. The behavior of charges
correlates well with experimental volume-pressure diagram.

Fig. 1. Pressure-to-volume ratio for EuO [6]

Fig. 2. Comparison of experimental [6] and calculated data for the compression of EuO
with NaCl (/) and CsCl (2) structure
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PACS: 91.30.Bi, 02.70.Ns, 02.70.Bf

J1.C. MeTnos

YOAPHOE BO3BYXAEHUE YTPYTNX BOJIH MNP HN3KUX
N BbICOKNX OABINEHNAX

JoHeuknii nsmko-TexXHNYecknin MHCTUTYT um. A.A. MankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbs noctynuna B pegakumio 21 ceHtabpsa 2004 roga

Ha ocnosanuu opueunanvhoti moouguxayuu memooa wacmuy npoedeHo Ucciedosanue
npobremvl 8030VIHCOEHUsL YNPY2UX B0IH UCMOYHUKAMU YoapHo2o muna. Tlokasana pewaio-
was poib 8 QOPMUPOBAHUL BOTH HYHCHO2O YACMOMHO20 OUANA30HA HATUYUSL OCIAONICHHbIX
ceszell medicoy coyoapsowumcs meaom u cpedou. Obvicnena npupood B03HUKHOBEHUS.
MHO2ODAZHBIX OCYULTUPYIOWUX CUCHATIO8 34 CUem Pe30HAHCA KOIeOAMeNbHOU CUCeMb,
00paz08anHoOll CB0O0OHOU NOBEPXHOCMBIO U SPAHUYAMYU OCIADIEHHO20 KOHMAKMA WU 30-
HAMU ROHUMICEHHBIX CKOPOCMell GHYMPU CPeobl. YKA3aHA B03MONCHOCHbL (HOPMUPOBAHUSL
JIOJICHBIX CNEKMPATILHBIX MAKCUMYMOB 3d CHem UHMePPEPEHYUOHHOL0 HANONICEHUsL NPAMO-
20 U OMPANCEHHO20 CUSHANO08, KOMOPbIE MO2YI NPUBOOUMDb K OUWUOKAM NPU Kapmuposa-
HUU Memooamu CHeKmMpAbHOU ceticMopasgedku epanuy ociabnenus. Ilonyyennvle pesynb-
mamwl Mo2ym Oblmb npUMeHeHbl 07 000CHOBAHUS NPAKINUYECKUX MEMOO08 CeUCMUUECKOo-
20 NPOSHO3A, MAKUX KAK JIOKAYUSL U CNEKMPATbHbIE MEmOoObl CelCMOPA36e0KU.

BBenenne

Pa3BuTHe m1axTHOM M BBICOKOYACTOTHOM MOJEBOM CEMCMOPA3BEAKU B IOCTATOU-
HOU Mepe CIEPKUBACTCS OTCYTCTBUEM SICHOTO (PM3MUECKOTO MOHUMAHUS TMPOLEC-
COB, COITPOBOXK/IAIOIINUX BO30YKIEHHUE YNPYTuX BoJH. COrflacCHO M3BECTHBIM pellie-
HUSIM JIMHEHHOW TEOpUH PACIPOCTPAaHEHHs YMPYTHX BOJH TOJ€ HAmpsHKeHUH B
TOYKE BO30YKICHUS PACXOAUTCS MO 3aKOHY r_l [1,2]. CnenoBarenpHO, B 001aCTH,
npusieraronmeil K UCTOYHHUKY, YIPYroe IMoJie MOKET JOCTUTHYTH JIIOOBIX 3apaHee
3aJJaHHBIX OOJIBIINX 3HAYEHHA, PU KOTOPBIX MPUMEHEHHE JIMHEHHOTO MpUOIIKe-
HUS CTAHOBUTCS HETIpaBoMOoYHbIM. Kpome Toro, 11000€ HHTEHCUBHOE BO30YKIIEHHE
BOJIH UCTOYHUKOM YJIAPHOTO WJIHM B3PBIBHOTO THMA COMPOBOXKIIAETCS JIOKAJIbHBIM
paspyIieHrueM MaTepuana cpeibl (FOPHBIX TIOPOJT) B TOUKE BO3OYKICHUS.

N3BecTHBIE KOHEYHO-PA3HOCTHBIE METO/BI pacyeTa MoJjie ynpyrux BojH [3—8]
HE YYHUTHIBAIOT BCEX ATHUX <JIETalei» M MOATOMY HE MOTYT OOBACHUTH MHOTHX
ocobeHHOCTe (hopMUpOBaHMS peajbHBIX BOJHOBBIX mojei. Hampumep, B Ha-
CTOfIlEe BpeMsl B JIMTEPAType MOJHUMAETCS BOMPOC O HEBO3MOXKHOCTH OObBsIC-
HUTH (OPMUPOBAHKE OCHMUTHPYIONIMX KBa3UTAPMOHHUYECKUX BOJH, HabOIIo1ae-

26



®du3nKa 1 TEXHUKA BbICOKHX AaBjeHnii 2005, tom 15, Ne 3

MBIX pEaJIbHO Ha YKCIIEPUMEHTE, TOJIBKO, KaK 3TO IMPUHATO B KJIACCUYECKOM ceiic-
MOpa3BeqKe, 3a cueT mHTepdepeHIuu BoH OT Trpanull cpeasl [10]. Konmenry-
QJIbHBIE PAMKH KJIACCHUYECKOM ceficMOpa3BeIKi HE MO3BOJISIOT PEIIUTh MpolieMy
UCTOYHMKA BO30YK/IEHUS B JJOTUYECKH 3aMKHYTOM BHJIE, U TIOATOMY MPEANPUHH-
MAaroTCsl TOMBITKH «TPaMOTHO» OOOWTH 3Ty mpobiiemy. Hampumep, «pykamm»
BBOAMUTCS HEKOTopass (QYHKIUS HCTOYHHKA, KOTOPas YK€ COACPKHUT OCIHILIH-
PYIOLINI CUTHAT «HYXHOID (OPMBI.

C apyroii CTOpOHBI, 32 BpeMsi KOHTAKTa CO CPEJIOi B «MOMEHT)» BO30YKICHHS
yIapHOTO Tella BOJIHA ycreBaeT npoiT pacctosiHue 30—50 m u Gonee. I'panuiist
U JIpyTUue HEOJAHOPOIHOCTHU Cpelbl, pacloJIoKEHHbIe Ha Ooiee OJIU3KOM paccTos-
HUH, JaIyT OTPa)XeHHUs, KOTOpble OyIyT B3aMMOJAEHCTBOBATh C UCTOUHUKOM YII-
pyrux KoieOaHMii, U3MEHSS XapaKTep ATOro B3auMmojeicTBus. M3mydaemoe mose
OyZeT HOCUTh Pe3yJbTUPYIOLINIA CaMOCOTJIACOBAHHBIN, a MPU COOTBETCTBYIOIIEM
KayecTBEe TpaHMI] U PACCTOSHUM /10 HUX — U pe30HaHCHBIA xapakrtep. [Ipu uc-
NOJIb30BAHNHU «(YHKIIMHA UCTOUYHUKA» BCE 3TH TOHKHE 3((PeKThl 0TOpackiBaroTCs,
YTO CHJILHO 00€HsET 001y KapTUHY (HOPMHUPOBAHKS BOJHOBOTO TTOJIS.

Onpeaensioniue COOTHOIIEHUS

i perieHusi yKa3zaHHbIX IpoOJieM MpeniokeHa HOBas MOIU(HKALWS MeTona
YacTHll, KOTOpasi OCHOBaHA HAa UHTEPITPETAIIMH KOHEYHO-PA3HOCTHOTO aHAJIOIa ypaB-
HeHus Jlame kak cuctembl B3auMoaercTByomux yactull [ 10]. YacTuipl B3aumoien-
CTBYIOT IIOTIAPHO C TAKMMU TIOTECHIMATIAMH, YTOOBI B IIPEACTHHOM CITy4ae CIUTOIIHBIX
Cpell ypaBHEHUS JBWKEHUS JUIsl HUX niepexoamin B ypaBHeHue Jlame. B [10] 3amaua
chopMyIMpoBaHa B TPEeXMEpHOM BapuaHTe. B HacTosimeil pabote it pacKpBITH
¢bu3MUecKoi CyIIHOCTH Mpoliecca BO30YKIACHUS] BOJH HUCTOYHUKOM YIApPHOTO THUIIA
3aJ1aua MaKCUMAaJIbHO YTIPOIIEHA, U PACCMATPUBAECTCS €€ OJHOMEPHBIN BapUaHT.

Wtak, monoxxuM, 4To cpejia mpeicTaBiseT co0oil 0eCKOHEUHOe MOIYNpPOCTpaH-
CTBO, €IMHCTBEHHAs] FPAHMIIA KOTOPOro MepHeHAUKYIsipHa oc OX U MPOXOAUT
yepe3 Havano cuctembl koopauHat. Ock OX HampaBieHa B TiIyOb cpeabl. CreBa
CO CTOPOHBI CBOOOJHOTO (ITyCTOT0) MPOCTPAHCTBA HA HETO CO CKOPOCTHIO V( TMa-
JAeT TEJI0, KOTOPOE B CHUIY OJTHOMEPHOCTH 3aJaud MPEACTaBIseT coOoi Oecko-
HEYHYIO TUIaCTHHY TommuHou A (puc. 1,1). Bektop ckopoctu mapamienen ocu OX,
3aBUCUMOCTb OT KoopauHar Y, Z orcytcTByeT. OHOMEpHOE ypaBHeHue Jlame B
3TOM Cily4ae yInpoIllaeTcs U UMEeT BU]L

azux ou
Pi =(A;+ 21 - (1)
or* ( ) ox’

T.e. TPEACTaBIsIeT COOON BOJHOBOE YpaBHEHHE [UIA BOJH p-Tuma. 31ech p; —
IUIOTHOCTb CPEAbl, A;, |; — YIpYyTue napamerpsl Jlame, u, — KOMIIOHEHTa BEKTOpa
CMEIIEHUH YacTULl CPEJlbl,  — BpeMs. DTO ypaBHEHHUE ONMCHIBAET JBMIKEHUE KaK
cpenpl (I = 2), Tak ¥ YacCTHI] TeJla UCTOYHUKA BO30Oyxkaenuit (i = 1). Mcrounuk
3/1eCh HE paccMaTpHUBAeTCs KaK TOYKa (TUIOCKOCTh), 8 UMEET KOHEUHBIE pa3Mephl U
BCJIEZICTBHE ATOTO — COOCTBEHHBIE KOJICOAHMS.
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Pazobbem cpemy Ha mosockl TommuHoN ag = 0.1 m. Torma KoHEYHO-pa3HOCT-
HBII aHAJIOT ypaBHEHMSI (2) MOKHO 3anucaTh B BUJIE

A A+

2

. (/2 =2 ), )

re j — HOMep MOJIOCHI, ¥ - KOOpJIMHATA LEHTpa Nojochkl. HuxHuEe MHACKCH s
napameTpoB cpea 37ech onyiieHbl. DakTUYecku B TaHHOW MOCTAHOBKE cpela U
HMCTOYHHK TPEJICTABIISIOT COOOM HEKOTOPHIC IIEMOYKH YaCTHUII, CBI3aHHBIC TapMo-
HUYECKUM MOTEHIMaIoM. Il Kaxa0M 4acTHUIbl MOKHO BBECTH B3aUMHbBIE KOOP-
JIMHATBI €€ CBA3U C COCEHUMHU YaCTHI[AMU TAKWUE, YTO B COCTOSIHUM PABHOBECHUS
OHH OYyIIyT paBHBI HYIIIO:

X/ =/t - ay,

o (3)
X] =x7" =x' +a,.
Toraa ypaBaenue (2) Oyaetr uMeTh BUA
Av] = e (1 + 20) (X4 + X7 ). 4)
31ech Ter = T/ paé — 3¢ (EeKTUBHBIN 1Iar Mo BPEeMEHH.
[ToreHnmanbHast SHEPTHS IO OIVHKAUIIIAM COCEISIM:
\2 \2
,- ) (x/)
U3 :(7\’4_2“)7’ U :(7\,4‘2“)7 ®))

Bo30yxknenne ynpyrux BoJiH B 0eCCTPYKTYPHO cpeje

[TycTh HCTOYHMK M CpeAa MPEACTAaBIAIOT COO0M TpeX- U MHOTOATOMHYIO LIENOY-
Kd. YTOpyrue mapaMmeTpbl UCTOYHHMKA U €r0 IJIOTHOCTh B 0a30BOM SKCIIEPUMEHTE
paBHbl: A; = 1 = 20 GPa u p; = 2600 kg/m3, YTO COOTBETCTBYET CKOPOCTU BOJIH
Vo1 = 4804 m/s. Jlna cpeabl 5TU MapaMeTphl UMEIOT OJIM3KOE 3HAYEHME: Ay = Ly =
=20.8 GPa, py = 2600 kg/m3 u Vyp = 4900 m/s. B Ha4aabHOM COCTOSIHMM yTpyrast
MHOT0aTOMHas! IIETI0YKa MTOKOUTCS, 8 TPEXaTOMHasl IBIKETCS 10 HAIPaBJICHUIO K Hel
co ckopocThio 20 m/s. B pe3ynbpTaTte CTOJIKHOBEHHUS] B MHOTOATOMHOM IETIOYKE BO30Y-
»Kmatorcst ynpyrue BosHbI (puc. 1,1). TIpoctpancTBeHHBIM TIPOQHIH BOIHBI TPEICTaB-
JseT co00 MHTEHCUBHBIN OHO(a3HBIN MMITYJIEC B TOJIOBHOW YacTH BOJHOBOTO TPO-
niecca (puc. 1,1,a). Ecnu npuHST NIpOTSHKEHHOCTh UMITYJIbCa 32 TIOMYTIEPHO, TO JUTHHA
BOJIHBI A OyJeT nopsiaka 2 m (HaloOMHHUM, YTO PACCTOSIHUE MEXK/TY COCETHUMHU YacTH-
[IJaMH Ha PUCYHKE PAaBHO MPOCTPAHCTBEHHOMY miary auckperusaiuu 0.1 m). mirysbe
COIPOBOYK/IAETCS MTPOTSHKEHHBIM XBOCTOM KOPOTKUX BOJIH C JUIMHOM BOJIHBI HOPSIKA
0.4—0.6 m. OHu BO3HUKIIM B PE3yJIbTaTe BO30YKIECHHUS COOCTBEHHBIX MO/ TUCKPETHOM
LIETIOYKH KaK CJIEICTBUE PE3KOT0 «BKJIFOYEHMS» BHEIIHEW CHUJIBI IIPU COYJAPEHUH. JTO
BUJHO W3 TOTO, YTO YaCTHUIIbl «UCTOYHUKA BOJH» (TpU KpailHHE JIeBble TOUKH Ha
puc. 1,1,a) mocne coymapeHus KoneOoTcst B pa3HbIX (azax.
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Ha BpeMeHHBIX pa3BepTKax MPOCMATPUBAIOTCSA T€ ke CTAIUU, HO CIEAYIOLIHE B
00paTHOM 3epKaIbHOM Topsiake. YacToTa KosjeOaHWA YacTHI] B TOJOBHOW YacTH
BOJIHBI /= V)p/A = 2.45 kHz, 4T0 3HAYMTENBHO BBIIIE YaCTOT KOJNEOAHHH, PETUCTPH-
PYEMBIX 3KCIIEpUMEHTANILHO B peanbHbIX yenoBusx (100-300 Hz). Yacrora komneba-
HUI XBOCTOBOM YaCTH BOJIHOBOTO Ipoliecca emle Bbime — nopsaka 8—12 kHz (cm.
take puc. 1,1,6). Takoe HECOOTBETCTBUE BBI3BAHO CIIMILIKOM YKECTKHUM XapPaKTEPOM
YIPYTOro B3aMMOJICHCTBUS UCTOUHUKA U Cpefibl. B peanbHBIX ke YCIOBUSAX PEKUM
YKECTKOTO B3aMMOJICHCTBUSI TIPAKTHYECKUA HUKOT/IA HE BBIMIOIHSIETCS (32 UCKITFOUCHH-
€M OueHb CcJIa0bIX BO30YKaeHuH). Bo30ykeHne BOJIH HCTOYHUKAMH YAAPHOTO TUTIA
U B elle OobIIeii CTeNeHn B3pBIBHOTO 00S3aTEIBHO COMPOBOXKIACTCS HEYIIPYTHMHU
MpPOLIECCAMHU  TUIACTUYECKOro J1e(OPMUPOBAHHS U JIOKAIBHOTO paspylIeHHUs. ITH
MPOIIECCHl MOTYT CYIIECTBEHHO MOHMU3UTH YAaCTOTY BO30YykIaembix BoH (puc. 1,11).

bynem MopenupoBaTh mpolecchl pa3pylleHus Oojee HU3KUMHU 3HAUCHUSIMU
MOJIyJIel YIIPYTOCTH Ha TPaHUIIe KOHTAKTa MUCTOYHUKA U cpeabl. KoHeuHo, Takoe
MOJIEJIMPOBAHUE pa3pyIICHUs TOPHBIX MOPOJ HE YYUTHIBAET IUCCHUIIATHBHBIX
MPOIECCOB, MPOTEKAIIUX NPU STOM, HO OTpakaeT BAXKHBIM (DAKT BIHSHHS pa3-
pyuieHus: Ha >QPEeKTUBHBIE YIIPyrue MOLyJu MaTtepuana. Ecinu momynu ympyro-
CTH B 3TOM oOjactu ocnabute B 100 pas, To ATMHA BOJHBI €€ TOJOBHOM 4acTH
Bo3pacreT (puc. 1,Il,a) u ctaner paBroi 10.8 m. KopoTKOBOTHOBOM XBOCT IMpak-
TUYECKH UCYE3aeT. DTO CBUICTEILCTBYET O cI1aboM BO30YKIECHUH COOCTBEHHBIX
BOJIH JUCKPETHOM LIETIOYKHU MPU HAIWYUH J1eMI(UPYIONIEro BO3ACHCTBUS pa3py-
HIeHHOW o6nacTu. YacTHIlbl MCTOUYHHUKA IOCTIE COYNApEeHUs UMEIOT paBHBIE CKO-
pOCTU — BHYTPEHHHUE CTENEHU CBOOO/bI UCTOYHHUKA B 3TOM CiIy4yae HE BO30yxkaa-
10TCs (CM. TpH KpaiiHue neBbie Touku Ha puc. 1,I[,a). Yactora konebanuii yacTuil
Tenepb cOCTaBIAET = Vyn/h = 454 Hz, 40 yKe 3HaYUTENBHO ONIMKE YacTOTaM,
HaOII0JTaeMBIM B peabHBIX ycIoBHX (cM. Takke puc. 1,I1,6,6) Ha ypoBue 0.7 oT
MaKCHMaJIbHOTO 3HAYEHMsI). Y MEHBUINB MOAYJIM YNPYTOCTH B MECTE€ KOHTAKTa
MCTOYHUKA U cpefibl, HanpuMep, B 1000 pa3, moayduM AJIMHY BOJIHBI, paBHYIO 32 m,
ayacroty f = Vy,»/A = 150 Hz (puc. 1,1II).

Taxum 00pa3zoM, «pa3pylIeHHE)» MaTepuana B «MOMEHT» BO30YXKICHUS SBIIS-
€TCsl YIPABISAIONIUM MapaMeTPOM, PETYIHUPYIOIIUM JAIUHY BO30Y>KIaeMON BOJHBI
U YacTOTy KoyieOaHWi dacTui] B HEd. DTOT 3 (eKT TOCTHraeTcsl B pe3yiibTare
<CKMBOTO» B3aMMOJICUCTBUS HMCTOYHHMKA BO30YXAeHUU U cpeabl. OmucaHue uc-
TOYHHKA OCYIIECTBISIETCS O€3 IMPHBICUYCHUS TOHATHA «(QYHKIUH HCTOYHHKAY,
KOTOpasi HE YYUTHIBAET 0OPATHOTO BO3JIEHCTBUS Cpelibl HA UICTOYHHK YTPYTUX KO-
nebanuii. braronaps 1aHHOMY OOCTOSITENILCTBY CTAHOBUTCS BO3MOKHBIM €CTECT-
BEHHBIM 00pa3oM omucath pe3oHaHCHble 3((EKThl Mpu BO3OYKACHUU BOIH H
BO3HHUKHOBEHUE MHOTO(A3HBIX OCHMLTUPYIOMINX CEHCMIUUECKUX CUTHAIIOB.

Pe3onaHcHOe BO30Yy:K/1eHHe YIPYTUX BOJIH

OtMeTHM, 9TO B BBIILIETIPUBEICHHBIX MPUMEpaxX BOJHA MMeNa OJHO(A3HBIA Mpo-
(rIb, KOTOPBIH, TPAKTUYECKH HE MEHsIST CBOCH (POPMBI, MOKET PacIIpOCTPaHSAThCS HA
6ompime paccrosaus (1 km u 6omnee). [lucriepcioHHOE YIIMPEHUE, CBSI3AHHOE C BIUS-
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HHEM JIMCKPETHOCTU MOJENM, NMPAKTUYECKH HE BBI3BIBAET PACILIBIBAHUS BOJIHOBOI'O
[IaKeTa ¥ HE MOKET IPUBECTH K MHOTO()a3HOMY OCLIMJLIMPYIOLIEMY BOJIHOBOMY ITaKe-
Ty. B TO ke Bpemsi axxe Ha HEOOMBIIMX PACCTOSHUSX MPU BO30Y>KIICHUH BOJIH HCTOY-
HMKOM Y/ApHOIO TUIA BO BCEX HKCIEPUMEHTAX BO3HHMKAIOT MMEHHO MHOrogasHble
ocCIIIMpytoime BojHbL OObsiCHEeHHE 3TOro (peHOMEHa TOJIBKO 3a c4eT UHTepdepeH-
IIMM BOJIH, MHOTOKPaTHO OTPa)KEHHBIX OT PETYJIIPHBIX I'PAaHML], SBIISETCA HE yOemu-
TEJIbHBIM, ITOCKOJIbKY Ha TAKUX PACCTOSHUSAX OHM C(POPMHPOBATHCS HE YCIEBAIOT [2].

[TogoGHBIE BOJIHBI MOTYT BO30YXKIaThCs, €CIM C CaMOTO Hadana OyayT cdop-
MHUPOBaHbI CTPYKTYpOH, UMEIOIIel pe30oHaHCHBIN Xapaktep. KonebarenbHas cuc-
TeMa MOXKET ObITh 00pa3oBaHa, HalpUMEp, TPAHULECH BHYTPU CpENbl, PACIOIIO-
KEHHOM Ha HEKOTOPOM PACCTOSHUHM OT CBOOOAHOM rpanuibl. Paccmorpum ynap-
HOE BO30yXk/1eHue ynpyrux BojH npu 100-kpaTHOM yMEHbIIEHUH YIPYTUX MOAY-
JIedl B TOYKE KOHTAKTa UCTOYHUKA CO cpenoi. dopma curnaia, 3aperucTpupoBaH-
HOI'0 Ha CBOOOJHOM MOBEPXHOCTH, KaK YK€ OTMEYAJIOCh BbIIIE, UMEET BUJ OJJHO-
¢azHoro konebanus (puc. 2,a). Eciu Ha paccrostuun 2.7 m oT ¢cBOOOIHOM IrpaHu-
bl UMeeTCA Co ToMmuHOM 0.2 m ¢ MOIyIsIMH yOnpyroctu, kotopsie B 10 pa3s
MEHBIIIE TAKOBBIX B OCTAJILHOU Cpele, TO CEHCMUYECKUM CUTHAJI B OTOM CIydae
npuoOpeTeT Bu MHOrodasHoro koyiedanus (puc. 2,0).

3.0t 3
2.5}
2] v 2
£20¢f g
2 &
£ 15} g 1
2 <
g 1.0+ g 0
0.5+
-1
0.0 ; ; ; , . . . ,
0.0 0.5 1.0 , 1.5 2.0 0.0 0.5 1.0 1.5 2.0
Time, 10~ s Time, 10 s
a 9]
Frequency, kHz Frequency, kHz
) 1 2 3 4 5 ) 0 1 2 3 4 5
B 10007 - - - - S of - - - -
L 0f I -400F
%0_1000 NN NN NN NS g -800 WW
< 04} "Resonant" Peak
/
o 02 o 03}
3 s
2 =
=, = 02
0.1 =
g g
< < 0.1
0.0 . : 0.0 ) A
0 1 2 3 4 5 0 1 2 3 4 5
Frequency, kHz Frequency, kHz
6 el

Puc. 2. CelicM0aKyCTHYECKHUE CUTHAIIBI JJI1 OJJHOPOJHON Cpeabl (a), Cpelbl ¢ 0cinalieH-
HBIM CJI0eM (6) U UX CIEKTPHI (8, 2)
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Kak Bunum, Hamuuue ocina®iaeHHOro ClI0sl MPUBOAUT K TUIMYHOMY OCLMILIM-
PYIOLIEMY CUTHAIIy C XapaKTepUCTUKaMH, OJU3KUMHU HAOMI0aeMbIM B MHOT'OUHC-
JIEHHBIX 3KCHEpPUMEHTaX IIaxXTHOU ceiicMopa3Benku [3,11]. Perynupys napamer-
pBI cpefibl, TapaMeTphl OCIa0JIeHUs] B UCTOYHUKE, MOJIOKEHUE I'paHUIl ocialbieH-
HBIX KOHTaKTOB M CIJIOEB, a TAKXKe BEIIMUMHY YIPYTHMX MOIYJeH B ociaalOlIeHHBIX
30HaX, MOKHO NEPEKPHITh MPAKTUYECKU BECh UAMa30H CHUTHAJIOB, PETUCTPHPYE-
MBIX B peaJIbHOM 3KCIIEPHUMEHTE.

OtmeTnM, 4TO BBIYUCIEHHBIN TaKUM 00pa3oM CUTHAJI MMEET BUJ CHJIbHO3ATY-
Xaromier cuHycouabl (puc. 2,0) © MaKCUMyM aMIUTUTYJTHOTO CIEKTpa Ha 4acTOTe
628 Hz (puc. 2.,2), B TO BpeMsI Kak MaKCUMyM OJTHO(a3HOTO KoseOaHusI PacTioioKeH B
00J1aCTH HYJIEBBIX 4acTOT (pHC. 2,8). [TockoIbKy cOOCTBEHHOE 3aTyXaHHE CPEIbl 3/1eCh
HE YYUTBIBAJIOCh, POJIb «3aTyXaHHs» Ul «PE30HATOPa», PACIOIOKEHHOIO MEXIY
CBOOOTHOM TpaHMIICH W TPAHUIICH OCTIAOJICHHS, UTPAET «IIPUCOCTUHEHHAS» C TIPOTHU-
BOIIOJIOXKHOM CTOPOHBI 30HBI OcnalneHus ocTanpHas cpena. Camo ocnabnenue Oyaer
HPONOPLMOHATBHO KO3 (UIIMEHTY OTpakeHHs BOJIH OT IpaHMLIbl ociabnenus. «Pe3o-
HATOP» MPAKTHYECKH BCIO SHEPTHIO U3TYYaeT BO BHEIIHIOI Cpely M HUYEro He OCTaB-
aset cebe 1 cOOCTBEHHOro pe3oHanca. [1o cyTtu mena, pe3oHaHC Kak TaKOBOH 3/1€Ch
OTCYTCTBYET, & IMEET MECTO MPOCTasi «KOHCTPYKTUBHAsD» MHTEP(EpEHIIs NPSIMON U
KPaTHO-TIPOLIEAIINX «pEe30HaTOp» BOJH. IlepBast BoiHa, mpoIIeAmas cjaoil B IpsiMoM
¥ 00paTHOM HamNpaBJICHUSX, IPUCTPAUBAETCS B XBOCT UCXOAHOW BOJIHBI U B TOUKE pe-
rucTpanun GopMUpyeT BTOpyIo (asy Kosebanust oOpaTHoro 3Haka. CoracHo o0mmen
TEOpUH Ha aMIUIMTYIHBIA CIIEKTP MCXOJHOTO OJHO(a3HOTro KosebaHus (puc. 2,a) B
9TOM ciy4ae Oy/eT HaKIaapIBaThCsl TApPMOHMYECKasT OCILIAIUS (pUC. 2,2) C Mepro-
JIOM, paBHBIM BPEMEHH 3aJCP>KKH TIEPBOI OTpaskeHHOW BOJIHBI [12]. UMeHHO ofuH 13
MAaKCMMYMOB TaKOW TapMOHUKH, HOMABIIMKA B 00JACTH OIpENENIeHHs CIEKTPa OTHO-
(azHoro cursana, GopmMHUpyeT MaKCUMyM CyMMapHOTO CIieKTpa Ha yactore 628 Hz.
Ero nerko MoXHO OIIMOOYHO MPHHATH 3a UCTUHHBINA PE30HAHCHBIM MaKCUMyM, 4TO
MOXKET NPUBECTH K HETOYHOMY KapTUPOBAHUIO CEMCMUYECKHU CIA0bIX WIN YAAICHHBIX
TpaHul] CpeJibl METOAAMHU CIIEKTPaTIbHON ceficMopa3Benku [9].

[Tpu yBenMYeHUH Pe3KOCTH TPAHUIIbI, HAIPHUMED, 33 CUET YMEHBIICHHUS YIPYTHX
MOJyJiel B 001acTH OClIablieHus! y>Ke OoJbIasi 4acTh YHEPTUU OyAeT MUPKYIUpPO-
BaThb B PE30HATOPE, M3Iy4as B OCTAIBbHYIO Cpeay Cla0blii KBa3MTapMOHUYECKHM
curHasl. Ha puc. 3 npuBesieH npumep Takoro CUrHaia JAjsl yCIOBHM, aHATOIHYHbBIX
puc. LIL,6,e, Ho mpu 100-KkpaTHOM yMEHBIIEHUHN YIPYTUX MOIYJIEl B 30HE Ociad-
neHusi. VI3 pucyHka BUHO, YTO CUTHAJ UMEET BUJ c1a003aTyXaloLUMX rapMOHUYE-
CKHX OCHWJUISIMNA ¢ OOJIBITUM YrciioM ¢a3 Kojiebannii. CIIEKTp CUTHAJIa COACPKHUT
OJIMH YETKO OMpeJeeHHbIM MakcuMyM Ha yactore 485 Hz. OctanbHble «mapasu-
THUUYECKHE» MaKCHUMYMbI MPAKTUYECKU OTCYTCTBYIOT. AHAIN3 TMHAMUKYU JBHKCHUS
YacTHIl MOKa3bIBAET, YTO B 00JIACTU pe30oHaTopa (OpMUpPYETCs CTOsiyasi BOJIHA C
MYyYHOCTHIO Ha CBOOOIHOM IpaHuIle U C Y3IIOM Ha paccTosiHuu 2.4—2.5 m (puc. 3,8).
To ecTb y3ei cTosiueit BOJIHBI HAXOAUTCS] HE CTPOTO HA TPAHUIIEC OCITA0ICHHOM 30HbI
(2.7 m), a HemMHOTO OMMKE, YTO HEOOXOIMMO YUHUTHIBATh MPU ONPEACICHUH TOTO
paccTosiHUs pe30HAHCHBIM MeTO0M. 110 CyTH, B 3TOM 3KCIIEPUMEHTE peaIn3yeTrcs
YETBEPTHBOJIHOBBIN PE30HAHC, U pa3Mep PE30HATOPA MO>KHO BBIYMCIIMTS 110 (hopMyJie
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Puc. 3. OcobenHocTr BO30YKICHUS BOJIH MIPH HAJTMYWN BOJIM3H HCTOUYHHUKA CHIIBHO OCJ1a0-
JICHHOH 30HBI: @ — BpEMEHHAs pa3BepTKa KoieOaHu 4acThL] CBOOOTHOM MOBEPXHOCTH; O —
CIIEKTp 3TUX KoJieOaHWil; 6 — MPOCTPAHCTBEHHBII MPOQHIL BO30YKIaeMbIX BOJH (paccTosi-
HHE MEXIy cocemHUMH TouykaMu Ha mipodmie 0.1 m). [IpsMOyTOIbHHK ITOKa3hIBACT OJIO-
YKCHHUE 30HBI OCIIA0IeHHS

h=~ % = :Lz , (6)

I
KOTOpasi TIPH OTIPEIENICHHBIX BbIIIE BETMUMHAX JaeT 3HaueHue /1 = 2.5 m. OHo Ha 7%
OTJIMYAeTCsT OT TOYHOTO pa3Mepa pe30HATOpa, OYEBUIHO, M3-32 CMEIICHUS Y37a
cTostaeii BostHbI. Eciin popmyity (6) IpUMEHUTh K «PEe30HAHCHOMY)Y MTUKY ISl CTydast
MeHee OCJIa0JICHHOM 30HbI (CM. pHC. 2,0,2), TO MOXKHO TIOYy4IHTh 3HaueHue 7 = 1.95 m,
4TO YK€ Ha 28% OTKJIOHSIETCS] OT TOYHOTO 33JaHHOTO 3HAYEHUSI.

Hesuneiinbie 3¢ ¢exThl. Bosbme ruapocraTudecKue 1aBJIeHUsA

OnucaHHble BBIIIE PE3YJIBTaThl MOMYYEHBI B paMKax JIMHEHHOTO MPHOIMKEHHUSI.
OnnHako, kKak ObUIO CKa3aHO BHAYaNe, JUIsS YCTPAHEHHS PACXOIUMOCTH TONsL BO3OYXK-
JTAEMBIX BOJIH BOJM3M MCTOYHHUKA HEM30E)KHO MPUACTCS YUUTHIBATh HEJTMHEHHBIE (-
(ekTbI, 0COOEHHO TP OONBLIMX HAYAIBHBIX CKOPOCTSIX JBMKEHHS YIApHOTO Tea.
Kpome Toro, Haymmume 30HbI KOHIIEHTPAIMK HANPSHKEHU BOJIM3H TOPHBIX BHIPAOOTOK
TaKKe CIIOCOOHO MPUBOAWTH K HEJTMHEHMHOMY XapaKTepy PachpOCTpaHEHHs BO30YXK-
JTaeMbIX 13 HUX ynpyrux BoiH. K Tomy ke Ha mryomnax 500—-1000 m MoxeT uMeTh
MECTO HEJIMHEHHAs! 3aBUCUMOCTb CKOPOCTH PACIPOCTPAHEHHUS BOJH OT OOJBIINX THI-
pocTarniyeckux HarpsbkeHuid. [IoBbIIEHHBIE HANPSOHKEHHS TOPHOTO MAacchBa MOTYT
OBITh TakXke 0OYCIIOBJICHBI BBICOKUM JABIICHHEM B 30HAX KOHIICHTPAIIMH CBOOOIHOTO
MeTaHa U T.J. [103ToMy y4deT HETMHEMHBIX CBOMCTB CPEJIbl SIBIISCTCS BAXKHOM 3a1a4eil.
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BBemem BMecTO KBapaTUUHOM MOTEHIMATLHON YHEpruu (5) ee HeMMHEeWHbBIN aHa-
jor B popme, 6mm3koit noteHimany Jleanapna—/»oHca B MOJIEKY ISIpHON THHAMUKE:

m n

ot 21 a0 V1w V|
m—n| m\ X{ +a n{ X{ +a,

(7)

A+2ul 1 a ; 1 a "
i 2 0 0
e P I
m—n | m\ Xj —a, n\ X{ —a

[TonGop mapaMeTpoB m U 1 B MPUHLUIIE MOXHO OCYIIECTBUTH HAa OCHOBAaHUH
JaHHBIX O TIpPEeeNbHON MPOYHOCTH Marepuana JuO0 3KCIEpUMEHTANbHBIX pe-
3yJbTaTOB M3MEHEHHUS! CKOPOCTEH yNPYTHX BOJIH C YBEJIMYCHHEM IIyOuHbl. Jlis
KaueCTBEHHOU MPEeIBAPUTEILHON OIICHKU POJIM HEMMHEHHOCTH TIPH BO30Y KICHUN
yIOPYTUX BOJH B HacToswIe padore npunaro m = 17, n = 5. IlepBble cnaraembie
ONMCHIBAIOT OTTAJIKUBAIOIIYIO YaCTh MOTCHIMAIBHON SHEPIHH, BTOPbIE — MPUTS-
TMBAIOUIYI0 €€ yacTh. Kak BUIHO, 31€Ch HMEET MECTO aCUMMETPHS CUJI IIPUTSIKE-
HUs ¥ OTTAJIKUBAHUA NMPHU OOJNBUINX OTHOCHTEIBHBIX CMEIICHUAX COCEIHUX Yac-
tul. [Ipn 6eckoOHEUHO MajbIX B3aUMHBIX CMEIICHHUSIX YacTHUI] X /, le BBIPAKEHUS

(7) ¢ TOYHOCTBIO 10 MIOCTOSTHHOTO CJIAraeMoro Mmepexosir B (5).

PaccmoTpuM cHavana BIMSHHE Ha XapaKTEPUCTUKU BO30Y)KIAEMBIX BOJH OOJIb-
IIMX TUAPOCTATUYECKUX HANpPSDKEHUH (1aBJIeHUI), CBA3aHHBIX C BIMSIHUEM OOJIBIINX
rmyOuH. [l TMAPOCTATUYECKUX JTaBJICHUH, COOTBETCTBYIONIMX TTyOMHAM MOpsKa
50 km, ckOpoCTh BOJIHBI, BRIYMCIICHHAS 110 HAKJIOHY Trojorpada, paBHa 5074 m/s.
Ona masno oTiimyaercsi OT Teoperruueckoro 3HadeHust 4900 m/s, BEIYMCICHHOTO 110
MOZyJIAM ynpyroctu. TakuM oOpa3om, pH BeIOPaHHBIX 3HAUYEHHUAX IapaMeTpOB m
U 71 HeIMHEWHOCTH Cpeibl 10 TyOuH nopsaka 50 km He oka3bIBaeT CyIIeCTBEHHOTO
BIIMSIHUSI HA CKOPOCTH YIpyrux BojH. KOHEYHO, BBIBOJ HE SBISIETCS OKOHYATEIb-
HBIM, TaK KaK MPEJICTOMT €IIe YTOUHITh CaMH 3HAYECHUS TapaMeTpOB /7 U 711, YTOObI
OHHU COOTBETCTBOBAJIM PEaIbHOMY M3MEHEHUIO CKOPOCTEH YIPYTUX BOJH C POCTOM
ryOuHbL. BrionHe BO3MOXKHO, MOJUIEKHUT YTOUHEHHUIO M CaMa HEJWHEWHas 3aBUCH-
MOCTh ToTeHIana B gpopme (7) ot cmemenuit yactui. OIHAKO MOYKHO TIPEIOIO-
XKHTh, YTO YTOUHEHUS HE3HAUUTEIHHO M3MEHSAT 3TOT KaueCTBEHHbIM BbIBOA. J[iis
THAPOCTATUICCKUX JABJICHUN, COOTBETCTBYIOIUX TIiiyOmHaMm mopsiaka 500 km,
CKOPOCTb BOJIHBI, BEIYMCIICHHAs IO HAKJIOHY rojorpada, pasHa 5756 m/s, 4ro yxe
0oJiee 3aMETHO OTIIMYAETCS OT JIMHEHHOTO Ipeiena.

B ciyuae Gonee crnabbIx B CeHCMHUUECKOM OTHOIICHUU CPEJ] HEMMHEHHas 3aBU-
CHUMOCTb IPU TE€X K€ 3HAYECHUSAX IapaMeTpoB m U n OyAeT MPOSBISTHCS CUIIbHEE.
JlelicTBUTENBHO, Ul Cpell ¢ YIPYTUMHU MOIYJIsIMU Ay = Hy = 4 GPa, niaoTHOCTBIO
cpensl py; = 2600 kg/rn3 U CKOPOCTBIO YHPYTHX BOJNH V,p = 2148 m/s nenunei-
HOCTb CTAHOBUTCSI 3aMETHOM JuIsl rujapocratuueckux nasieHuit 100 MPa, uto
OpUOIM3UTENIBHO COOTBETCTBYET IIyOMHaM mopsiaka 5 km. J[ns cpaBHeHus Ha
puc. 4 mpUBEICHBI BpEMEHHBIE Pa3BEPTKU YIIPYTHX UMITYJIHCOB.
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Puc. 4. BpemeHHbIe pa3BepTKH CEHCMHUYECKOTO CHTHAja MPH BO30YXKACHUU YIPYTHUX
BOJTH Ha MOBEPXHOCTH (@) U Ha rirybuHax, km: 6 — 5, ¢ — 50, 2 — 500. CxopocTr ynpyrux
BOJTH, OIpeIeJICHHBIC 10 HAKIIOHY roaorpada, cOCTaBIAIOT COOTBETCTBEHHO, m/s: 2148,
2210, 2404, 3722. PaccTossHUSI MEXIy TOPHU3OHTAIBHBIMU JHHHUSAMHU 33/al0T MacIiTad
CKOPOCTEH YacTHII Cpe/Ibl, paBHBIN 1.7 m/s

Kak Buaum u3 puc. 4, BIMSHHUE T'MAPOCTATUYECKUX IaBICHUN, CBA3aHHBIX C
IyOMHOM 3ajieraHus TOPHBIX MOPOJ, Ha HEMHEHHYI0 3aBUCHMOCTb CKOPOCTH U
(bopMBbI yIIPYTHX BOJIH XOTh U HE BEJIHMKO, HO 3aBUCUT OT MPOYHOCTHBIX U YIPYTHX
napaMeTpoB caMux mopof. Jlns ciabGpix B CeiCMHUYECKOM OTHOIICHHUU MOPOJ
BIMsIHUE OyJeT Oojee CHIIbHBIM. MOXKHO IPEaNnoNoKUTh, YTO B 30HAX MOBBIIIECH-
HOM TPEIIMHOBATOCTU TOPHBIX MOPOJ, A KOTOPBIX (P (HEKTUBHBIE YyIPyTUe Mo-
IyJd UMEIOT HU3KHE 3HAYEHMS, STO BIHUSHHUE OyIeT OCOOCHHO CYIIEeCTBEHHBIM
nake Ui HeOONbIIMX TIYyOWH, U €ro HeoOXOAMMO YUYWTHIBATh, HApUMEp, MPHU
KapTUPOBAaHUHM METAHOCOJAEPKAIIMX TPELUIMHOBATHIX 30H.

JAnnamuuyeckue HesimHeliHbIe Y deKThI

Kpome cratnueckoro Bo3aeHCTBHS BBICOKUX JABJICHUI Ha BO30YKIaeMblid yIIpyTuii
UMITYJIbC, IPE/ICTABIISICT MHTEPEC OLIEHNUTH BIMSIHUE HAa HETO BBICOKMX JMHAMUYECKHX
naBieHud. Bce paccMOTpeHHbIE BbIILIE MPUMEPBI OTHOCSTCS K yJIapHOMY BO30YXK[e-
HHIO YTIIPYTUX BOJIH IPY HAYaJIbHOM CKopocTH coynapenus 20 m/s. Byzem nocreneHHO
YBEJIMUMBATh HAYAIbHYIO CKOPOCTh COYJApPEHUs «paboyero Tena» UCTOYHHUKA CO cpe-
noit Vs, mepexons K Oosiee BBICOKMM aMIUIATyJaM BO30Y)KHAaeMbIX BOJH (puc. 5).
@dopma ynpyroro UMITyJIbCa yxKe IpH CKOPOCTH coydapeHus Vg = 60 m/s HaumHaeT
MEHSTBCS B IPOLIECCE €T0 PacpOCTPaHEHHsI — HA HE MOSBISACTCS TOYKa Ieperuoda,
KoTopast Ha paccrossHuM 20 m (1ATas Tpacca Ha pUcC. 5,a) MpeBpaIaeTcs B AOMNOIHU-
TEJbHBIM SKCTpeMyM. YeM BbIllIe aMIUTUTY/a BO30OYKAEHHUS, TeM OOJIbIIIee YUCIIO 3KC-
TPEMYMOB TOSIBJIETCSI U TeM Ha OoJiee KOpOTKHX 06azax oHM (opmupyrorcs. O0mas
KapTUHA aHAJIOTWYHA pacriaJy TapMOHMYECKOIO CHUTHAla Ha CHCTEMY COJMTOHOB B
npobneme depmu—Ilacra—Ynama [13,14], Todbko 31€Ch peann3yeTcs: pacrajl OIHOrO
MOJIYIIEPUOAA «CUHYCOUIBDY U B IPYTOW HEJIMHEHHOM CUCTEME.

36



®du3nKa 1 TEXHUKA BbICOKHX AaBjeHnii 2005, tom 15, Ne 3

8 et 2 Al
o AN T 2 ATV ki
o VI o /A ﬁvfl ¥
S o
E 0 4 VS U 12 16 E,) 0 \/ 1 2 13 6
Time, ms & Time, ms

a o
£ I £
3 A o]
E i E
: i 5
20 4 ul 12 16 :,é 0 U 3 12
& Time, ms ~ _

Time, ms
6 2

Puc. 5. 3aBucuMoCTh XapakTepa yIpyrux BOJIH OT HAYaJIbHOW CKOPOCTH coynapeHus Vi,
m/s: a — 60, 6 — 200, ¢ — 500, 2 — 1000. PaccTossHUS MEXy TOPU30HTATBLHBIMU JTHHUASIMU
COOTBETCTBYIOT 3HAUYCHUSM CKOPOCTH YacTHII cpensl, m/s: a — 1.7, 6 —8.5,6—17,2— 34

['ogorpadsl BoH, MPOBEICHHBIE TIO TIEPBBIM BCTYIUICHUSM, IIPH BCEX YPOBHSIX
HAYaJIbHOTO BO3OYXIACHHUS C OOJBIION TOYHOCTHIO UMEIOT MPSAMOJUHEHHYI0 (Hop-
My, B TO € BpeMsi HAKJIOH UX MEHSETCS MPU U3MEHEHUU CTEIIEHU BO30YKICHUS
HE3aBUCHMO OT CTaJIMH pacraja UCXOIHOTO MMITYJIbCca Ha COJMTOHBI. Torma cko-
pPOCTh pacmpoCTpaHEHHs TMEPBOBCTYIUICHUS C CaMOTO Hadaja OMpelessieTcs ca-
MBIM OBICTPHIM COJINTOHOM JIa)K€ B TOM CiIy4ae, KOTJa OH elle He yCIel Bble-
JUTHCSI U3 UCXOJHOTO CUTHAJIa. ITO TOBOPHUT O TOM, YTO JaKe MPH CHUIHHOM He-
JMHEHHOM B3aWMOJICHCTBUU «COJIMTOHOB» B MCXOJHOM CHTHAJIE, KOT/Ia PacCTOs-
HUE MEXIy HUMU Kak Obl paBHO HYJIIO, OHU BEIYyT ce0si KaKk CBOOOIHBIC YACTHIIBI,
HE 3aMeyvast MPUCYTCTBUS APYTUX «COTUTOHOBY.

C pocTOM CKOpPOCTH yAapHOTO Tela Vg CKOPOCTh CaMOTO OBICTPOTO COJIUTOHA
BHayalie pacTeT, a MPU CKOPOCTSAX, CPABHUMBIX IO MAacHITaly BEIHYUHBI C JBH-
KEHUEM YacCTHI[ CPeIbl IIPU B3PBIBE, MMajnaet (puc. 6,a). AMIULIHTYJa CaMOTO OBICT-
pOr0 CONMUTOHA PacTeT BCErJa, HO MPHU OOJBIIUX 3HAYEHUSIX Vy — MeJJIeHHee.
D} dexTuBHOCTD Mepenayn cpefie UMITYJIbca U, TIABHOE, SHEPTUU OT yJIapHOTO
TeJIa C pOCTOM HadalbHOM CKOpOCTH V majaer.

3akiaouyeHue

Ha ocHoBannu OOIHOMCPHOI'O BapuaHTa METOJa 4aCTUIl C TIOMOIIIbIO KOMIIBIO-
TEPHOI'0 SKCIICPUMEHTA MPOBCIACHO HUCCIICAOBAHUC HpO6HeMLI BO36y>KZ[CHI/I${ y-
PYrux BOJIH HUCTOYHHUKAMH YAAPHOI'O0 THUIIA oe3 IMMPUBJICUCHUS TMOHATHA TaK HA3bI-
BaeMoit (1)YHKI_[I/II/I HCTOYHHKA. DTO ITO3BOJIMIIO HM30€KaTh OI[HO6OKOFO OIMHNCaHUuA
KECTKOTO BOBﬂCﬁCTBHﬂ HCTOYHHWKA Ha CpPEAy, BKIIIOYHMB B PACCMOTPCHUC TAKIKC
O6paTHOC BOS,Z[GP’ICTBI/IC Cpeabl HaA UCTOYHHK. B Takoit mocTtaHoBKe BO36y>KI[eHI/Ie
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BOJIH IPEJCTABISAETCA KaK €IUHBIN MPOIECC «OKHUBOT0» (PU3NYECKOTO B3aHMMO/ICH-
CTBUS yApHOTO TeJla U CPelbl. DTO Nan0 BO3MOXHOCTh YUCIEHHO IIPOMOJIEIUPO-
BaTh U PELIUTD PsIJl HOBBIX TPAAULIMOHHO TPYIHBIX 33/]a4, B TOM YHUCIIE OOBSICHUTD
npupoay o6pa3zoBaHHs MHOTO(A3HbIX OCLUWUIUPYIOIIUX BOJIH MPH UMILYJIbCHOM
yIapHOM BO3JIEHCTBHM 3a CYET pe3oHaHca KojeOdaTenbHOM cucTeMbl. B mpuse-
JICHHOM UYHCIIEHHOM IIPUMEpPE PE30HAHC peasin3yercs B (popMe 4eTBEPTHBOIHOBOM
CTOSTYEH BOJHBI C MAKCUMYMOM Ha CBOOOJHOM IpaHHIIEe M y3JI0M Ha BHYTpPEHHEH
TPaHULIE CPEBL.

3400} T T~

3200]
3000 /

\
First soliton amplitude
\®]
S
[e)

First entrance velocity, m/s

2800+ o
2600+ o
2400f ol
Q /
2200} P o &
2000 ‘ : : : : : : ‘ ‘ : ‘
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Impact object velocity, m/s Impact object velocity, m/s
a o
0.20+ L
\ 0.35 '%\
o 018} e 2 °
E e 5030 e
a 0.16 \ 5 \
2 . 2 .
= 0.14¢ =
~0.12¢ « 5
°
0.10— ‘ ‘ : ‘ . 0.20— : : : ‘ :
0 1000 2000 3000 4000 5000 0 1000 2000 3000 4000 5000
Impact object velocity, m/s Impact object velocity, m/s
6 el

Puc. 6. 3aBucuMOCTh OT CKOPOCTH YAApHOTO Tela: ¢ — CKOPOCTH MEPBOTO BCTYIUICHHUS,
oTIpeieNIeHHON 1o roxorpady BOJNH;, 6 — aMIUIMTYABI TIEPBOTO COJUTOHA B YCIOBHBIX
€VHNIAX; 6 — OTHOIIEHUS HMITyJIbCa, MEPEAaHHOr0 Cpele, K MEepBOHAYAIBHOMY HM-
MyJECY YAAPHOTO TeNa; & — OTHOIICHUS YHEPTHH, MIepeIaHHON cpefie, K Ha4aabHON dHep-
THH YAapHOTO Tela

[Tpu onpeneneHHOM COOTHOILIEHUH pa3Mepa pe3oHaTopa U JJIMHBI BO30YKae-
MO BOJIHBI BCJIEZICTBHE MPOCTOT0 MHTEP(HEPEHIIMOHHOTO HAJIOKEHUS MPSIMOr0 U
OTPaKEHHOT'O CUTHAJIOB BO3MOXXKHO ()OPMUPOBAHUE JIOKHBIX CIIEKTPAIbHBIX MaK-
CUMYMOB, YTO MOJKET MPUBECTH K OOJIBLIMM MOTPEIIHOCTSM IpU KapTHUPOBAHUHU
METOJIaMH CHEKTPaJIbHONU CeCMOpa3BeIK1 BHYTPEHHUX T'PaHUI] CPEIbI.

[Ipy yMCIEHHOM MOJEIMPOBAHUM Tpoliecca BO30YXICHHMS YIPYIHX BOJIH
HY’KHOTO 4aCTOTHOI'O Juana3oHa M MOJaBJIEHMs BBICOKOYACTOTHBIX Mapa3uTUye-
CKUX HaBOJOK OT COOCTBEHHBIX KOJICOAHUH IUCKPETHOM LEMOYKH PELIAIOIyIo
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POJIb CHITPAIO BBEJCHUE B MOJIETh OCIA0IEHHBIX CBSA3EH MEXKIY COYAaAPSIONIIMCS
TEJIOM U cpenoi. PeanbHo Takoe ocnabiieHne MOXKET ObITh OOYCIIOBIIEHO Kak pas-
pYILIEHHEM MaTepuaia B MOMEHT CaMOro BO30YKIIEHUS, TaK M CTPYKTYPHBIM TIO-
HIDKEHUEM YIIPYTHUX MOJAYJeH (CKOpOoCTel yImpyrux BOJIH) Y CBOOOJIHOM MOBEPX-
HocTH. [Ipu 3TOM GObIIeH cTenenn ocnabiaeHns COOTBETCTBYET Oosiee HU3Kovac-
TOTHBII U COOTBETCTBEHHO 00Jiee JTMHHOBOJIHOBOM CUTHAI.

UYepes MexaHU3M HETMHEHHOCTH BBICOKHE CTATUYECKUE AABJICHUS XOTh U B He-
0OJIBIION CTENEeHU, HO BIUAIOT Ha BO30YKJIEHHE M pacmpocTpaHeHue BosH. [Ipu
9TOM CTEIEeHb TAKOTO BIMSHUS BBIIIC B CIy4Yae Cpell ¢ HU3KUMHU YIPYTHMH MOJTY-
nssMu (0COOEHHO TPEIIMHOBATHIX cpen). bonbmive quHaAMUYECKUe TaBiIEHUS, pas-
BHBaeMbIe TIPU YIApHOM BO30YXKICHHH YIPYTHX BOJH B CpPel€ C MPUHATHIM TH-
MIOM HEJIMHEWHOCTH, TPUBOJAT K pacnagy UCXOAHOW OAHONEPUOJHOM BOJHBI HA
[[ENOYKY COJTUTOHOB MOJO0HO pacnaay CUHYCOUJIATBLHOTO CUTHAJIA B HEJTMHEHHBIX
nenoukax ®epmu—Ilacta—Ynama.

[TomydeHHbIe pe3yabTaThl MOTYT OBITh TPUMEHEHBI JIsl 0OOCHOBAHUS TTPAKTH-
YECKUX METOJIOB CEHCMHUYECKOro MporHo3a (JIOKAalMU U CIEKTPAIbHBIX METOJOB
ceiicMopa3BeKn), B TOM YHMCIIE NPU pEIIeHUH Takoil BaxkHOW mis JlonGacca u
VYkpauHsl MpoOieMbl, Kak pa3BelKa TPEUIMHOBATHIX METAaHOCOAEpKAIlUX 30H B
YTOJIBHBIX IJIaCTaX.
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L.S. Metlov

SHOCK EXCITATION OF ELASTIC WAVES UNDER LOW AND HIGH
PRESSURES

The problem of elastic-wave excitation by shock-type sources has been investigated by
modified particle method. The decisive role of slack bonds between the colliding object
and the medium in the formation of waves of a required frequency range is shown. The
nature of the multi-phase oscillating signal origination at the expense of resonating oscil-
latory system formed by the free surface and slack-contact boundaries or by the zones of
lower velocities inside the medium is explained. Formation of false spectral maxima is
shown to be possible due to the interferential superposition of direct and reflected signals
which can result in errors during the mapping of boundaries by the spectral seismic sur-
vey method. The obtained results can be used to substantiate practical methods of seismic
survey such as detection and ranging as well as spectral methods of seismic survey.

Fig. 1. Excitation of elastic waves upon rigid collision of the source and the medium (I),
weak (II) and heavy (III) «fracture»: a — space shape of the wave; 6 — time-base of waves
at distances of 0.8, 5, 10, 15 and 20 m. Time spacing T = 0.000004 s; 6 — amplitude and
phase spectra of medium particle oscillations at a distance of 5 m from the source

Fig. 2. Seismoacoustic signals for uniform medium (@), medium with weakened layer (6)
and their spectra (s, 2)

Fig. 3. Peculiarities of wave excitation with very weak zone near the source: a — time-
base of free surface particle oscillations; 6 — oscillation spectrum; ¢ — space shape of ex-
cited waves (0.1 m distance between neighbouring points of the section). The rectangle
shows the location of slack zone

Fig. 4. Time-bases of seismic signal for elastic wave excitation on the surface (@) and at
depths, km: 6 — 5, 6 — 50, 2 — 500. Elastic wave velocities determined by locus tilt make,
m/s: 2148, 2210, 2404, 3722. Distances between horizontal lines define the scale of 1.7
m/s for medium particle velocities

Fig. 5. Elastic wave type versus the initial collision velocity, m/s: a — 60, 6 — 200, 6 —
500, 2 — 1000. Distances between horizontal lines correspond to values of medium parti-
cle velocity, m/s: a—1.7,6 —8.5,6—17,2— 34

Fig. 6. Impact-object velocity dependence of: a — velocity of first entrance determined by
hodograph of motion; 6 — amplitudes of the first soliton in arbitrary units; ¢ — ratios be-
tween the pulse given to the medium and initial pulse of impact object; e — ratios between
energy given to the medium and initial energy of impact object
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PACS: 52.90.+z

B.B. Co6ones, C.M. YwepeHko, K./. Yon

K BOMPOCY O AECTABUITN3ALINU CITYXXEBHbIX MAPAMETPOB
CNCTEM YNPABINEHNA AMNMAPATOB NMPU ONWTENBbHbLIX MONETAX

HauunoHanbHbIN rOpHbIA YHUBEPCUTET
np. Kapna Mapkca, 19, r. QHenponeTpoBsck, 49027, YkpavHa

Cratbsa noctynuna B pegakumio 16 gekadbpsa 2004 roga

DKcnepumenmanbHo NOKA3aHo, Ymo 8 pe3yibmame coyOapeHus c2ycmka MUKpO4acmuy ¢
MEeManu4eckol MmoacmocmenHol 000104Kol peanuzyemcs s@gexm ceepxaiyboko2o
nponuxanus (CI'TI). Ycmanoeneno, yumo amom npoyecc cOnposoHcoaemcs blOpocom ¢
BHYMPEHHell NOBEPXHOCTNU 3AWUMHOU 0DOIOYKU NAASMEHHIX MUKPOCIMPYIL, 001a0ar0uux
8bICOKOU nopadicaioujeli CnoCOOHOCMbIO NO OMHOWEHUIO K dNeMeHMam (MUKpocxemam)
9/1eKMPOHHBIX CUCIEM YNPAGILEHUSL.

[Tpu monerax B KOCMUYECKOM MPOCTPAHCTBE U B CTpaTocdepe MPOUCXOIAT CO-
yAApeHUsl CTYCTKOB MbUIM C 3aUIUTHBIMH METAJUTMYECKUMU KOPIyCaMH yIpaB-
nseMbIX annapatoB. OnpeseneHne 3aluTHBIX XapaKTePUCTUK KOPITYCOB MOy
U JIerpaJlaliii 3JIEMEHTOB CUCTEMbI YIIPABIEHUS B 3TUX YCIIOBUAX SIBIISIETCS aKTy-
aJbHOM 3a/1a4€il B YCIOBHAX JIUTEIbHBIX MOJIETOB. MOKHO JOCTAaTOYHO YBEPEH-
HO YTBEPKIaTh, YTO YKA3aHHBIE COyIapeHus OyayT mpoucxoauTs B pexkume CITI,
a clefoBaTeIbHO, 0€3 BUIUMBIX MPUYMH BO3MOXKHO MOPAKEHHE MUKPOCXEM, YTO
BEJIET K JIerpajaliiy 3JI€KTPOHHBIX CUCTEM ynpaBiaeHus [1].

YcTolunBas paboTa CUCTEM YIIpaBJICHUS JIETaTEIbHBIX allapaToB B peabHbBIX
YCIIOBUSX TIOJICTOB OIpPENeseT MaKCHMalbHYI 3()QEKTUBHOCTH BBITOTHEHHS
noJjieTHOro 3afanus. GakTopsl, MPUBOIAIINE K JeCTAOUIN3AUHU U MPEKPAILIEHUIO
paboThI ATUX CHCTEM, JOJDKHBI CTaTh MPEIMETOM 0COOOr0 BHUMAHUS CO CTOPOHBI
CIEIMAJIUCTOB.

CrarucTrKa HEeyJauyHbIX 3allyCKOB YKa3bIBa€T HA TO, YTO MPUMEPHO B MOJIOBU-
HE CJIy4aeB MPUYMHBI aBapHil OCTAIOTCA HEBBISICHEHHBIMM J10 KOHLA [2]. OueBua-
HYIO ONACHOCTb, II0 MHEHHIO CIELMAIUCTOB, MPEACTABISAIOT COyAapEHUs C Mak-
pooObeKkTaMu. YJapHble B3aWMOJEWUCTBUSA C MbUIEBBIMH OOBEKTaAMHU MPOAOIIKU-
TEJIbHOE BpPEeMsl HE MPUBJICKAIN Cepbe3HOro BHMMaHus. VX paccmaTpuBanu ¢ us-
BECTHOW MO3UIMM MaKpoyJapa U, CYUUTAIOCh, YTO OHM MPEJICTABISIOT OMACHOCTh
TOJIBKO JIJIS1 9pO3UM NOBEPXHOCTU. B HacTosdIee BpeMs MOIy4YMIIO MUPOKOE MpH-
sHanue siBieHne CI'TI. B MHOTOYHCIIEHHBIX SKCIIEPUMEHTaxX ObUIO JTOKa3aHO Cy-
IIECTBOBAHUE CIIEIU(PHUECKON 00IACTH yIapHOTO B3aMMOJACHCTBHS C MUKPOOOH-
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exktamu (3—100 pm), B nuana3oHe KOTOPOW CTAOMIBHO HAOIIOAIOTCS TITyOMHBI
MIPOHUKAHUA B MPErpajibl Ha 10%--10* KaOpoB yaapHuka. [103ToMy BhITOTHEHUE
WCCJICIOBAHMIA TIO BBISBIICHUIO HOBBIX OMACHBIX ()aKTOPOB MOPAKEHUS CT'YyCTKAMHU
IBUTM JIETaTeIbHBIX amlapaToB, U B IMEPBYIO Ouepe/lb MX CUCTEM YIMpaBJICHHUS,
MPEJICTABISIETCS AKTYaIbHBIM.

Pa3paboTaHHbI KOMIUIEKC 3KCHEPUMEHTAIBHBIX METOIHUK MO3BOJSIET PETUCT-
pupoBath MpoOOl METATHYECKUX TPErpaj U OLCHHWBATh KWHETHUYECKHE Mapa-
METpbl MUKpPOYJIAPHUKOB IOcCIie pobuBanus. biarogaps OTHOCUTENBHO MPOCTOM
METOJIMKE TpU cKopocTsax coynapenus (1o 3000 m/s) cryCTKOB MUKPOYJapHUKOB
C METAJUTMYECKUMH MIPETpajlaMu yAajJoch 3aperucTpUpoBaTh MPOHUKAHUE MUKPO-
YacTUI] MOPOIIKA Ha TTyOHHY B AECATKU U Aa)Ke COTHU MULTUMeTpoB [3]. Jlomosn-
HUTEJIbHbIE SKCIIEPUMEHTHI MOKa3alu, YTO MOCJe BbIXOAAa Ha CBOOOJHYIO (ThLIb-
HYI0) MOBEPXHOCTh B METAITMUECKUX MPErpaaax BO3HUKAIOT BHICOKOCKOPOCTHBIE
MHUKPOCTPYH C BBICOKON MPOHHUKAIOMIEH CIHOCOOHOCTBIO. DTU CTPYH COCTOST U3
3JIEMEHTOB BBOJIMMOTIO BEIIECTBA U MPErpajbl. BemecTBo MUKPOCTPYH HaXOAUTCS
B COCTOSIHMHM Iu1a3Mbl. OOpa3oBaHKe U JIBUKEHHUE JIa3MEHHBIX CTPYW BHYTPH 3a-
MIUTHON 00O0JIOUKH MPUBOAUT K HHTEHCHBHOMY 3JI€KTPOMAarHUTHOMY H3JIy4EHHUIO.
[ToaTomy mopaxeHne OMOJOTMYECKHX M TEXHOTCHHBIX OOBEKTOB, HAXOIALIUXCS
BHYTPH 3aIIUTHONW 00OJIOUKH JIETATENLHBIX alapaToB, Oy/IeT MPOUCXOIUTH B BH-
Jie Kak MUKpOINpoO0eB, TaK U MHTEHCUBHOTO JIOKAJIbHOTO pa3orpesa. B aTom ciy-
yae caMM 3aIIUTHbIE OOOJOYKH CTAaHOBSTCS MCTOYHMKAMU BBICOKOIHEpPreTHYe-
CKHX MOHOB. DJIEKTPOHHOE 000PYI0BaHHE MOJABEPTaeTCss 00MOapIUPOBKE HOHAMHU
U3 BEILECTBA IMBUICBBIX CI'YCTKOB M 3alIUTHBIX oOosouek. [losTomy, MeHss wuc-
XOJTHOE BEILIECTBO CTyCTKa MBI M MaTepuai 3allMTHOM Mperpajbl, MOXXHO CO3-
JaBaTh 3aJAHHBIN MOTOK MOHOB. BeposTHO, OpaKeHHE CUCTEM YIIPABJICHUS BbI-
COKOIHEPreTHYeCKUMH MOHAMH, KOTOpOe OOBSCHSIU COyAapeHHEM C MOTOKAMH
MOHOB TIpH Bemblnkax Ha CoNHIE, CIeIyeT paccCMaTpPUBATh KaK CIEU(PHUECKYIO
peamuzanuio mporecca CI'TI. B 3Tux yciioBHsSX BEpOSTHOCTh peaju3aliy IOo-
CJIETHETO CYILIECTBEHHO BO3PACTaET.

B xommiekce Halnyne MUKPOCTPYH M U3Iy4YEHHS MO3BOJIMIO CHOPMUPOBATH
IIPEJICTaBICHUE O BO3MOXHON ONACHOCTH PE3YJIbTATOB COYAAPEHUS CI'YCTKOB IIbI-
JU ¢ METAJUIMYECKUMH Tperpagamu JUisi paboThl BHICOKOYYBCTBUTEIBHOM 3JEK-
TpoHHOM ©Oaspl. [lo 3amanmto YII «benmukpocuctembr»y HIIO «HHTerpam»
(r. MuHCK) ObUTa BBITMIOJTHEHA KaueCTBEHHAs YKCIIEpUMEHTANIbHAs TpoBepka. Jlms
3TOTO 00pa3Ibl MUKPOCXEM MOMEINAIN B CIIELUAIbHBIE CTabHBIE KOHTEHHEPHI C
tommuaamu nperpan 50-200 mm (puc. 1). [lorepu repmerrnanocTH, 0Opa3oBaHKe
OTKPBITON MOPUCTOCTH B MPOLIECCE COYTAPEHUS CO CIYCTKaMHM IbUIEBBIX YaCTHII B
KOHTEIHepax He MPOUCXOIUIIH.

C menpio M3y4YeHHsS KaHAJIBHBIX 3JIEMEHTOB CTPYKTYPHI B COCTaB BBOAMMOTO
MaTepuaia A00aBISUIM MaTepHaNbl-MHTHOUTOPBI, XWMUYECKH aKTHUBHbBIE MpH
TpaBJIeHUU. TaKuM 3JIEMEHTOM B CMECEBBIX COCTaBax SIBJISCTCS, B YaCTHOCTH,
CBUHEI, HO U TMpPH HUCMOJIb30BAaHUH COCTUHEHHI Ha OCHOBE OOpa JOCTUraloTCs
AQHAJIOTMYHBIC Pe3yJbTaThl. BHYTpH KaHAIbHOW 30HBI yNaloOCh BBHISIBUTH BOJIO-
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KOHHBIC CTPYKTYpBl, MHUKPOAHaIN3 KOTOPBIX
MPOBOAWIM HAa HAJIWYUE PETUCTPUPYEMOIO Me-
TAJUTMYECKOT0 3jeMeHTa. B wactHoCTH, TIpH HUC-
MOJIb30BaHUU Oopuia HUOOUS B KauecTBE BBO-
JUMOTO TMOTOKOM YaCTHIl MaTepualia MOsIBUIACH
BO3MOXXHOCTh MPOCIEANUTh (POPMHUPOBAHUE HO-
BOOOpa30BaHMM, apMHUPYIOIIUX CTPYKTYpy CTa-
nu. BosokoHHble HOBOOOpa3zoBaHMs, HAOJIO-
naBIrecs Ha ryOuHax Oonee yem 50 mm, mme-
T APYTOM COCTaB: OOHAPYKEH 3aHECCHHBIN KH-
i ciopon (mo 0.33%), KOHIIEHTpalusi HUOOUS BBI-
Puc. 1. Cxema KoHTeifHepa st pocna g0 18%, a KOHIEHTpalKsl MapraHia — J10
UMITYJTBCHBIX MICTIBITAHMI SJIeK- 33%. CoOTBETCTBEHHO HM3MEHWJIACh KOHIIEHTpa-
TPOHHBIX MHKDOCXEM B yCioBu- LS JKENe3a, BXOJUSIIIEro B COCTaB XapakTepHOro
sax CI'Tl: I — cranpHas Kpeimka, AT 3TOTO CIydas HOBOOOpa30BaHUSI.
2 — MHKpOYHUII B MOJNOCTH, 3 — TectupoBaHHe >JIEMEHTOB CUCTEMBbI YIpPaB-
cranbHO# KonTelnep. Crpenkamu  jieHHsST (MUKPOCXEM) MPOBOJMIIN /10 U Tocie 00-
TI0Ka3aHO HANpaBJICHUE JBMXKE- paOOTKH Ha CICIHAIIBHOM CTCHIE MPEINPHUATHS
HMs CTyCTKa YaCTHIl VII «benmukpocucrems». B pesynbrate ObLIO
YCTaHOBJIEHO, YTO 3JIEMEHTHl HE HMMEIOT BH3Y-
QIBHBIX MOBPEXKICHUN ¥ OCHOBHBIE MapaMeTphl coxpaHstoTcs. OMHAKO IS HU3-
KOBOJIbTHBIX 3JIEMEHTOB CTaOUJILHO PETHCTPUPYETCS cOOM pabodymx mapameTpoB
Ha 10-85%. M3y4yeHue, BBINOJHEHHOE MOCJIE BCKPBHITHS OOOJIOUKH, MO3BOJIHUIIO
00HapyXUTh Ha MUKPOCXEME JIOKaJbHbIE crielu(rueckue noBpexaeHus. Bokpyr
MOBPEXACHHBIX YYaCTKOB BO3HMKIIA CETh TPEIIMH (puUC. 2,a). YBEIUUYEHUE H30-
OpaxkeHHs 30HBI MMO3BOJISET BUJIETh MPOIUIABIICHUE U B3AyTHE MATPUUYHOIO MaTe-
puana MUKpPOCXeMbl B BuE Noiycdep. XOpouio BHIHBI 30HBI, 00pa30BaBIINECS
MIPU HETIOCPEJACTBEHHOM BO3ACHCTBMU MHUKpocTpyu. Ha puc. 2,0 mokazaHa 30Ha
MaTPUYHOTO MaTepuaya, B pe3yjbTaTe HarpeBa KOTOPOU BBIPOC MUKPOKPHUCTAILI
KkpemHus. VccnenoBanus MoBepXHOCTH MOABOJSALIETO MUKPOIIPOBOJA MOKa3bIBa-
10T, YTO 30JI0TOE€ MOKPHITHE B 30HE KOHTAKTa YACTUYHO YAAJIICHO, OSIBUIACH CETKA
MUKPOTPEIIHNH, BUAHBI YIaCTKH yAAPHBIX B3auMoJieicTBH (puc. 2,8). X poct Ha
KepaMH4eCKOM MaTepualie OCHOBaHMS OyJIeT MPOIOJIKAThCS 0 MOTHON pernakca-
IIUU BOZHUKIIKX HAMpPsDKEHUH. DTO OOBSICHSIET OTMEUEHHYIO JEeTrpajalliio JIeK-
TPOHHBIX CHCTEM YIpPAaBIICHUS Ha JIETaTeNbHBIX anmaparax. C y4eToM TOoro, 4To B
pexume CI'TI He mpPOUCXOIUT MOSBIIEHUE B KOPIYCE OTKPBITOM CKBO3HOW MOPHUC-
TOCTH U COOTBETCTBEHHO HE HAOJIOMAETCs pa3repMeTH3aIus, COyIapeHHe CryCT-
KOB KOCMHUYECKOM MBLJIM ¢ KOCMUYECKUMHU 00BEKTaMU paHee HE BOCIIPUHUMAJIOCh
Kak MpsiMasi ormacHOCTh. [103TOMy HcciieoBaHusT BO3ACHCTBHSI HOBBIX MOPAKAIOIINX
(bakTOpOB Ha COBpEMEHHBIE JIETATENIbHbIE allllapaThl IMEIOT 0COOYI0 aKTyaJIbHOCTb.
HezaBrcuMo OT TOTrO, Kakue MOPOIIKH HCIIONh30BAINCH AJII METaHUs (MeTa-
JIbI, HEMETAJIbI, CMECEBBIE COCTaBbl), 3a(MKCHPOBAHO MPOOMBAHUE CTAIBHBIX
nperpa TomuuHoi 10 200 mm. OxHako ¢popma HabII01aeMbIX HOBOOOpA30BaHHMA
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Puc. 2. IlopaxxeHuss sneMeHTa MHUKpPO-
CXEMBbl CHCTEMbl YNPAaBJICHUS JIETATEIIb-
HOTO ammnapara: @ — CE€Th TPEIIUH BOKPYT
MOBPEKACHHBIX YYaCTKOB, 6 — KPHCTAILT
KpEeMHHUSl BTOPMYHOIl TreHepauuu, 6 —
YYaCTKH yIapHBIX MOBPEXKICHUI

B MUKPOCTPYKTYp€ 3aBUCHUT OT COCTaBa MeTaeMoro marepuana. [Ipu tpaBieHuu B
KaHAJIBHBIX 30HAX 3a(UKCUPOBAHBI BBITPABICHHBIC ITOJIOCTH WM BOJIOKOHHBIC
00pa30oBaHus, CBUIETENLCTBYIOLINE O KOJeOaTeIbHOM XapaKkTepe JBUKEHUS Mpo-
HUKAIOIIKUX B METAJUl YacTUL[ OTHOCUTENBHO HAIIpaBJICHUS JABM)KEHUS CTyCTKa.
CrnenoBarenbHO, peanbHas JUIMHA KaHAJIbHBIX 00pa3oBaHU B MaTepHale mperpa-
JIbl TIPEBBILIAET HAYaJIbHYIO TOJIIUHY HpPErpajbl.

ITpu nccnenoBaHusAx MaTepuala CTAIBHBIX 3alMTHBIX IPErpaj, NOABEPTrHYTHIX
BO3JICHCTBUIO CTYCTKOB IOPOILIKOBBIX YaCTHI], YCTAHOBJIEHO IOSBICHHUE JOKAJb-
HBIX CIEU(pHUUECKUX HOBOOOPAa30BaHUI B MUKPOCTPYKTYpe CTajlell Ha pa3iud-
HBIX TIyOWHAX, B TOM YHCJe 00pa30oBaHHE HECTEXMOMETPUIECKUX COCIUHEHHN B
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COCTaBE TAaKUX BKJIIOUEHUH, KOTOpBIE HEJNb3Sl MOJYYUTh APYTMMU H3BECTHBIMU
MeTtonamu. [IoBbIIEHNE NCXOMHOM NMPOYHOCTH CTAJIU, MCIIOJIb3yEMON B Ka4eCTBE
3alMTHOTO MaTepuaia, He 00eCIIeYuBAET MOBBIIICHHS YPHEKTUBHOCTH TOPMOXKE-
HUSl CTYCTKAa JMCKPETHBIX MHKDPOYIApPHHKOB, a IPHUBOJUT K JOIOJHUTECIBHOMY
U30MpaTeIbHOMY BBIHOCY JIETHPYIOIIUX 3JIEMEHTOB B BHJI€ MUKPOCTPYH, BO3HU-
KaloIlUX Ha BHYTPEHHEN MMOBEPXHOCTU KOHTEHHEpA.

[TopaskeHue >3JIEKTPOHHBIX MHUKPONPUOOPOB, PAa3MELICHHBIX BO BHYTPEHHEH
IIOJIOCTH CTAJIBHOTO KOHTEHWHEPA, HOCUT CTATHCTUYECKU BEPOSTHOCTHBIM Xapak-
tep u pocruraetr 20-25% 3a onuH LUK HarpykeHus. IIpoBeneHHoe TecTHpoBa-
HHE MUKPOIPHUOOPOB O U IOCIE HKCIEPUMEHTOB MOKA3bIBACT JETPaJalMi0 MX
pabounx mapameTpoB, YTO IMO3BOJISIET MPOTHO3HPOBATH COOU CIYKEOHBIX PEkKH-
MOB alIapaTypsl B PEAIBHBIX YCIOBHSIX.

M3ydeHre TOHKOW CTPYKTYphbl MaTepuaja IprOOpOB, OKAa3aBIINX W3MEHEHHE pa-
00uMX MapaMeTPOB, O3BOIMIO YCTAHOBUTH CYIIECTBOBAHUE B HUX JIOKAIBHBIX 30H CO
CllelaMd MEXaHMUYECKUX TOBPEXICHUH, SIBHO BbI3BAaHHBIX yJapHbIMU B3aHUMOJEHCT-
BUSMH. B KadecTBe Takux ciemoB BO3JEHCTBHS MOXKHO Ha3BaTh MPOOOW MeTajulnye-
CKHMX U HEMETAIMYECKUX AJIEMEHTOB MUKPOIPHOOpa, BOSHUKHOBEHNE HA METAJLINYe-
CKMX 3JIEMEHTaX MHKPOKPAaTE€pPOB M BBIIABIMBAHWE MATPUYHOIO MaTepHasla Ha IO-
BEPXHOCTh, YACTUYHOE Y/AJICHHE TaJbBaHUUECKOTO TOKPBITHS, TPEIIMHOOOpa30BaHIe
Ha TIOBEPXHOCTSX, Pa3pbIB 30H TOKONOABOMOB. [10BpeXkeHNEe HEMETATIIMYECKUX dJIe-
MEHTOB 3JIEKTPOHHBIX MPUOOPOB TMO3BOJISIET POrHO3UPOBATH JATBHEHIINI POCT ceTr
TPELMH U COOTBETCTBEHHO JAJIbHEHIIYIO Aerpalaliiio pabodrX napaMeTpos.

BbINOITHEHHBIN LUK MOAEIBHBIX 3KCIIEPUMEHTOB BIIEPBBIE MTO3BOJIMI IIPEIIO-
JIO)KUTHh OCOOYIO OTMACHOCTh yAapHBIX B3aUMOJCHCTBUN METAUTMYECKUX MOIYJCH
C DJIEKTPOHHOM ammapatrypoil co CryCTKaMH NbUIEBBIX 00pa30BaHUIl B yCIOBHAX
JUINTEIIBHBIX TI0JIETOB. BEpOATHOCTD COyAapeHus JIETAaTeNIbHBIX allllapaToB CO Cry-
ctkamu 1ty B pexnmMe CI'TI Bo3pactaeT ¢ yBenndeHneM BpeMeHH nosiera. B atom
cllyyae HNOpaXEHUE HEMETAJUIMYECKUX HJIEMEHTOB CUCTEM YIIPaBJIECHUs U JlecTabu-
au3anuUs ux paboTel OyIyT Takke HapacTaTh BO BPeMEHU. BeposTHO Takke, uTo
MHOrue cOou B (PyHKIIMOHUPOBAHUYU CUCTEM YIPaBJICHUs HA ATUX TUIAX JIETaTellb-
HBIX aIlnapaToB MOTYT ObITh OOBSICHEHBI HA OCHOBAaHUH MOJTYYEHHBIX PE3YJIbTaTOB.

VY4uTBIBas BBIIECHU3IIOKEHHOE, MOXKHO YTBEPKIATh, YTO 10 MEPE YBEIUYCHHUS
JUINTEIBHOCTY KOCMHUYECKHX IIOJIETOB B OKOJIO3EMHOM IIPOCTPAHCTBE BO3PACTAET
BEPOATHOCTh COYAAPEHUS C MBUIEBBIMU CTYCTKAMM, BEAYIIAs K AErPajaliiy dJICK-
TPOHHON TEXHUKU Ha OopTy cTaHuuu. [IpuumHON Takoil Aerpaganuu SBISAIOTCS
HOBBIE NTOpAXAIOLIUe (PAKTOPHI, BOZHUKAIOLINE IIPU COYAAPEHUH CIYCTKOB IBUIH C
000J10YKaMU JIETaTeNNbHbIX annapatoB B peskume CITI

1. CM. Ywepenxo, B.I1. Kupumok, A.U. benoyc, A.C. Kamnuuenxo, O.A. /[vibos, B.B. Co-
bones, COOpHUK Hay4dHBIX TpynoB HarmoHanpHOTO TOpHOTO YHUBepcuTeTa Ne 18, 65
(2003).

2. AU Muxuw, JI.B. Pvixnosa, M.A. Cuupnos, Bectauk PAH 71, 26 (2001).

3. SM. Usherenko, J. Eng. Thermophys. 75, 753 (2002).
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V.V. Sobolev, S.M. Usherenko, K.Y. Choy

TO THE PROBLEM OF DESTABILIZATION OF SERVICE PARAMETERS
OF AIRCRAFTS CONTROL SYSTEM DURING LONG FLIGHTS

It is shown that effect of superdeep penetration (SDP) is realized during collision of mi-
croparticle clot with metal thick-wall covering. It is established that the process is accom-
panied by ejection from inner surface of protective covering of plasma jets, which highly
affect elements (microcircuits) of electronic control systems.

Fig. 1. Scheme of container for impulse tests of electronic microcircuits in conditions of
SDP: I — steel cover, 2 — microchip in cavity, 3 — steel container. The arrows show the
direction of microparticle clot motion

Fig. 2. Damaged microcircuits element of aircraft control system: @ — net of cracks
around damaged sections, 6 — crystal of silicon of second generation, ¢ — sections of
shock damage
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PACS: 05.70.Ce, 05.70.Fh, 05.70.Jk, 64.60.Fr

C.B. Tepexos

HEIMPEPbLIBHO-PEWWETO4YHAA MOJEJb
MHOIOKOMIMNOHEHTHbLIX CUCTEM

[oHeuKniA HaLMoHanbHbIN TEXHUYECKUIA YHUBEPCUTET
yn. Aptema, 58, r. loHeuk, 83000, YkpanHa

Cratbs noctynuna B pegakumio 4 despansa 2005 roga

IIpeonosicena Hosas @enomenonrocuueckas Mooeib MHO20KOMNOHEHMHbIX DACHEOPOS,
KOmMOopas NO380Js1em paccmMampusams ux mepmMooOuHamuyecKoe pagHogecue co cmamu-
yeckoll U OuHamuyeckol mouek spenus. Ilpu cmamuyeckom nooxode yacmuywvl Koneo-
JIIOMCA 80371€ NOJOJNHCEHUU paBHO8eCUsi 6Hympu Aveek muna Buenepa—3eiimya, obpasyio-
WUX NPOU3ZBOTILHYIO 2€0MEeMPUYECKYI0 peuemKy. JJunamuieckuti eapuanm mepmoouna-
MUYECKO20 PABHOBECUsi MHO20KOMNOHEHMHOU CUCEMbl COOMBEMCMBYen NPeGblUeHUI0
Menn080l dHEpeULU YACMUY HAO UX NAPYUATLHOU SHepauell, m.e. Xa0Mmu4ecKkomy nepepac-
npedeneHuro Yyacmuy u 6aKancul (KOHmuHyanbHas beccmpykmypras mooens). Hccaedo-
6anue YpasHeHUusi COCMOAHUS YUCO20 8eUjeCmBa 8 OKPECHHOCMU KPUMUYECKOU MOYKU
(npu ee Kiaccuueckom onpeodeneHul) 0eMOHCMPUPYyem CX00CMB0 pe3yibmamos, HOLy-
YEHHLIX 8 PAMKAX 0000WEHHOU peuemoyHol u npeoiaeaemol modenel. dmom cayuat
coomeemcmeyem 3a6bIUEHHbIM 3HAYEHUAM OMHOUleHUs NapYUALIbHbIX 00beMO08 BaKAH-
cuu u yacmuysl. llepeonpedenenue Kpumuieckou mouKku npusooum K Quauyecku npa-
BUTLHOMY De3VIbImamy: pasmepvl aKAHCULL U YaCmuy CIMAHO8AMCs OIUSKUMU.

Pa3zpaboTka ra3oBBIX cMecel, KUAKHX PaCTBOPOB M TBEPHBIX CIUIABOB, MOWCK
HOBBIX TEXHOJOIMYECKHX CIIOCOOOB MX TMOJYYEHHS, MPUMEHEHHE TEXHHUUECKUX
MIPUEMOB COCMHEHHUSI METAUTUYECKUX U3JeNuil TpeOyeT MpeaBapUTEeIbHOrO Tep-
MOJMHAMHUYECKOTO aHaJIM3a MHOTOKOMIIOHEHTHBIX CHCTEM C ILIEJIbI0 YMEHbBIICHHS
MaTepUaJbHBIX U BPEMEHHBIX 3aTpaT Ha UX SKCIEPUMEHTAIbHOE HCCIEIOBAaHUE.
[Tporuo3upoBaHue CBOMCTB TAKUX CUCTEM OCITIOKHSIETCS TEM, YTO BBIYMCICHHUE CTa-
TUCTUYECKON CyMMBI (MJIH JIFOOOH Ipyroi TepMOJMHAMUYECKON (PYHKIIMH COCTOS-
HUS1) TIO TIOCTIEZIOBAaTEIbHOM cxeme ['nb0ca OCIIOKHSIETCS OTCYTCTBUEM HAJCKHBIX
AKCIIEPUMEHTAJIBHBIX JAHHBIX 10 MEXATOMHBIM moTeHIManaM. Ho naxe B ciydae
M3BECTHBIX TOTeHIManoB (Hampumep, FOkaBbl wnn Jlennapaa—/>koHca) maHHBIHA
METO/]l HATAJIKUBAETCS HA 3HAUUTEJIbHBIE MATEMATUYECKUE TPYTHOCTH, CBSI3aHHBIE C
BBIUMCIIEHUEM HUHTETPaJioB, COJEPKAIIMX MOTEHLIMAIbI B3aUMOJCHCTBUS YaCTHUI] U
OTIPENIENSIOMNX KOH(DUTYPALMOHHYIO YacTh CTAaTUCTHYECKOW CyMMBL. B cBsi3H ¢
3THM BaXKHYIO pPOJIb UTPAIOT (PEHOMEHOJIOTMYECKHE MOJEIHN pPEeallbHBIX BEIIECTB,
KOTOpBIE OCHOBAaHBI Ha OYEBUAHBIX (PU3MUECKUX JOIMYIIEHUSIX O CTPOSHUH CHCTE-

47



®du3nKa 1 TEXHUKA BbICOKHX AaBJjieHnii 2005, tom 15, Ne 3

MBI, TOTEHIIMAJaX B3aUMOJEHCTBUS YaCTUI U UHIUBUIYAIbHBIX XapaKTePUCTHKAX
aTOMOB (MOJIEKYJT) ITPU UTHOPUPOBAHUH UX BHYTPEHHETO CTPOCHUSI.

[TepBasi MonekysipHas MoJiesib cMeceill Obuta mocTpoeHa Ban nep Baanscom
(1908 T.), KOTOPBII UCTIOIB30BAJI CBOEC M3BECTHOE YPABHEHUE COCTOSIHUS ISl OTIH-
CaHUs CBOMCTB HE TOJIbKO YHUCTBIX BEHIECTB (CM., Hamp., [1]), HO U ux cmecei,
IpeAanosaras 3aBUCMMOCTb ITapaMeTPOB MOJENIN OT cocTaBa pactBopa. Kiaccuue-
ckas Teopust Ban nep Baanbca mo3Bonuia 0OBSCHUTH PSIT ACTIEKTOB JKUIKOTO CO-
CTOSIHUSA, YTO MPEIONPEEIUIO Pa3BUTHE HEMPEPHIBHBIX OECCTPYKTYPHBIX MOJe-
nei. B aTux Mojaensax >KUIKOCTb MPEJICTABIACTCS B BUJE CUIBHO CXKATOTO rasa,
IpUYeM KOppessluel B COCTOSIHUSIX JBM)KEHUS U PACIONIOKEHUsT aTOMOB (MoJie-
KyJl) IpeHEeOperaor.

B npotuBononoxHoCTh TakoMy nojxony dpenkeneM Obliia IpeiokKeHa «KBa-
3UKPHUCTAUIMYECKAs» MOJENb XKUAKOW (a3pl. JKUAKOCTh 3aHUMaET MPOMEXKYTOU-
HOE€ COCTOSIHME MEXKIY T'a30M (XaoTHYECKOe pa3MelIeHHe YacTull 10 00beMy CHC-
TEMbI) U KPUCTALIOM (YHOPSAOYEHHOE pacmlpesielieHue YacTUIl M0 Mepuoanye-
ckori pemietke) [2]. OcHOBaHMEM JUIsl TaKOW THUIOTE3bl MOCIYXWJIH TPHOIU3H-
TETHHOE PABEHCTBO IJIOTHOCTEW TBEPAOTO TEla M €ro paciuiaBa, OJIM30CTh MEXK-
ATOMHBIX paccTOsIHUM B o0eux (ha3ax, CUJIbHbIE MEXKATOMHbIE B3aUMOJCHCTBUS B
KUIKOM cocTosiHuU. CornacHo OpeHKeNo BAAIN OT KPUTUYECKONW TOYKU JABUXKE-
HUE YaCTHULIBI MPEACTaBISETCS B BUIE HEPETYJSPHOro KoyieOaHHs C 4YacTOTOM,
ONMU3KOH K 4acToTe KoJieOaHusl aToMa B KpUCTAILJIe, U aMIUTUTY O, 3aBUCSILEH OT
pa3MepoB «CBOOOTHOTO 00BEMay, KOTOPBIH OIMPEACNSIOT OMKaiIme cocean
atoma. lleHTp KonmeOaHMil CMEIIaeTCs BMECTE C YAaCTHICH U €€ OKPYKCHHEM.
CrnenoBaTenbHO, B KaXKIbIi MOMEHT BPEMEHH HAOJIOAETCS HEYCTOMYUBOE TOJI0-
JKEHUE PaBHOBECHS, B CUJIy YETO CYLIECTBYET XapaKTEpHOE BpeMs, B T€UECHUE KO-
TOPOTO LEHTP KojeOaHWN CMeIIaeTcs Ha BEIUYMHY MEXAaTOMHBIX PAacCTOSHUIA,
YTO MO3BOJISIET BBECTU B PACCMOTPEHHE I'€OMETPUUYECKYIO PELIETKY C SUehKamMH
Burnepa—3eiiTia, KoTopble OKpykeHbI nojudapamMmu Boponoro [3]. Kpome Toro,
HEKOTOpbIE STYEHKU MPU TAaKOM MOJIXO0/I€ MOTYT OKa3aThCA HE3aHSITBIMH, YTO MPH-
BEJIET K HE0OXO0IMMOCTH BBEJIeHUsT BakaHcuid. Hanmpumep, B pabote [4] oTmedaeT-
Csl, UTO B MPOCTHIX METAJIaX M KPHUCTANIaX MHEPTHBIX T'a30B OCHOBHBIM Je(hek-
TOM SIBJISIFOTCS BakaHCcHU. OHUM y4acTBYIOT B Iporieccax qud¢ys3uu, Aai0T BKIaI B
IIEKTPUYECKOE U TEIJIOBOE CONPOTUBIIEHUE CUCTEMBI, OKa3bIBAIOT CYILIECTBEHHOE
BIIMSIHAE HA POCT U 3AJICUMBAHKE MOP B TBEPABIX CPEIIaX.

B coBpemenHoOI mHTepnperauuu Mozesnbs Ban aep Baanbsca monydnna HasBa-
HUE «TEOpUHU CPEIHEro Mojis», KoTopas Oblia pa3BuTa B paborax [lpuroxuna,
bennemanca, Ournepr-KBona u ap. [cMm. 5,6]. CoBpeMeHHast TEOpHUsl MOJIEKYJIAP-
HBIX PacTBOPOB Oa3UpyeTcsl Ha CIEAYIONIMX MOJENAX: UJCaIbHOM (COBEpIICH-
HOM) PAacTBOpE; MOJIETU PETYJSPHOTO PACTBOPA, WU «KIACCUYECKON» MOMAENH
(IToptep, Ban Jlaap, Jlopenn, ["aiitnep, 'unpnenOpann, I'yrrenreiim, Kupkyn u
Ip.); KBa3UXMMHUYECKON TEOpHH (CTPOTO PETYISIPHBIX PacTBOpax); cyOperyisp-
HBIX pacTBoOpax; KoHGopMalbHOM pactBope (Jlonre, XuWrruHc); KBaHTOBOMEXA-
HU4eckor Moxenu [6—13]; ob6obmenHol pemerouHoit moxenu (3axapos, Tepe-
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x0B) [14—16] u np. Teopus peryisipHbIX pacTBOPOB a/I€KBaTHO OIMCBHIBAET OTPU-
LaTeIbHbIE OTKJIIOHEHUSI aKTUBHOCTEN KOMITIOHEHTOB OT 3akoHa Payns st aBoii-
HBIX CHUCTEM C CHUMMETPUYHOHM HSHTaibnued cMenieHus. OAHAKO MOJaBIISIONIEE
YUCJIO PEaJbHBIX, IBYXKOMIIOHEHTHBIX PAacTBOPOB XapaKTEPU3yETCs HECUMMET-
PUYHBIMU KPUBBIMHU SHTAJIBIIUM CMELIEHUS, KPUBBIMU PABHOBECHS U KPUBBIMHU
a0COJIIOTHOW HEYCTOWYMBOCTH PAcTBOPOB. /[ mMcrpaBieHUs yYKa3aHHBIX HEIOC-
TaTKOB OBUIM BBEACHBI MOJIEKYJIBI PA3JIMYHBIX Pa3MEpOB, NMPH TOM OCHOBHAs
npoOjieMa BO3HHUKIA C PacdeToM KOMOHMHAIMOHHOTO (hakTopa (MpuUOIMKEHHBIC
MeToAbl pacueTta Obutn pa3paboransl Yanrom, ®nopu, Xurruicom, Musuiepom,
['yrrenretimoM u np.). OHAKO Na)ke€ TaKO€ YCOBEPIICHCTBOBAHWE MOJECITH IS
pPacTBOpPOB MOHOMEPOB M IOJMMEPOB HE IO3BOJMIO YCTPAHUTh 3HAUYUTEIIbHbBIE
OTPULIATENIbHBIE OTKJIOHEHHs OT 3akoHa Payns, a Takke NMPaKTHUYECKH HYJIEBOE
3HAa4YCHHE TEIUIOTHl CMeIIeHus. B cBs3u ¢ 3TuM ObuIa IpeiokeHa MOJAETb KOH-
dopManbHBIX pacTBOPOB. OCHOBHBIE JOMYIICHUS 3TOM MOJENM TaKHe K€, KaK U
JUIsL PETYJISIPHBIX PAacTBOPOB. [lOMONHUTENBHOE MPEATIONOKEHUE COCTOUT B TOM,
YTO CHJIbI MEXMOJIEKYJISIPHOTO B3aUMOACUCTBUS NPUOIU3UTENHHO OJIMHAKOBHI IO
NOPSKY BEIMUYMHBI JUIsl BCEX Iap KOMIIOHEHTOB pacTBOpa, a MOJEKYJIbl Mpea-
CTaBJISIIOTCS] B BUJI€ KECTKUX cep. DKcrepruMeHTaIbHas MpoBepKa 3TOH Teopuu
II0Ka3aja €€ HECOOTBETCTBHE peajbHbIM pacTBopaM [6]. HeanexkBatHOCTh MOaEnH
HE yCTpaHSETCs] HU y4eTOM OOJbILIEro Yucia KOOPAUHALMOHHBIX cdep, HU yde-
TOM 0oJiee CIOXKHBIX CTPYKTYpPHBIX €IMHUI], UCIIOJIb3YEMBIX B MOJEIH KOH(OP-
MaJbHBIX PACTBOPOB.

BakaHncuonHble MoJenu SBIAIOTCS Ooyiee TMOKMMH, 4YeM pelieTouHsle. Bo-
MEPBBIX, 3TH MOJEIHU COXPAHSIIOT BO3MOKHOCTh TU(M(Y3MOHHOTO UM TEIJIOBOTO
NEPEMELIEHHUS YacTULl TI0 pacTBOpPY. BO-BTOpBIX, HAIMYME BaKaHCUH B PEILETKE
MO3BOJISIET YYECTh JIOKAJIbHYK HEOJHOPOIHOCTh PACTBOpPA U €€ BIUSHUE HA JOC-
TUKEHHE CUCTEMOW IIOJIOKEHUsI PAaBHOBECHA. B-TpeTbux, BakaHCUM H3MEHSIIOT
MHTEHCUBHOCTh MEXYaCTUYHOI'O B3aUMOJIECHCTBUS YACTUIIBI B BBIICICHHON sUeii-
Ke, IPH 3TOM HCTHHHOE ToJje 3aMeHsieTcs 3(p(PeKTUBHBIM TOJEM, CO3JaBacMbIM
JPYTMMHU 4acTHUIAMU, OKPYXKalOLUMHU SYeiKy. B pe3ynbrare nmoreHuuan cpeaHe-
'O TOJISI 3aBUCUT TOJBKO OT KOOPJAMHAT YaCTHULbI (MM UX TPYIIIBI) B BBIIEIECHHON
sYerKe, a He OT KOOpAMHAT YacTHI] Orpkaiiiero okpyskenus. OaHaKo HEJIOKab-
HOCTb B3aMMOJICHCTBHS MPUBOIUT K HEOOXOJUMOCTH y4YeTa B3aUMOJCHCTBUI Me-
KOy sUeiikaMu. B-dueTBepThIX, BAKAHCHOHHBIE MOJENH B OTJIMYHME OT HENPEPHIB-
HBIX MOJIEJIeH ONpeAessIOT TMCKPETHBIA HA00p COCTOSIHUNA MHOTOKOMIIOHEHTHOTO
pactBopa. B pabotax [14—16] Obuta mipeasioxkeHa MoOJIeb, B KOTOPOI SIBHBIM 00-
pa3oM OBLIM BBEIEHBI BAKAHCUU U YCJIOBUE IUIOTHOM YMAKOBKH, OMpEeIsioiiee
3aHATOCTh KKJIOM STUEHKH JTH00 yacTHuIleH, THOo Bakancueil. MccnemoBanue 3Toi
MOJIEJIM TIOKA3aJl0 aJeKBAaTHOCTh OMHMCAHUS HM30BITOUYHBIX (YHKIHMHA CMEIICHUS
(CUMMETPHYHBIX M HECUMMETPUYHBIX) U JTMArpaMM COCTOSIHHMSI KOHICHCHPOBAH-
HBIX OMHApHBIX PAaCTBOPOB, MO3BOJIMIIO Ha 0a3e 3THX JAHHBIX MPOJEMOHCTPUPO-
BaTh IPOTHOCTUYECKUE BO3MOXKHOCTH MOJeau. OHAaKO K HEIOCTaTKaM MOJEIIH
CJIeZlyeT OTHECTH HEOOOCHOBAaHHOCTh BBEACHHUS YCIIOBHS IUIOTHOW YHMaKOBKH U
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BUJAa CBOOOJHOW SHEPruH, HEBO3MOXKHOCTb OIMCAHMA MOBEICHHS KHUIKOCTH,
PacXO0XKJIECHNE TEOPETHUUYECKUX M HKCIIEPUMEHTAJbHBIX JAHHBIX IPU MOCTPOCHUH
U30TEpPM ra3oBoil (asbl.

N3yueHne nutepaTypHbIX UICTOYHUKOB NMPUBOJIUT K CIEAYIOIIUM BBIBOJAM: HE
cyliecTByeT ()eHOMEHOJIOTMYECKUX MOJelneil, KOTOpble OJAHOBPEMEHHO Obl yuu-
THIBAJIM «Ta30M0JJ00HOCTBY U «KBAa3UKPUCTAITMYHOCTHY» BELIECTB M MX PACTBO-
pPOB; TMPaKTUYECKH HTHOPUPYETCS POJb MHOTOYACTUYHBIX B3aMMOJECUCTBUI U
FEOMETPUUECKUX pPAa3MEPOB dYacTULl B (POPMHUPOBAHUU TEPMOAMHAMUYECKUX
CBOMCTB PAaCTBOPOB; HE YYUTBIBACTCS HEJIOKAIBHBIN XapakTep B3aWMOJCHCTBUN;
MPUCYTCTBUE BaKaHCHUN B CHCTEME MO0 HE YUUTHIBAETCS, JTMOO TOJIBKO JEKJIapH-
pyeTcsi uX BIMSHHME HAa T€ WIM UHbIE CBOMCTBA MHOTOKOMIIOHEHTHOM CHCTEMBI;
IIPOTHOCTUYECKUE BO3MOYKHOCTH CYLIECTBYIOIIMX MOJEIEH OrpaHUYEHbl y3KOU
00J1aCThIO MX TPUMEHUMOCTH.

Ortcro1a BBITEKAET 11eNb JAHHOW padOTHI: MOCTPOCHUE HOBOW (DEHOMEHOJIOTH-
YECKOM MOJEIN MHOTOKOMIIOHEHTHBIX PacTBOPOB C y4€TOM HETOUEYHOCTH yac-
TULl ¥ BaKaHCHUW, PACTIPEEIEHHBIX IO SYEHKAM, IEPUOTUYECKH PACIIOIOKEHHBIM
1o 00beMy CHUCTEMBI, U TIPU ONPEAEICHHBIX AOMYLICHUAX O CTPYKTYpe Mexdac-
TAYHOTO B3aUMOJICHCTBUA. B3anmonelicTBie 4acTuIl, 00pa3yrouX MHOTOKOMITO-
HEHTHYIO CHCTEMY, MOXKET OBITh OMHCAHO Pa3HBIMU MOTEHIIMATAMH B 3aBUCHMO-
CTU OT BHYTPEHHEH CTPYKTYphl CUCTEMbI U caMuX yactull [17]. OnHako cymiecT-
BEHHBIN MPU3HAK TAKUX IMOTEHIMAIOB — HAJTHUKE 00JACTe OTTANIKUBAHUS U MIPH-
TskeHHs. OTTalKMBaHUE YacTHL] NPOSBIIIETCS HA MaJbIX PACCTOSHUAX U MTPUBO-
JTUT K HEOOXOAUMOCTH BBEJCHUS MapIHaIbHOTO o0beMa ; («TBepaoi chephi»)
YaCTHIIBI COPTA i, YTO COOTBETCTBYET OIPAHUUCHUIO JIOKAIBGHOM IIOTHOCTH 1; < 1/,
BBeneHue B paccMOTpeHHE MaplUalbHBIX 00bEMOB YacTUIl IPUBOJIUT K pazOue-
HUIO 00beMa cUCTeMbI V Ha sueliku ¢ oobeMaMu ®;. Kpome Toro, 3a cuer Termo-
BOT'O JABM)KECHHUS YACTHI] 4aCTh 00beMa CUCTEMBI OCTaeTcs cBOOOHOM. Ha mepBsiii
B3IJI51/1, HEOOXO/IMMO BBOJUTh BaKaHCUU JUISl KaXA0T0 COpTa YacTHIl, OJJHAKO MPU
TEPMOJMHAMUYECKOM OINMCAHHUM 3TO SIBISETCSA M3NUIIHUM. He3anmonmHeHHyro yac-
TUIIAMHA O0JIaCTh MPOCTPAHCTBA MOXKHO Pa30OHTh HA «TYEHKW» C MapUUAIbHBIMU
00BeMaMHu ), YUCIO KOTOPBIX Ny, T.e. 3((HEeKTUBHBIC BaKAHCUU SIBISIFOTCS paB-
HONPAaBHBIM, HO HEB3aMMOJICHCTBYIOIIUM KOMIOHEHTOM cucTeMsbl. [Iputskenue
YacTHIl B MIEPBOM MPHUOIMKEHUHU MOXKET OBITh ONKCAHO C IMOMOIIBI0 TAPHOTO I10-
TeHIMala B3auMozeicTBus. Hannune OWHApHBIX CHUCTEM C DHTANBIUEH cMelle-
HUS, KOTOpasi U3MEHSET CBOM 3HAK MPH OIpENeICHHON KOHIEHTPAlluH, YKa3bIBaeT
Ha HEOOXOJMMOCTh y4eTa MHOTOYACTHYHBIX B3auMMOACHCTBUIA. B manmpHeiimem
0]l B3aUMOJIEUCTBUEM MEXKIY 4YacTULAMHU OyJleM MOHUMAaTh YCPEIHEHHYIO IO
00BEMY CHCTEMBI COBOKYITHOCTh BCEX JOMYyCTHUMBIX B3aUMOACHCTBHIA, UTO TO3BO-
JS€T HE BBIICISTH OTACJbHBIE COCTABIISIIOIIME COBOKYITHOI'O JIEHCTBUSL OJHOMN
YaCTHIIBI Ha IPYTYIO U HE BBISICHATH (DU3MUECKYIO CYyTh 3TOTO JIEHCTBUSI.

HayuHas HOBHU3HA pabOThI COCTOUT B MCCIIEOBAHUN HOBOM (peHOMEHOIornye-
CKOM MOJIEJH, OCYIIECTBIISIONIEH HEMPEPBIBHBIA NEPEX0/] OT KOHTUHYAJIBbHBIX MO-
JieNiel K peleTOuHbIM, U Ha000pOoT.
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PaccMOTpuM TOMOT€HHYIO, OJHOPOAHYIO, 3aKPBITYIO M-KOMIIOHEHTHYIO CHC-
TeMy 00beMoM V), copeprkantyto N; B3auMOJACHCTBYIOIIUX YaCTHIl cOpTa i (TapIu-
QIBHBIA 00BEM YacTUIBI ®;) U Ny WACATBHBIX, IPPEKTHBHBIX BaKaHCHUH (Mapuu-
QIBHBIA 00BEM BaKaHCUM () (O]l BaKaHCHEW NMOHMUMAETCs sS4elKa, He 3aHsATas
yacTuamu)). BHyTpeHHsIsI SHeprus CUCTEMBI

m
U=ST-PV+) N;, (1)
i=0

rae S — aHTponus, 1 — temneparypa no mkane KeneBuna, P — naBienue, | — Xu-
MHUYECKUH MoTeHuuan komrnoHeHTta i. C ydetom Buja aud¢epeHuana BHyTPEH-
Hell 3Hepruu U3 BelpaxeHus (1) cieqyer, 4To yCTOHYMBOCTh CUCTEMBI IO OTHO-
HIEHUIO0 K OECKOHEYHO MajIbIM M3MEHEHUSM TeMIIepaTypbl, JaBJICHUS U XUMUYe-
CKHX TIOTEHITHAJIOB OTpeiensieTcs ypaBHeHueM J[rorema—I mb6ca

m
~VdP +8dT + > N;dy; =0. )
i=0

Bri6upas B ka4eCTBE HE3ABUCHMBIX IEPEMEHHBIX BENUUMHEI P, T u N;, 3anumiem
Qg depeHraipl XMMUYECKUX MOTEHINAIOB d|; 9acTHIl copTa i:

dui:(%j dP+(%J T+ O dw; . 3)
O )., T JpN, =0\ ON; P.T

oW, . Ol
C yderoMm Toro ¢akra, 4To (ﬁ = ; — NapUUaIbHBII 00bEM U i
T.N; P.N;

=—S; — HapuouajJlbHas 3HTPOIHNS, MPUXOIAIHNCCS Ha OAHY 9aCTHIy KOMIIOHCHTA i,

nojcraBuM ¢popmyity (3) B ypaBHeHHE (2), TOTYUUM

DN, =V [dP+| S=Y s;N; [dT+ Y | ——-| NdN;=0. (4
i=0 i=0 i, j=0 J7)pr

B CUJ1y HHTCHCUBHOCTU obbema u OHTPOIINHU BBITTOJIHAIOTCA PaBCHCTBA
m m
Z(Dl‘Nl':V u ZsiNi:S’ (5)
i=0 i=0

CJIeZIOBATENIbHO, ypaBHEHUE (4) IPUHUMAET BUJT

m
S X v, =0 (6)
i,j=0 aNJ P.T

Taxum 06pa30M, HU3MCHCHUC YUCJIa YaCcTUl COpTa I B CUCTEME KOMIICHCUDPY -
€TCs M3MCHCHHEM YHcja BakaHcHM. Ecim ducio gactuil INOCTOAHHO, TO H3-
MEHEeHHEe O00BbeEMa CHCTEMBI COTIACHO MNEpBOMY PAaABCHCTBY (5) BO3MOXHO
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TOJBKO TP M3MEHEHHMH 4uclia BakaHcuil. M3 mepBoro cooTHomneHus (5) Ha-
XOJUM, 4TO 9uCIIO 3D PEeKTUBHBIX BaKAaHCHUH B CUCTEME OmpeaenseTcs GopMy-

m
aou Ny = V—ZmiNi ®( , @ o0IIee YUCII0 BaKaHCUH U yacTHL — (HopMyIoi
i=l1

m m
N =N, + ZNi =No+N,=|V+ Z(m 0 —coi)Ni ®( (oOIee Yyucio siueek, Ha
i=1 i=1
KOTOpBIE pa30MBaeTCs BeCh 00BEM CUCTEMBI). Takoi crmocod BBEICHUS BAKAHCHIA SIB-
JACTCA ACKIIApaTUBHBIM MCTOIOM U TpeGyeT TCPMOAUHAMHUYICCKOI'O 060CHOBaHI/ISI.
[TycTh cocTOsIHME CHCTEMBI OITUCHIBACTCSI CBOOOTHOM dHEpruei

F=U-ST, (7)

3HAUYEHHUE KOTOPOM OMpeNesieTcss B3aUMOJAECHCTBUEM U NMaplUaIbHBIMH XapaKTe-
pUCTHKAMU YaCTHII, BXOASAIIMX B COCTaB cUCTeMbl. Hannuue oTTalIKuBaHUs MpU-
BOJUT K MOSIBJICHUIO «CBOOOJHOTO 00BEMay, KOTOPbIH MOXXHO NMPEACTaBUTH Kak
COBOKYIHOCTb WCAJIbHBIX BaKaHCHM, HEB3aUMOJCHCTBYIOMNX HU MEXIY COOOH,
HU ¢ yacTunamu. C [eNbo NOCIEI0BAaTENbHOIO yUeTa BIUSHUS YaCTUL U BaKaH-
cuil Ha BeNMYUHY CBOOOHOM sHepruu (7) paccMOTpUM JBa ciaydas OECKOHEYHO
MaJIoro CMEUIeHHsI U3 MOJIOKEHUS TEPMOIMHAMUYECKOT0 paBHOBeCH: 1) U3MeHe-
HUE CBOOOIHON YHEPTUH 00YCIOBICHO TOJIHKO U3MEHEHUEM BHYTPEHHEH dHEPTUH
(d(ST) = 0); 2) BHYTpeHHS DHEPrusl MPU CMEIICHUH CUCTEMBI W3 TOJIOKCHUS
TEPMOJUHAMHYECKOTO PaBHOBeCHs ocTaeTcss HemaMeHHoi (dU = 0).

N3BecTHO, YTO TEPMOAMHAMUYECKOE PABHOBECUE BO3HUKAET TOIJA, KOraa JOCTH-
ratoTcst Mmexanuueckoe (P = const), TeroBoe (7' = const) u xumuyeckoe (L; = const)
paBHOBecHs. B mepBoM ciiydae CMEIICHHUS U3 MOJIOKEHUS! TEPMOJAMHAMUYECKOTO
paBHOBecCHs C yueToM (2) v BeIpaxeHus 1yt nuddepeHimana SHTpOIN

m
dSz(a—Sj dP+(a—SJ dr+) i dN; (8)
opP T,N; or P,N; j=1 JiJpr
MOJIy4YMM PaBCHCTBO

L as as L
V=Y oN;+T| — dP+|T| — + Y 5;N; |dT +
i=1 opP T,N; or P,N; i=l

m m
+>|T 5 +> N, Oy dN; =0. 9)
J J/pr 1 JJ/pT

W3 (9) BUgHO, YTO OHO MOXKET BBINIOJIHATHCS IIPU PEAIN3ALIUN PABEHCTB

ZmiNi—T(a—Sj =V, (10)
i=l1 opP T,N;
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m
Zs,-Ni:—T(a—Sj , (11)
i=1 or P,N,
m
ZNI' % =-T G_S ) (12)
0 8Nj ON ;
= P,T JJ/pT

PaBenctBo (10) nemMoHCTpUpYET, UTO HE BECh 00BbEM CHCTEMBI 3aHST YaCTHIIAMHU,
T.€. «CBOOOJHBIH 00BEM» OOYCIIOBJIEH MpH TeMmIiepatype I SHTPOMHUEH B3auMO-

JeUCTBYIOIMUX YacTull. Beeas obo3nauenune —7 (—j =myNy (09 — mapuu-
T,N;
aNBbHBIN 00BEM BAaKaHCUU, YHCIIO BAaKAHCHUI paBHO Nj) U pa3aenuB paBeHCTBO (10)

Ha 00BEM cHCTEMBI V, MOXKHO mepenucath paBeHCTBO (10) B BuE yCIOBHS IIJIOT-
HOM YIIAKOBKH

m
wony + Y o =1, (13)
i=1

3aeck ng = No/V u n; = N;/V — IIIOTHOCTH COOTBETCTBEHHO BAKAHCHI U YaCTHI] TH-

na i. Eciu obo3nauuts soNy =T (O_Sj , To paBeHCTBO (11) mepenmmercs B
BUJIE
S = —soMNo, (14)

ClIeI0BaTENbHO, SHTPOINMS BaKaHCHH 00ycCIIOBJIeHa SHTponuel yactull. Bozpacranue
SHTPONMHU YaCTUL] KOMIIEHCUPYETCS YMEHbIIEHHEM SHTPOIMM BakaHCHUIl, U1 HA000-

0 oS
pot. PaBenctBo (12) (mocne BBeneHHS 0003HAYCHUS o o=T . )
J7)p,r JJ)p,T

IIOKa3bIBACT, YTO USMCHCHHUC XUMHNUYCCKOI'O ITOTCHIIUAJIa BaKaHCHUU B 3aBUCHMOCTH
OT YHCJIa YacTHUI] NMPH MMOCTOSHHBIX 3HAYCHUSIX NABJICHUS M TEMIIEpaTypbl 00y-
CJIOBJIMBACTCA AaHAJIOTHUYHBIMU HU3MCHCHUAMH XHUMHUYCCKUX IIOTCHIHAJIOB BCCX
gactul. M3 paccMOTpeHHOTro MaTtepuania ClIeAyeT, YTO B 3TOM Ciydae cUcTeMa
COXPAHACT PAaBHOBCCHOC COCTOAHUC U MOACTPAUBACTCA K U3MCHAIOIIUMCS BHCIII-
HUM YCJIOBHUSIM 32 CUET M3MEHEHHS YMCIIa BAKAHCHI WITH DPHTPOITUH B3aUMO/ICHCT-
BYIOIIUX HCTOYCUHBIX YaCTHUILL (CTaTI/I‘-IeCKOG PaBHOBCCHUC B paMKax sTYCCUHBLIX MO-
neneit B cury yciosust (13)).

Bo BTOpOM Cliy4dac, Korga BHYTPCHHAA OHCPIrusA CUCTCMbI HC MCHACTCA, BbI-
TIOJTHSIETCS] PAaBEHCTBO

m
dU = TdS-PdV + > wdN,; =0. (15)
i=1

Ucnionb3ys (8) u BeIpakeHue i auddepeHimana oobema
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de(é—VJ dP+(6—V] dT+Z(a—Vj dv;, (16)
nepenuiiem (15) B Buge
T(a—SJ _p(a_Vj ap+ T[a_sj _p(a_Vj ar+
aP T,Ni aP T,Nl' 6T P,Ni 8T P,Ni
+> T(a—SJ -P a—Vj +, [dN; =0. (17)
i=l ON; P,T ON; P,T
U3 paBenctBa (17) HaxoauM ClIeAYIOMINE COOTHOLICHUS:
T(a_sj :p(@_Vj , ()
aP T,Nl‘ aP T,Nl‘
T(ﬁj = P(a—Vj , (19)
aT P,Ni 8T P,Ni

I7ie BBEJIEHbl 0003HAYEHUs §; = (ﬁj U o= (8_1/} . PaBenctBo (18) me-
N; P, T ON P,T

PCIUIICM B BUIC

T (oS
——(—j =% 21)
PV \OP )y y,
31eCh Y7 = —%(Z—Zj — ko3 duIMeHT cxumaeMoctu. O603HauMB K03 Puu-
T

1oV
€HT PacUIMPEHUs Yepe3 O p = 7\37 ) npuBeaeM paBeHcTBO (19) k Bugy
P

PV T )p .

CootHomienus (21) u (22) moka3pIBalOT, YTO IHTPOMHUS B3aUMOACHCTBYIONIUX He-
TOYCYHBIX YACTHUI] ONpeaesieT KOIPPUIMCHTH C)KUMACMOCTH H PACIIHPCHHUS.
Takum oOpa3omM, B 3TOM Clly4ae CHUCTeMa IMOACTPAMBACTCS MOJ HU3MEHSIOIIHECS
YCJIOBHS MYyTEM CKaTUA M PaCIIMpeHus (AMHAMUYECKOE PABHOBECHE B paMKax
0OecCTPYKTYPHBIX KOHTHUHYaJIbHBIX Mojeneil). OTMEeTUM, YTO B 3TOM CIIy4ae HET
HEO0OXOAMMOCTH BBEJICHUS BAKAHCHUH.

HccnenoBanHble KpaliHUE cydyau O€CKOHEUYHO Majoro CMEIIEHHUSI CUCTEMBI U3
MOJIOKEHUSI TEPMOJIMHAMHYECKOTO PaBHOBECHS IMOKA3bIBAIOT, YTO NMpU (PeHoMme-
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HOJIOTUYECKOM MOJICIIUPOBAHUH HEOOXOJAUMO YUUTHIBATH J[BA YKA3aHHBIX aCTIEKTa
MOBE/ICHUSI CHUCTEMBI, MPU ITOM MaTeMaThdeckass MOJENb JOJKHA OTOOpakaTb
BO3MOKHOCTh OMHCAHUSI MOBEAEHUS CUCTEMbl C MO3ULMKA KaK sYEEUHOM, TaKk U
OECCTPYKTYPHOM HEPEPHIBHOW MOICIH.

OCHOBHBIMHU MOCTYyJaTaMU HEMPEPBIBHO-PEIIETOYHON MOJENH SIBJISIOTCS Clie-
IYIONTUE JOMYIIEHUsI: 00BEM TOMOTE€HHOHM, OJHOPOJIHOM, 3aKPBITON mM-KOMIIO-
HEHTHOW CUCTEMBI, HAXOJSIIEHCS B TEPMOJMHAMHYECKOM PaBHOBECHUHU, pa30HBa-
eTcsl Ha sueiiku (Turna BurHepa—3eiTiia), B KaKI0W M3 KOTOPBIX PacCIoaraercs
anb0 OJHA YacTHIIA COpTa i, TUOO BaKAHCUS; TYCHKH 00pa3yIoT PEIIETKY MpPOH3-
BOJIBHOM N€OMETPUYECKON CTPYKTYpPBI; BAKAHCHM JAIOT BKJAJ TOJBKO B JHTPO-
MU0, TIPU 3TOM OHU CUUTAIOTCS MJCATbHBIMH, HE B3aUMOJICUCTBYIOIIMMHU HU Me-
KAy cOOOif, HU C YaCTHIIAMM; MaplHalibHasi YHEPTHsl €; YaCTHUI] copTa i 00yCIOB-
JieHa B3aUMOJICHCTBUEM YaCTHUI[ U 3aBUCUT OT TeMIepaTypbl, 00beMa CUCTEMbI U
YHCjla YacTUIl, HO HE BaKaHCHIA.

Ecnu B xauecTBe HE3aBUCHUMBIX MEPEMEHHBIX BBIOpaTh TemmnepaTypy 7, o0beM
CUCTEMBI V' M YMCIIO YacTUIl B CUCTEME NN;, TO TEpMOJAMHAMUYECKOW (yHKIUEH,
OTIMCHIBAIOIIECH COCTOSIHUE CHCTEMBI, OyIeT CBOOOAHASI YHEPTUS

F=-0nZ, (23)

rae 0 = kgT, kg = 1.3805-10'° erg/deg — koHcTanTta bonbiiMana, Z — Goublas
CTaTHUCTUYECKast CyMMa. ByieM cunTath, 4TO0 KOH(DUTYpaIHsl pacipeeeHus Jac-
THI] C TIAPIHATLHON 3HEPTUeH €; (JUTsl BAKAHCUI B CHIIy MX HICAIBHOCTH &) = 0)
10 s'YCHKaM CHUCTEMbI MPH (PUKCHPOBAHHBIX 3HAUCHHUSX TEMIIEPATYPhI, TaBICHUSI
U XHUMHUYECKHX MOTEHIIMATIOB KOMIIOHEHTOB HE HM3MEHSETCS OT OMbBITA K OIBITY.
BeposiTHOCTh 00OHApYKEHHSI YaCTUIIBI B TYCHKE I ONPECTINM KaK p; = exp(—ij.

0
JIeACTBUTENBHO, IIPU YBEJIIMYEHUN ITAPLUUATIBLHON DHEPrUM YacTULBI IO CpaBHE-
HUIO C €€ TEIUIOBOM PHEPrueil BEPOSITHOCTh p; CTpEMUTCS K Hyto. ClienoBareb-
HO, BEPOSITHOCTb OTCYTCTBHSI YaCTHIIbI B BBIICJICHHON sueiike q; = 1 — p;. C yue-
TOM TOXJECTBEHHOCTH YaCTHUI] OJIHOTO COpTa MOJY4YUM Jyis OONBLION CTaTUCTH-
YECKOM CyMMBI BBIPAJKEHUE, SIBIIAIOLIEECS pacnpeaeneHuemM bepuymnu:

m _N. N=N;
_N! pi'q

Z= . 24
NO!H N;! , @9
1= j#0
N
Cornacuo dopmynam (23) u (24) ¢ yuerom dopmynsl Ctupnunra N 'z(—]
e

(TpaHcueHmeHTHOE Yncio e = 2.7182...) cBoOOIHAS PHEPTUS CHUCTEMBI 3a7aCTCs
BBIPAKEHUEM

F=isi(nj)Ni+9§:Niln(%j—6i(N—Ni)ln 1—exp(—‘°’g] . (25)
i=1 i=0

i=l1
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B nonyuyeHHOM BBIpaXEHUU IIEpBasi CyMMa OIPEIEISET BHYTPEHHIOIO DHEPIHUIO,
BTOpasi CyMMa — MPOM3BEACHUE TEMIIEPaTyphl Ha KOHPHUTYpPAIIHOHHYIO YacTh JH-
Tpomnuu (UaeanbHas COCTABIISIIOIIAs CBOOOIHOM SHEPTUH), a TPEThI — MPOU3BEIE-
HHUE TEeMIIEpaTypbl Ha DHTPOIMHUIO B3aUMOJCHCTBYIOMMX dYacTHil. OTMETHM, YTO
BUJ CBOOOTHOM YHEPTHH COOTBETCTBYET BUAY CBOOOJHOM SHEPTUU JJsl TBEPAOTO
tena (cm. [18, ¢. 158]), koraa mapiuanbHas SHEPTHs ONPEETAETCs KOJICOaHUSIMHU
YacTHIl BOJHM3U TOJOKEHUI paBHOBECHSI.

PaccmoTpum mpumeneHue pa3Butoro ¢popmMannzMa K mpolieMe ONMrucaHus Co-

CTOSAHHA 4YUCTOro BCHICCTBA. Ecnu cocrosiaue TOCJICAHETO OMPCACIIACTCA TOJBKO
oF

BHYTpEHHEHN 3HEepruei, To (¢ yueToM ompeneneHus P = —(W

j ) ypaBHEHHUE
N,

COCTOAHUA UMECT BHU

P=—(%j N, (26)
aV T,Nl

MpPUYEM B CHJIY TOCTOSIHCTBA SHTPOIUU U MPHU YCIOBUHU 3HAYUTEIILHOTO MPEBBI-
IICHUST SHTPOIUH B3aUMOJICHCTBYIOIMINX YaCTHI] HaJ X KOH(PUTYPAITMOHHOMW DH-
TPOMHKEN BBIMOJIHAETCS PABEHCTBO

0N, In l—exp(—%lj = FE =const. (27)

Haxons u3 paBencTBa (27) cBsi3b MapLUualbHON dHEPIUU YACTHUL] €] C TEMIIEPATY-
poii, YMCIIOM YacTHI] 1 0OBEMOM CHUCTEMBI (B CHJIy MEpPBOrO COOTHOIICHHS (5)
YHCIIO BaKaHCHH CBSI3aHO C 0OBEMOM CHUCTEMBI) U BBIYHCIISAS YAaCTHYIO NMPOU3BOJI-
HYIO 110 00beMYy OT MaplUalbHON 3HEPTUU YaCTHUll, OJIYyYHM ypaBHEHHE COCTOSI-
HUSI YUCTOTO BEIECTBA

E(DO
exp| —————
- 2
(V —oNy) exp Ewy 1
O(V - CDlNl)
[Ipn BBITOTHEHUN HEpPaBEHCTBA — E% (28) mMoxHO 3anucaTh B BHJE
e(V - (DINl)

MOIUHUIMPOBaHHOTO ypaBHeHUs urepuun [19]:

pe— MO | £ (29)

V- N, oV —oNy) )

CHGI{OB&TQHBHO, YpPaBHCHUC I[I/ITepI/I‘-II/I OIMIUCBIBACT CUCTEMbI, COCTOSIHHUC KOTO-
PBIX ompeaensieTcsl TOJbKO BHYTPEHHEH SHEepruei u mpH 3HAYUTEITbHOM MPEBbI-
[ICHUW HTPONUU B3aUMOJCHUCTBYIOIIMX YacTHUI] HaJ WX KOH(PUTYPAIMOHHOU
SHTPOIUEH.
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Ecimm B moNoKeHHH TEPMOAMHAMUYECKOTO PABHOBECHS (COIVIACHO MPEATIONIONKE-
HHIO O KBa3UKPHCTAUTMIECKOW TPUPOJIE BEIECTBA) BCE YACTUIIBI KOJIECOIFOTCSI OTHO-
CHUTEJIbHO IIEHTPOB Y€K (CTATUUECKOE TOJIOKEHHUE PABHOBECHS), TO B 3TOM CiIydae
SHEPIUsl YaCTHUIIbI 3HAYMTEIIHHO TIPEBBIIIACT €€ TEIUIOBYIO SHEPTHIO, T.€. BBITOITHICTCS
ycnoue g >> 0. O1crona ciemyer, uTo B JII000H PEIeTOYHON MOJETN TPEThel CyM-
Mo B opmyrie (25) MokHO mipeHeOpeub. Takum 00pa3om, B 3TOM MPUOIIKEHUN He-
NPEPHIBHO-PEIICTOYHAST MOJIEITh JIACT JIJIsi CBOOOTHOM SHEPTUH CUCTEMBI BRIPAKECHUE

F=Y¢&(n,)N;+06) N, h{%} (30)
i=l1 i=0

®opmyna (30) ompenmenser CBOOOAHYIO SHEPTHIO CHCTEMBl B TPHOIMKCHUU
000011eHHo pemeTounoi moaenu [14—16]. YpaBHeHUe COCTOSHUS, KOTOPOE Obl-
JI0 TIOJIYYE€HO C MOMOIIbI0 BbhipaskeHus (30), mpu yuyeTe TONbKO MapHBIX B3aUMO-
JIEHCTBUM U COBMAJCHUN MAPIHATBHBIX 00BEMOB BCEX YACTHIl U BaKaHCUHU (wg =
= (; = ®) UMEET BUJ] YPaBHEHUS COCTOSIHUA JUIsl «peleTouHoro raszay [12,13]:

vV

ZQynn + — |, (31)
’Jl co V—coNp

e 1
_ _ v !
3peck N, = ZNZ- — qucno vactuy, O = ;J.Kl-j (¥ —7")dV — cpennee 3HaueHHE
i=1
JIBYXYaCTHYHOTO MOTECHIIMAIA B3aMMOJICHUCTBHS YaCTHII, PACIIOJIOKCHHBIX B TOY-
Kax 7 u r'. Ecin «cBOOOAHBINH 00beM» V' — ON,, 3HAYUTENILHO IPEBBIIACT 00b-

M, 3aHATHI YacTHiaMu N ,, ypaBHenue (31) npuobperaer Bux ypaBHeHus: Bau

nep Baambca nisi MHOTOKOMIIOHEHTHBIX cHcTeM. Ecnmu B psgax MakiopeHa ajist

. 1 .
¢ynkmuii In(1-x)=-x u P ~1+Xx COXpaHHUTb TOJBKO JIMHEHHBIC YJICHBI IO

oN
MOJIBHOIT JI0JIe 4acTHIl X = —= , T0 ypaBHenue (31) IPUBOIUTCS K BHIY
Z Qyn —eNp (32)
yhinj + :
e V-oN,

VYpaBuenue (32) sBnsiercss ypaBHeHHeM Ban nep Baanbca 111 MHOTOKOMITOHEHT-
HOH CHUCTEMBI, €CJIM €TI0 3aIIMCaTh B BUJC

a ON
P=—+ P (33)
Vs V-b
(31mech mapaMeTp B3aUMOJCHCTBUSA a = Z Q;iN;N;, a 00beM, 3aHSTHINH YacTH-
z ,j=1

amu, onpezensercsa popmynon b = oN,). Takum obpasoM, ypaBHenue Ban nep
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Baanbca onuchIBaeT 4MCTHIE BEUIECTBA, /I KOTOPBIX MOYKHO MpeHeOpeyb SHTPO-
MHAEN B3aMMOJEHCTBYIOIIUX YaCTHII.

«["a3omoo0HBIe» MOAETH MMEIOT MECTO B TOM CiIydae, KOrja HmapluajibHas
SHEPrusl YacTUIl 3HAYUTEJIbHO MEHbIIE UX TEIUIOBOM 3HEepruu (IpH BHIOJTHEHUHU
ycnoBus g,(n;) << 0). B KOHTHHYaJIbHBIX MOJENIAX TEPMOIMHAMHIECKOE PABHOBE-
CHe clie/lyeT MOHUMAaTh KaK TaKoe JUHAMHUYECKOE COCTOSHHE CUCTEMBbI, IIPU KOTO-
POM HE HapylIAlOTCsl YCIOBHS TEIUIOBOTO, MEXAHUYECKOTO U XUMHUYECKOIO paB-
HOBeCHUH (CiTy4ail Xa0TUYECKOT0 TiepepacipeiesICHUs YacTUI] B CUCTEME).

B obmiem ciydae corytacHO paBeHCTBY (25) CBOOOHASI SHEPTHUS YMCTOTO BEIIECTBA

NO Np Sp
F=g,N,+6 Noan—i-Npan — 0Ny In| 1 —exp it (34)

CJICAO0BATCIIbHO, C YUCTOM (34) YpaBHCHHUEC COCTOSAHUA UMECT BHU/

os € oe
P=——pr+iln N +—L2 4+ Ng—£, (35)
aV COO NO 0)0 8V
€ 0 x 0
rne € =0In|1—exp| ——£ | |. YuursiBast paBeHCTBO —— = ——— W TPOBOJIA HE-
P Pl P o vax P

CJIOHbIE TIpeoOpa3zoBanus, nepenuiieM (35) ¢ yuerom paBeHcTBa (13) B Buae

P:i[mxzf], (36)
®o
I+ vx
e o= ln( " ) — KoH(urypanronHas GyHkuus, v =2 — 1, A = wy/®, — OTHOLIE-
-X

-1 0 1-x
HHE TIapIUATBHBIX 00BEMOB BAaKAHCHW M YacTUIBI, f =0 —|Ae, ———¢€
ax[ roox P j
GyHKIUS B3aUMOJICHCTBUS. Y paBHEHHE COCTOSHUS YUCTOrO BemiecTBa (36) moka-
3BIBACT, YTO JUISI KOHTUHYAJIBHBIX M PEIICTOYHBIX MOJICICH BUJ| YpaBHEHHS CO-
CTOSIHUS HE U3MEHSETCS, a MEHSETCS TOIBKO Bl (PYHKIIMH B3auMozeicTus. Ta-
KM 00pa3zoM, ypaBHeHHUE (36) MOKA3BIBACT, YTO OCCCTPYKTYpPHBIC HETPEPHIBHBIC
MOJIETIH U STY€EYHbIC MOJENU MPUBOJISAT K OJHOMY U TOMY >K€ YPaBHEHHUIO COCTOSI-
HUs YUCTOro BemiecTBa. Kpome Toro, B ciydae MOCTOSIHHOM (PYHKIIMU B3anMMO-
JIEHCTBUS U MajoWd MOJBHOM JOJMU 4acTHIl ypaBHeHHE (36) mepexoauT B ypaBHe-
nue Ban nep Baansca. CnenoBarensHo, Moaens Ban nep Baanbca siBnsiercs nep-
BOIl MOJIENIbIO, B KOTOPOM HESIBHBIM 00pa3oM ObLT yuTeH TOT (PAaKT, UTO >KHUIKAS
¢aza BemnecTBa OJIM3Ka 10 CBOMM CBOMCTBAM U K rasy, U K TBEpJOMY TEy.
Hccnenyem moBeneHNe BEIIECTBA B OKPECTHOCTH KPUTHUECKOM TOYKHU, KOTOPAs

ap] o*P
- = = 0 mpu yciaoBUM OTpHIa-
ov T=T,

OIpPEACIIACTCA YPABHCHUAMU ( —2
),

TEJILHOCTH TPEThEH MPOM3BOHOM OT AABJICHUS 110 00BEMY CUCTEMBI TIPY KPUTHUYECKOM
temmneparype T,. [lepetinem B ypaBHeHnu (32) k Oe3pa3zMepHbIM BETHUMHAM
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P
n=%:a+x2f. (37)
Ox
C yderom Toro ¢axra, 4TO 7 # 0, u ypaBHeHus coctosiHus (37) moiny-
T=T,

c

quM

oc'+2yf+y2f'=0,
oc”+2f+4yf'+y2f”=0,

rae o' = A/B, o = Xy/BZ, B=0-»A+vy),y=1-v(l —2y), y— KpuTuieckas
MOJIbHAs A0JIA YacTHl, /' u f" — mepBas U BTOpasi MPOU3BOJAHBIE OT (PYHKLUUHU
B3aUMOJICCTBUS TI0O MOJIBHOM Joiie. Tak kak Bu (PYHKIIMH B3aMMOJICHCTBHUI He-
U3BECTEH, TO HEU3BECTHHI M 3HAYCHUS €€ MIEPBOM M BTOPOI MPOU3BOJIHBIX B KPH-
Thyeckord Touke. Cuctema ypaBHeHuil (38) Oyaer 3amkHyTa, eciu (YHKIHS
B3aMMOJICHCTBHIA, HAPUMEp, MOCTOsIHHA. KpuTHdeckas MOIbHAs OISl YaCTHIL )
CBsI3aHA C APaMETPOM A ypaBHEHUEM

(38)

a'—a'y=0, (39)
pemienue kotoporo (39) umeer BUj
3y-1)(y-1
W) [Chaly (40)
y@y=2)

Tak xak mapamMeTp A IMOJIOKHUTECIJICH, KPUTHYCCKAd MOJIbHAA OO 4aCTHULl ) U3ME-

HseTcs cornacHo (40) B mpenenax ot 1/3 1o 2/3, 9T0 COOTBETCTBYET JaHHBIM, ITO-
Jy4eHHBIM B paMmKax o0oOmieHHOU pernierouHoit mozaenu [14—16]. Kputuueckas
C)KMMAEMOCTh BEIIIECTBA B ATOM ClIydae onpeaessiercs: GopMynoi

_ RV 1) oy
¢ N6, Ax 2

(41)

OKCIEpUMEHTAIbHbIE 3HAYEHUS] KPUTUYECKON COKMMAEMOCTH I Pa3IudHbIX pe-
aJbHBIX ra3zoB jexar B npeaenax ot 0.21 go 0.31. DTtum BeanunHaM COrjaacHo co-
OTHOIIEHUIO (41) COOTBETCTBYIOT 3HAYCHHS TapameTpa A oT 6 10 14, T.e. ABIAIOT-
Cs1 3aBBIILICHHBIMHU 10 OTHOIICHUIO K eauHuLe. Kpome Toro, kak ObUIO MOKa3aHO B
pabote [16], ypaBHEHHE COCTOSIHUS B 3TOM CJIydae XOPOIIO OMKMCHIBACT pPeaIbHbIE
ras3bl BIUIOTh JJO KPUTUYECKON TOUKH U TUIOXO — XKHUJAKYIO (a3y.

Ecnu pononHuTh omnpeneneHUe KPUTUYECKOM TOUKH OOpalieHHMeM B HYJIb
TpeTheil MPOU3BOIHON 10 00BEMY MPH KPUTUYECKOH TeMIepaType U npeHeOpeub
BTOpOil 1 0Oojiee BBHICOKMMH MPOU3BOJHBIMU OT (YHKIUU B3aUMOJEHUCTBUS IO
MOJIBHOM J10JI€ YacTHull, TO ypaBHeHuE (39) 3aMeHseTCsl ypaBHEHUEM

nr 2
oc'—oc”y+—a 2y =0 (42)
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2
2M(VB+
(3mech o' = M). Jlerko mokaszaTh, 4TO ypaBHEHHE (42) BEIIECTBEHHBIX
pelieHnit He uMmeeT. JlonoaHss onpeneneHne KpUTUIECKON TOUKH PAaBEHCTBAMU
&°P a'p
— =|—= =0 (43)
ov r-T, ov 7T,

5
(pu yCIIOBUU YCTOWYHBOCTH — <0) u npenebperas TpeTbel u Oomee
ov
T=T,
BBICOKMMH IIPOM3BOJIHBIMU OT ()YHKIIMU B3aUMOAEHUCTBUI MO MOJIBHOH J0j1€ Yac-
TULI, TTOJIy4aeM BMecTo (42) ypaBHEHUE
.2 v _3
o
o —ayr 22X o, (44)
2 3!

w_ OM(QvB+y?)

rae o 5 1 . BemiectBennblii kopeHb ypaBHeHUs (44) 3a1aeTcs BbI-
pakeHHEeM
3\/_q+@+3\/_q_r-b
d=1+12 2 3a (45)
y
2 3 3 2
snech D:(zj +(£j g2l be  d 300t 108 2007 -
2 3 274> 3a° «a 3a

3 2 3 2 3 2
—15x+4;b=-20x" +35x" —24x+ 6; c=—15x" +24x" —6x +4;d=—-4x + 6x" —
—4x + 1. Jlnsa yka3aHHOTO BBILIE IPOMEKYTKA U3MEHEHUSI KPUTUYECKOU CoKMMae-
MOCTH peaJIbHbIX ra30B, KOTOPas B 3TOM cilyyae onpeaessercs GopMyaon

ZC :L o anyZ amy:’v ~ 0(‘IVy4
Ax 2 3 8

_l_

(46)

KpUTHUYECKasi MOJIbHAS IO coryiacHo (44) nexut B mipeaenax ot 0.49 go 0.501,
IIPY 3TOM B COOTBETCTBHU ¢ (popmyniamu (45) u (46) 3HaueHHs mapameTpa A Ipu-
HaJuIe)KaT IpoMexkyTKy oT 0.9959 no 1.0004, T.e. mapameTp A OJMU30K K €IUHUILIC
JUIS BCEX peaibHBIX ra3oB, YTO COOTBETCTBYET pa3OMEHMIO BCEro 00BbeMa CHUCTE-
MBI Ha STYEUKU IPAKTUYECKHA OJMHAKOBOTO pa3Mepa.

B 3akiroueHue 0TMETHM, YTO C YYETOM BBIIICHU3IIOKEHHOTO MaTepuana (GpyHK-
1S B3aUMOJIEUCTBUS B OKPECTHOCTH KPUTHUYECKON TOYKHA UMEET BUJ YacCTU Psiia
Tennopa

=M+ OMkx-y)+

2

f()x = p)?
2
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r7ie 3HaYeHUs (YHKLUUHU B3aUMOJICHCTBHSA, a TaKXKe €€ MEepBOMl U BTOPOU MPOU3-
BOJIHBIX B KDUTHUECKON TOUKE ONPEIEIAIOTCS PopMyIiaMu

"

_d'w  a"Gy oyt L o) o)y
f(y)= 5 + 3 < )= 5 + 5

N A 6))
Sy = T

2

VYpaBHeHHE COCTOSIHUS BELIECTBA B OKPECTHOCTH KPUTHUECKON TOUKH MPU 3TOM
MPUHUMACT BUJT

2 3 4
X X X
_o 207 %Y Qe

2

2 3! 4!
1€ BEJINYUHBI
Q0 v "Dy 93 s Qs _ ')
5 =fm-1r»y+ SRR =fM-r"Oy, TR

B COOTBETCTBUHU C 00O0OIIEHHOHN pemeTodHor Mojaenbio [14—16] MoxxHO MHTEp-
NPEeTHUPOBATh KaK MapaMeTphl, OTOOpa)Xarollue JByX-, TPEX- U UYETHIPEX4acTHU-
HBIC B3aUMOJICHCTBHUS YaCTHII.

BriBoabI

HenpepbiBHO-penieTouHass Mozeb, 0a3upyrolascs Ha OYEBUAHBIX (u3NYe-
CKMX JIOIYILEHUX, 1aeT BO3MOKHOCTb pacCMaTpUBaTh TEPMOJUHAMUYECKOE PaB-
HOBECHE CHCTEMBI KaK CO CTaTUYECKOM (peleToyHas MoJelb), Tak U ¢ AUHAMU4e-
CKOH TOueK 3peHMsl (KOHTHHYalIbHasl MoJelb). [IpennoxkeHHas Moenb HE TOJIBKO
COJIEP’KUT paHee MOITYUYCHHBIE PE3YJIbTaThl, HO U OTKPBIBAET HOBBIE BO3MOKHOCTH
u3y4eHHsi OECCTPYKTYPHBIX U PEHIETOYHBIX MOJEJIeH MHOTOKOMIIOHEHTHBIX CHC-
TeM. YpaBHEHHs COCTOSHMSI YHMCTOIO BEILIECTBA, MOJYYCHHbIE B paMmKax 0000-
IIEHHOW PEIIeTOYHON MOJIENN B MPUOIMKEHUH MAPHBIX B3aMMOJICHCTBHIA U B He-
IIPEPBIBHO-PEIIETOYHON MOJEIH, MPUBOIAT K OJHOMY M TOMY K€ YPABHECHHIO.
OtmeTHM, YTO MPU ATOM UJEHTUYHBI YPaBHEHUS, CBSA3BIBAIOLIME OTHOIIECHUE Map-
UAJIbHBIX 00BEMOB BAKAHCUHU U YAaCTUIbl C KPUTUYECKUM 3HAUYEHUEM MOJBbHOMN
oy yactull. [lepeonpeneneHue KpUTUYECKON TOYKH C YYETOM PABEHCTBA HYJIIO
TpeTbel U YETBEPTON MPOU3BOAHBIX OT AABJIECHUS IO 00BEMY CUCTEMBI IPH KPUTH-
YeCKOM Temmeparype NPUBOJUT K TOMY, YTO OTHOIIEHHE MAPIUAIBHBIX 00bEMOB
BAaKaHCHM U YaCTHUIbl CTAHOBUTCA OJIM3KUM K €IMHMIIE, @ KPUTUYECKas MOJIbHAs
nonst yactul — K 0.5. [lomyueHHble pe3ysibTaThl MOTYT OBITh MCIOJIB30BAHBI KaK
JUIS TIPAKTUYECKUX PacueTOB, TaK U IPH IOCTPOCHUN TEOPUH KUJKOTO COCTOSHHUSL.

1. Vpasnenus cocrosinus ra3oB u xunakocteit, Hayka, Mocksa (1975).
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S.V. Terekhov

A CONTINUAL-LATTICE MODEL OF MULTICOMPONENT SYSTEMS

New phenomenological model of multicomponent solutions is proposed for studying their
thermodynamic equilibrium from static and dynamic points of view. In the static ap-
proach the particles vibrate near the equilibrium position inside the Vigner—Zeitz cells
forming a geometric lattice. In the dynamic version of thermodynamic equilibrium of a
multicomponent system the thermal energy of particles is in excess over the partial en-
ergy, i.e. there is a chaotic redistribution of particles and vacancies (a continual struc-
tureless model). Investigation of the characteristic equation for a pure substance in the
vicinity of a critical point (defined classically) shows the results obtained within the gen-
eralized lattice model and the proposed one to be identical. This case corresponds to in-
creased values of the ratio of partial volumes of vacancy and particle. Revaluation of the
critical point gives a physically correct result: a closer size of vacancies and particles.
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PACS: 81.70.q, 81.40.Jj

KL l‘nyxosa1, AA. I'J'lyxos2

OB ANITOPUTME PACYETA MONEWM KOHLUEHTPALIMW BOOOPOLA
B NATNTAOVEBBLIX MNACTUHAX MNP X OAHOCTOPOHHEM
HACbIWEH BOOOPOOOM

1)II,OHe|_|,|<|/u7| HaLMOHamnbHbIN TEXHUYECKUIA YHUBEPCUTET
yn. Aptema, 58, r. loHeuk, 83000, YkpanHa

2Yl<pav|HCI<vu7| rocy4apCTBEHHBIN Hay4YHO-UCCregoBaTeNbCKUA 1 NMPOEKTHO-
KOHCTPYKTOPCKUA MHCTUTYT FOPHOW reonormmn, reoMexaHvku 1 MapKLuiengepckoro aena
(YkpHVMW) HAH YkpauHbl

yn. YentockuHues, 291, r. JoHeuk, 83121, YkpauHa

Crartbs noctynuna B pegakuuio 19 sHeapa 2005 roga

H3n001cenvl 0cHOBHbIE ACneKkmbl Memooa pacyema nojis KOHYeHmpayuu 6000pooa U nojst
VAPY2UX HANPSIJICEHUN 8 RALIAOUesbIX NIACIUHAX NPU UX 0OHOCHOPOHHEM HACHIUeHUU
68000p0O00OM.

B cBsA3u ¢ pa3BUTHEM BOJOPOAHOW DHEPrETUKU U BOJOPOIHBIX TEXHOJIOTUH
MIOCTOSTHHO BO3pAcTaeT MHTepec K mpoljemMaM B3aUMOJACHCTBUS BOJIOpPOJAA C Me-
TaJIJIaMH, OTIPEAEIISIONIETO IIUPOKOe U 0e30MacHOe BXOXKICHHE 3TUX TEXHOIOTUN
B ’KM3Hb. B3aumoBnusHue nepepacnpesiesieHusi aToMOB BOJOpOJia M YIPYTrHX Ha-
NpPsOKCHUH BBI3BIBAET B CHUCTEMAax METAUI-BOAOPOA psin 3¢ddekroB, KoTOpbie
MOXHO paccMaTpuBaTh KakK pa3jIMuHbIe TPOSIBICHUS Boaopoaoynpyroctu [1].
Cpenu nux 3¢dexr I'opckoro [2], nmuddysnonno-ynpyruit apdexr Cronu [3,4],
«uphill»-3ddexr [5,6], Ha3BaHHBIN BIIOCIEeACTBUN UMeHEM JIbtonca u np. [1naHo-
MEPHOE U3YUYEHHE SIBIECHUS BOJOPOAOYIPYTOCTH BEAETCS B CIIELUAIN3UPOBAHHON
npoOjeMHO# mabopaTopun, co3gaHHoW Ha kKadenpe ¢usuku J[oHEIKOrO Harmo-
HAJILHOTO TEXHUYECKOTO YHUBEpcuTeTa. B paMkax mccienoBaHuid ObUT SKCHIEpU-
MEHTAJIbHO YCTaHOBJIEH U T€OPETUYECKH OOOCHOBAH Xapakrep (popMon3MEeHEHUs
NaJIaAMEBbIX IUIACTUH MPU OJHOCTOPOHHEM HACBHILIEHUM BOJOPOJOM M IOCIHE-
nyromel nerasanuu. B yactHocTH, OBIIIO U3YUYEHO BIMSHUE JaBICHUS BOJIOPOJA B
COYETaHUH C U3MEHEHUSMH TeMIIEpaTyphl Ha OOLINI X0 U XapaKTEPUCTHKH JaH-
HBIX TporeccoB. OCHOBHBIE Pe3yJIbTAaThl IOCTATOYHO MOAPOOHO OMYyOJIMKOBAHbI B
1eJIOM psAfe paboT Kak B YKpauHe, Tak u 3a pyoesxom [7—11]. IIpu yuactuu cre-
[IMAJTUCTOB OTJENa KOMMBIOTEPHBIX TexHoJoruid mHcturyta YKkpHUMMU (1. o-
HellK) OblJIa pelieHa akTyalbHas 3ajada — pa3paboTaH METOJl pacyera Mojei KoH-
LHEHTpalMU BOJAOPOJA U HANPSIKEHUH B MajUIaJUeBBIX IJIACTHHAX MPH UX OJIHO-
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CTOPOHHEM HacCBILIEHUH BOAOPOAOM. OCHOBHBIE aclEKThl JAHHOTO METOAA U3JI0-
JKE€HBI B HACTOSIIEN CTAThE.

B pa6ore [10] moka3aHo, 4T0O H3MEHEHHE KOHIICHTPAIMOHHOTO TOJII BOJOPO/Ia
B TBEPJOM Telie, 00YyCIOBIEHHOE TPAJAMEHTOM KOHIEHTpPAlMu BOJAOpOJA W Je-
dopmanueit 3Toro Tena, a Takxke oOpaTHbI dpdekT (nedopmanys Tenaa, BO3HU-
Karolas He TOJIbKO OT MEXaHWYECKUX, HO U OT BOJOPOJHBIX BO3JCHCTBHII) OMU-
CBIBAIOTCs CBA3aHHOM CUCTEMOU ypaBHEHUH. I €€ pelIeHHs] IPUMEHEH YUCIICH-
HBI METOJI KOHEUHBIX Pa3HOCTEH, peAIN30BAHHBIN B BUJE CIICIIUATU3UPOBAHHOIO
nporpaMMHOro obecneueHus. PaccMoTpuMm moapoOHee HMCIONb30BAaHHBIM B HEM
AITOPUTM KOHEYHO-PA3HOCTHOM anmnpOKCUMAaIUK.

st omHoMepHOW Auddy3un ¢ U3MEHEHHEM KOHIICHTPAIMH BOJOPOJa BJOJIb
KOOPAMHATHI X CUCTEMA YPaBHEHHUI BOAOPOAOYNPYrocTH puHumaeT Bus [10]:

2
07c 1 dc (37L+2M)WBCC(Q%} _0,

Do ox o

1
o2 Dot D M

0%u,  (3h+2p) Loc _
ox? D ox

(%+2u) 0, )

IJie Uy — IPOCKIIHS BEKTOpa NepeMeleH s Ha OCh X; A U | — K03 uuuents! Jla-
Me; W — KO3 PUIMEHT TUHEHHOTO paclIupeHus MeTallIa TIPYU PACTBOPEHHUH BOJIO-
pona; D — koadduruent auddysun Bomopoaa; B, — BOIOPOIOEMKOCTh. BBeaem
cieayromue 0003HAYCHMS:

S=A+2u,

3)
0= G(3K+2u)w,

H=0B,.

Torma cuctemy (1), (2) MOXHO 3amucaTh B BUIC

2
oL 6% 1 (Q&‘XJzo, (4)
oxr ot ox ot

o%u oc
S X L 0—=0. 5
P an (5)

[TockonpKy MpH pelieHny 3aJauu IpeArnoaraeTcsi, YTo KOHIEHTpalus BOIOpoa
U3MEHSIETCS BJOJb OAHOM KOOPAWHATHI, Ui pean3alid KOHEYHO-Pa3HOCTHOTO
MOJX0Ja MOYKHO HCHOJIb30BaTh PaBHOMEPHYIO LIEMNOYKY M3 PACUETHBIX Y3JIOB,
PAaCON0KEHHBIX IO CEUYEHUIO TUIAaCTUHBL. [[puMeHsist mpaBuiia 3aMeHbl IPOU3BOIHBIX
KOHEYHBIMHU PA3HOCTSAMH, Ui KaXIOr0 W3 Y3JIOB 3allMIIeM COOTBETCTBYIOILIUE
anreOpanyeckrie ypaBHEHUS, B KOTOPHIX B KAueCTBE HEU3BECTHBIX BEIUYMH
BBICTYIIAIOT CMEILEHUS U KOHLIEHTPALIUHU B PACCUMTHIBAEMbIf MOMEHT BPEMEHHU.
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Jyist aTOTO pa3aenuM ceYeHHe MIACTUHBI Ha M y4acTKOB, TOJIIMHA KaXKOTO U3
HUX Ah = h/M. Jlaniee B KOHEYHO-PA3HOCTHBIX COOTHOIIEHUSAX JUIsi 0003HAYEHUS
MOMEHTa BpPEeMEHHU OyJIleM HCIOJIb30BaTh MHJEKC p, a Ui 0003HAUCHUsSI y4acTKa
10 TOJIIIMHE TUIACTUHBI — m. Tor/a ¢ y4eToM TOTo, 4TO JJIsi OJTHOPOTHOTO 00pas-
1[a MOXKHO CUUTaTh Kod(hduimeHTs! (3) He 3aBUCALIIUMHI OT BPEMEHHU U OT PacIio-
JIO’)KEHHSI y4acTKa, COoTHOIeHUs (4) 1 (5) MOKHO MPUBECTH K BUIY

LY p PP G\ p+l_p
(EJ (cm+1—2cm+cm_1)+(A—t)(cm —cm)+

H | 1
! ( 2AhAt j Ci (uzil B uitl - u£+l + u;ﬁ—l ) =0, (6)
S p+l p+l p+l 0 prl pl)
W(”mﬂ =2y + U1 ) + m (cm+l “Cm-1 ) =0, (7)

rae At — mar mo BPEMEHM, a MHACKCHI X OMYIIeHbl. B JaHHBIX COOTHOIICHHSX
JTOJKHBI BBIYUCIISITHCS TTapaMETPhl C UHAEKCAaMH p + 1, MOCKOJIBKY OHU O3HAYAIOT
HMCKOMBIE BEJIMYMHBI B PACCUUTHIBAEMbI MOMEHT BpeMeHHU. JIerko BUAETh, YTO
cooTHoieHus (6) u (7) IMEIOT CMBICH TOJBKO st m = 2, ..., M — 1. Takum oOpa-
30M, ISl perieHus 3a1auu o nuddy3nun Bogopoaa B IUIACTHHE MbI UMEEM CHCTEMY
2M —4 ypaBHenwuii ¢ 2M HensBecTHbIMH. HepocTaromue ypaBHeHus: Oy IyT MOJTy-
YEHbI U3 HAYaJIbHBIX U TPAHUYHBIX YCIOBUH.

ITo ycnoBusiM MOCTaBIEHHOW 3aa4M B HAYAJIbHBIA MOMEHT BPEMEHU KOHIIEH-
Tpauusi BOJOPOJia B IUIaCTUHE paBHa Hyt0. HadanbHOe pacnpeneneHue KOHIEH-
Tpaluu U CMENICHUH 1O TOJIIHUHE IJIACTUHBI MOKHO 3alUCaTh B BUE

h h
c(x,0)=0 mus —ESxSE, o
u(x,0)=0 nns —ﬁﬁxsﬁ.
2 2
J11 KOHEYHO-PAa3HOCTHOM CXEMBI ATO YCIOBHUE MOXKHO MEPEIUCATh:
=0, ud =0, tnem=1, ..., M. 9)

Kak 6b1u10 otMedeno B [10], mpu pe3koM M3MEHEHUH JaBIEHUS BOJIOPOAA €ro
KOHIICHTpAIMs Ha BXOJHOW MMOBEPXHOCTH obOpasma (x = —//2) u3MeHsieTcst ObICTpo,
HO HE MTHOBEHHO, U CIIPABEIJIMBO BBIPAKEHUE

c(—g,tj:co(l—e_m). (10)

Cormacno paborte [12] ¢ onpenensieTcss u3 ypaBHEHUS

2
ln& 17q =2InKg,

Co
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rae Py = 0.1 MPa; Kg — xoHctanTta CuBeprca; P — JaBlieHHE BOJIOPOAa B KaMepe.
Jnist mog00HOM cXeMbl pelIeHus TaHHOE BhIpaKEHHE MOKHO 3aIiucaTh B BUJIE

C1p+1 :CO (l_e—OL(p-l—l)Al‘)' (11)

Bropast rpanuna (x = 4/2) HenpoHuiiaema Jijisi BOAOPoaa. ITO 03HAYaET, YTO Bep-
HO CJIeIyIOlIee COOTHOIICHHUE:

dc
Da x=h/2 =0 (12)
HNJIN B KOHe‘{HO-paSHOCTHOM BHUJIC
e~ =0. (13)

st naHHOW 3a7auM B HadaJdbHBIH MOMEHT B OOpaslle BOJOPOJHBIC KOHIICH-
TPalMOHHBIE HANPSIKEHUsI PABHBI HYJIO, a MOBEPXHOCTHBIE CHJIBI OTCYTCTBYIOT
[10]. ITocne pe3koro yBenUYeHUs JABICHHS BOJAOPOJA BHYTPEHHHME HANPSKEHUS,
00yCIIOBJICHHbIE HEOJHOPOIAHBIM pacIpeieIeHHeM BOIOPOAa, B JIIOOOM Monepey-
HOM CEUYCHHH CTEP>KHS JOJDKHBI B3aMMHO YPaBHOBEIIUBATHCS MPU U3rHOE Iia-
ctuHbl. COOTBETCTBEHHO JOJKEH OBITh PAaBEH HYJIO CYMMAapHBIN W3THOAOIINMA
MOMeEHT. C y4eToM 3TOro CMELIEHUS YOBIETBOPAIOT COOTHOILIEHUSIM:

1 h/2 ou W h/2
— | (— X}LV—— (c(x)—c;)dx =0, (14)
v o ox 1—2\/_h/2
1 h/2 ou W h/2
— | (— x}xdx—— (c(x)—c;)xdx=0. (15)
v o ox 1—2\/_h/2

B xoHE4YHO-pa3HOCTHOM BHJIE ISl PACCUUTHIBAEMOT0 MOMEHTa BpemeHu (14),
(15) MoxHO 3amucaTh Kak

1 p+l p+l w < +1 w +1

~(uf ) - e e el =0, 16

v(“M U ) oy mZICm oy M (16)
IM_I p+l p+l w M1 2 1 w 2 1
— E ulT —ul™ \mh— E mhecP™ + —— L7l 17
vmzl(’"“ " ) v oy M (1)

Cootnomenus (6), (7), (9), (11), (13), (16), (17) B cCOBOKyIHOCTH INpPEACTAB-
JSI0T coboii cuctemy 2M — 4 anreOpanyecKkux ypaBHEHHI ¢ 2M HEW3BECTHHIMH,
KOTOpasi MO3BOJISET PACCUMTBIBATH PACIPEACICHUE KOHLEHTPALUU BOJOPOAA B
METAJIJIMYECKON TUIACTUHE B IIPOLIECCE €€ HACBILICHMS MIPU 3aJaHHBIX HAaYaJIbHbBIX
Y TPAaHUYHBIX YCIOBUSX.

PemuB cucteMy ypaBHEHMI C TAKUMH YCIOBUSAMU U 3HAasl paclpeiecHue KOH-
[EHTpallyd BOJOPOJa B 00pasie, MOXHO ONpPEICITUTh paanyc KPUBH3HBI R U
crpeny nporuda miactuHsl Ay. Ilonaras, 4To 10 HaChIIEHHUs: BOAOPOJIOM B IUIACTHHE
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He ObUI0 BHYTPEHHHMX HANpPSDKEHUH, a TakkKe, YTO paclpesiefieHue KOHLEHTPAIUU
BOJIOPO/IA O TOJMIIMHE 00pa3la 1 pacrnpeielieHle BHYTPEHHUX HAapsKEHUI BO BCeX
CEUYCHUSIX O/IMHAKOBBI, U3TMO IUIACTHHBI MOXKHO CUMTaTh PaBHOMEpHBIM. Torma rmo-
cie nedopmauuu oHa OyAeT MPENCTaBIATh AYTY OKPYKHOCTH, PagHyC KOTOPO
MOYKHO OIIPEIEIIUTH KaK

R=-" (18)
Acw
re 4 — TONIIMHA MIACTHHBI, Ac — pa3HOCTh KOHIEHTPALUH 10 TOJIIINHE TUIaCTH-
HBI, W — KO3 UIMEHT JTMHEHHOTO pacUIMpeHHsT MeTaljia Py PacTBOPEHUU BO-
nopona. M3 teopum ynpyroctu [13] u3BecTHO, YTO JUHUA WM3THOA TPOIOJIBHBIX
BOJIOKOH TUJTACTHHBI (IJI1 MaJIbIX M3TMO0B KOHCOJBHO 3aKPEIUICHHOW IIACTHUHBI)
BBIpakaeTcs nuddepeHImanbHbIM YPaBHCHUEM

d?y 1 M

& R EJ’
rae M — narubaromuit MOMEHT, £ — MOJlyJib yNIpyrocTH, J — MOMEHT MHEpLUH Ce-
yeHus macTuHbl. C yuetoM BoipaxkeHus (18) mosydaercss ypaBHeHUE

dx? h
ITociie MHTErpUPOBAHMS TOTO YPABHEHHMS, IIPHHUMAs BO BHUMAHHUE YCIOBHS
3aKperIeHus MIACTHHBI, HMEEM

dz_y_Acw

_Acw 2
Y= on

(19)

VYpasuenue (19) onpenenser KOOpAWHATHI MPOU3BOJILHON TOYKH TUTACTHHBI Ha
PACCTOSAHHUU X OT MCCTa 3aKPCIIJICHUS. I[JISI CBO60,Z[HOF0 KOHIIAa IUIACTUHBI CTPEITY
nporuba y o6o3nauum Ay, u ypaBaenue (19) mpumer Buj

_Aow (20)
2h

Ay
rae L — koopauHata cBoOoaHOTO KoHIa racTuabl. CootHomenue (20) Obu1o uc-
MOJIb30BAHO IS pacyeTa Ay B 3aBUCUMOCTU OT BPEMEHHU.

IIpoBeneHHbIE pacyeThl paclpeieieHNs] KOHIIEHTPAIMM BOIOPOAa 110 TOJIIINHE
IUTACTUHBI MPU €€ OJHOCTOPOHHEM HACBIIIEHUHU IMOKa3ajid, 4TO B XOJI€ IKCIIEpH-
MEHTOB B pe3ylibTaTe 3ameUieHuss Tu¢@y3HOHHOTO Ipolecca BbIPABHUBAHUE
KOHIIGHTpAIlMi BOAOPO/Ia MO TOJIIHMHE IacTUHbI (3a Bpems 30—40 min) He mipo-
ucxomut [8—10]. B To ke BpeMms mpu yucto Iu(p(y3MOHHOM HACHIIICHUH IS
temnepatyp B uatepBaie 150—100°C nmporiecc HaChIIEHHS TIIIACTUHBI BOJIOPOAOM
yepe3 5—10 min 3aBepiuaeTcst MOJHBIM BHIPAaBHUBAHHEM KOHIICHTPALIUU BOJIOPOJIA
0 TOJIIMHE MIAcTUHBI (pHC. 1). BbuiM paccunTaHbl U COMOCTABIEHBI C PealIbHbI-
MU BpEMEHHbIE 3aBHCHUMOCTU CTpelsbl mporuba obpasua (puc. 2), 3aBUCUMOCTH
MaKCHMaJIbHOTO (POPMOM3MEHEHHS U €r0 COCTABIISIIOIINX OT JaBJIEHUSI BOJOPOIa,
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Puc. 1. BpemeHHass 3aBHCHMOCTH KOHIICHTPAIMU BOJIOPOJA C; B TMPHUIIOBEPXHOCTHBIX
CJIOSIX HETIPOHUIIAEMON CTOPOHBI MeMOpaHbI: | — BOJIOPOIOYIIpyTast MOJelb, 2 — nuddy-
sust 1o duky; 100°C u Py, = 6 10° Pa [10]

Puc. 2. Bpemennast 3aBucuMocTs crpensl npornda odpasua npu 150°C u Py, = 9-10* Pa

[10]: I — skciepuMeHTaIbHas KpuBas [8,9], 2 — paccunTaHHas MO BOAOPOAOYHPYIrod Mo-
nenu [1,7,10]

3aBHCHUMOCTH OCTaTOYHOTO (POPMOM3MEHEHUS! OT TeMIepaTyphl MPU OJMHAKOBBIX
BOJIOPO/IHBIX BO3JICUCTBHSX, KOT/Ia B IPUIMIOBEPXHOCTHOM CJIO€ BXOJHOM CTOPOHBI
TUTACTHHBI YCTaHABIMBAJIACh OJMHAKOBAs KOHIIEHTPAIHsI BOAOPOAa. BeisiBIEeHO, UTO
npemaraemasi B padorax [1,7,10] Bomopomoymnpyrass MOJelb Ha KauyeCTBEHHOM
YPOBHE MPaBUIBHO MPEACKA3bIBAET X0 BPEMEHHON 3aBUCUMOCTH CTPEJbI MPOruda
TUTACTHHBI, a TAK)Ke TEHACHIIMU B M3MEHEHUU MaKCUMAILHOTO (JOPMOU3MEHEHUS U
€ro COCTaBJISIIOIIMX B 3aBUCHMOCTH OT TeMIIEpaTyphl U TaBJIECHUS BOJOPOIA.

[Tpu BEIOOpPE HHCTPYMEHTA JIJISL YMCIICHHOTO PEIICHHUsSI CUCTEMBI OBLT IPUHST BO
BHHUMaHUE TOT (DaKT, 4TO XOTA CHelHaTu3upoBaHHbIe nmporpammsl (Maple, Math-
Cad, MathLab u 1p.) ¥ TO3BOJISIIOT MOJYYUTH PEIICHUE, HO OHU HE JJAI0T BO3MOXK-
HOCTH OTIEPAaTUBHO MPOBOIUTH OIEHKY TOYHOCTH M MPAKTUYECKH HE TMO3BOJISIOT
OLICHUTh BKJAJl MOTPEIIHOCTEH pa3HOW MpUpoAbl B obiiee pemienue. ['naBHoe,
OHM HE pemaroT MpooJieM, CBA3aHHBIX ¢ HAKOIUICHHEM U TOCIIEaYyIOIIei 00paboT-
KOH pe3yJIbTaTOB YUCIIEHHOTO MOJIEIMPOBAHUS. DTO MOCIYKUJIO OCHOBHOU IMpH-
YUHOU pa3pabOTKU BHIIIEIPUBEIEHHOTO anroputMa. UToObl yAOCTOBEPUTHCS B
BO3MOXKHOCTH €T0 MPUMEHEHHMs JUIsl pEIIeHUs MTOCTaBIEHHOM 3a/1a4uM, ObLIN Mpo-
BEJICHBI KOHTPOJbHBIE BEIYMCIICHUS, B TOM YHCIIE JIsl TPEACIIBHOTO Ccirydasi, OJn3-
KOro K uuctoil nuddysum, a Takke cpaBHEHHE PE3yJbTaTOB 3TUX PACUYETOB U
pacueToB ¢ ucnojib3oBanueM Maple 5.0. Boicokast cTeneHb TOYHOCTH (OTJIMYUE OT
YUCJICHHBIX 3HauUeHuit 171t Maple 5.0 ot 1 1o 5%) nmo3Bonmiia caenaTh BEIBOJ, YTO
pa3paboTaHHas TporpamMma sIBJISIETCS BIOJHE MPHUTOAHON Ui pelieHHs 3anad,
MOCTaBJICHHBIX B HACTOSAIIEH padoTe.

[Ipu pemieHMH CUCTEMBbl BO3HUKAIOT MOTPEIIHOCTH, CBA3aHHBIE C KOHEYHO-
pa3HOCTHOM annpokcuManuei. OHM UMEIOT pa3HbIi XapaKTep U BEIMYHHY CBOETO
nposiBnieHus. HazoBeM OCHOBHBIE W3 HUX. BO-TIEpPBBIX, 3TO COOCTBEHHO IMOTpEIII-
HOCTh KOHEYHO-PAa3HOCTHOTO MPEACTaBICHUS YAaCTHBIX MPOU3BOJHBIX BO BHYT-
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PEHHUX y3JaX CUYETHOH pelIeTKH; BO-BTOPBIX, MOTPEUTHOCTh MOJICIUPOBAHUS pe-
HIEHUS B KpPaeBbIX Y3llaX, BO MHOTOM OIpejaensieMas TPaHUYHBIMU YCIOBUSIMHU
pemaemMoi 3a1a4n. Kpome Toro, mpu perieHny CUcTeMbl BO3HUKAIOT MOTPEIIHOCTH,
ofpefeNnsieMble YACIIEHHBIM METOJIOM €€ pellieHHs. Bee BUbI MOTPEeIIHOCTeH Ccyliie-
CTBEHHO 3aBHUCSAT OT I11ara CYETHOM PEIIeTKH U IIara JUCKPETH3alH 10 BPEMEHH.

Crnenyer Takke y4yecTb, YTO BHJ 3aBUCHMOCTH KOHIIGHTPALMU BOJOPOZA IO
TOJIIIMHE TUIACTHHBI U3MEHSIETCS B TE€UCHHUE Tporiecca TudQy3uu, a ciaeoBaTeb-
HO, CO BPEMEHEM H3MEHSIETCA U MOTIPEHIHOCTh KOHEYHO-Pa3HOCTHOM amIpoKCH-
manuu. Ilepen mpuMeHeHHEM KOHEYHO-Pa3HOCTHOIO IPEACTaBICHUS Oblia BbI-
OpaHa Takasi cucTeMa U3MEPEHHH, YTOOBI C LEIbIO0 TTOBBIIIECHUS TOYHOCTH BBIYHC-
neHu Kod(hPUIMEeHTs ypaBHEHHs ObLIH TTPeoOpa30BaHbl K BEIMYUHAM TPUOIIH-
3UTENBHO OAHOTO Mopsiika. KoHeuHO-pa3HOCTHAs amnmpoOKCUMAIIUS U MOCIEoYI0-
miasi OIleHKa COOTBETCTBYIOUIEH MOTPEIIHOCTH PELIEHUs] MPOBOIMWINCH MO CTaH-
napTHeIM cxemaMm (cM. [14]). IIpu 3ToM OBIJIO YCTaHOBJIEHO, YTO OTHOCUTENbHBIE
MOTPEIIHOCTA TPECTaBICHHUS OTAEIbHBIX YACTHBIX MPOU3BOJHBIX JAJIsi BHIOpaH-
HBIX 3HaueHuil Ax u At (cootBeTcTBeHHO 0.007 mm u 1 s) mocTeneHHO yMeHbIIa-
fotcst co BpemeHeM oT 0.2 mo 0.02%. [lng ykazaHHBIX yCJIOBHUN 0OIIasi OTHOCHU-
TebHAsI TIOTPEIIHOCTh AMMPOKCUMAINK HE TMpeBbimaeT 1% B Hauane pacyera U
camkaercs 1o 0.1% na sranax, coorBercTBytonux 30—40 min peaabsHOTO Bpeme-
HU. DTO OYEHb BaXXHBIM (PAKT, MOCKOJBKY HAaMOOJBIIMA UHTEPEC MPH pacyeTax
IPEJICTaBIISIIOT OCTaTOYHbIE J1e(hOpMallii, MPOSIBISIIOIIMECS Yepe3 3HAYUTEIbHBIN
POMEKYTOK BPEMEHH.

Kpome Toro, taxxke HaJo OTMETHTb, YTO ANIMPOKCUMALIUS HMEET HECKOJIbKO
OO0JIBIIYI0 TOYHOCTh B TOUKAX, COOTBETCTBYIOIIMX YIAJIEHHON OT MPOIyCKAaromen
MMOBEPXHOCTH TOJIOBUHE 00pa3iia. Pemenne morydeHHOM CUCTEMBI TUHEHHBIX all-
rebpandecknx ypaBHEHUI MPOBOIUIOCH IO MeToay ["aycca c BblIeneHueM TiaB-
HOTO »JIeMeHTa. TecTHpoBaHUE PelIeHUs] TaHHOW CUCTEMbI HCIIOJIb3YyEeMbIM METO-
oM ObLTO mpoBeneHo s 40 KOHTPONBHBIX YpaBHEHUH, HEHYyJEeBbIle KOAPDUIu-
€HTBI KOTOPOW pacnojaraivch MOA0OHO peallbHbIM. BBIJIO ycTaHOBJIEHO, YTO TO-
TPEIIHOCTh HaXOXKICHUs KOpHEH x,, (n = 1, ..., 40) cucTteMbl yMEHBIIIAETCS C pOC-
TOM 71 (UTO COOTBETCTBYET YAAJICHHUIO OT MPOIYCKAIONIEH BOJIOPO.I TOBEPXHOCTH)
u He npesbimaeT 0.01%. [To3TromMy cTOIL Manol MOrPEeNIHOCTHIO PELIEHHS CUCTE-
MBI ypaBHEHHI MOXHO TIpeHeOpeyb.

TakuMm oOpa3oM, B HaCTOSALIEH CTaThe MPUBEICHO PELICHUE aKTyalbHOM 3aja-
Yl — pa3pabOTKHU alropuTMa pacuera IMoJjiei KOHLEHTPallUd BOJOpOJa B Mala-
JUEBBIX TUIACTUHAX MPHU UX OJHOCTOPOHHEM HACBIIIEHUU BOJIOPOAOM. AJITOPUTM
MO3BOJIIET OIMKCATh HE TOJBKO XOJ MpOIecca HACBIIIEHUS, HO U €ro OCHOBHBIE
nmapaMeTphl: KOHILIEHTPALMIO Ta3a B PA3IMYHBIX TOYKAX CPENbl, pacrpeleieHue
MOJIsl HAMPSDKCHUM, u3MeHeHre (OpMbI 00paslioB. DTO KIIIOUEBHIE aCMEKThI MPH
pacuere 3JeMEHTOB KOHCTPYKIIMI U MEXaHU3MOB, pabOTaIOIMINUX B KOHTAKTE C aK-
TUBHBIMH Ta30BBIMU cpelaMu. Pe3ynbTaThl CTaTh MOTYT OBITH HCIIOJIb30BAHBI
[IHPOKUM KPYTOM CIEIIUAIHNCTOB, 3aHUMAIOIIUXCS BOTIPOCAMH U3YyYCHUS B3aUMO-
NEHCTBHS Ta30B C KOHCTPYKIIMOHHBIMHU MaTepHAIaMHU.
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ON THE ALGORITHM OF CALCULATION OF HYDROGEN
CONCENTRATION FIELDS IN PALLADIUM PLATES
UNDER ONE-SIDED SATURATION WITH HYDROGEN

Main aspects of the method to calculate hydrogen concentration field and elastic stress
field in palladium plates under one-sided saturation with hydrogen are considered within
the limits of this paper.

Fig. 1. Time dependence of hydrogen concentration c; in boundary layers of nonperme-
able membrane side: / — hydrogen-elastic model, 2 — Fick diffusion; 100°C and Py, =

= 610" Pa[10]
Fig. 2. Time dependence of sample sag for 7= 150°C and Py, = 9-10* Pa [10]: 1 — ex-

perimental curve [8,9], 2 — curve calculated by hydrogen-elastic model [1,7,10]
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PACS: 62.50.+p

B.®. bputyH, A.B. Kypatomos, H.U. Bopumuyk, B.B. Apow

OLIEHKA P, T-YCNOBWI, PEANTU3YEMbIX MNP
BbICOKOTEMIMEPATYPHOM YOAPHOM CXATUN HATPUOA BOPA
B LUMNMHOPWYECKOW AMIMYNE COXPAHEHUA

Wuctutyt npobnem matepuanosegexms nm. N.H. dparHuesnya HAH YkpaunHbl
yn. KpxmxkaHosckoro, 3, r. Kues, 03142, YkpavHa

CraTtbs noctynuna B pegakuuio 22 aekabps 2004 ropa

Paccmompenwvt ocobennocmu yoaprozo cocamus nopowkoswvix cmeced BN u KCI ¢ yu-
JIUHOPUYECKOU amnyie COXpaneHus: ¢ yenmpanbHoim cmepoichem. /lobaska KCI ucnonvso-
8aHA 68 COOMBEMCMBUL C NPeONIONCEHHbIM paHee MemoOOM GblCOKOMEMNEPAMYPHO2O
yoaproeo cacamus (BTYC) 0nst dononnumenvHo20 Hacpesa ucciedyemo2o eujecmsd npu
colcamuu u Oblcmpoco e2o oxnaxcoeHuss npu pasepyske. Ilposedenvl oyenku daenerutl u
memnepamyp npu MHO2OKPAMHOM ompadicenuu yoapuou éonnvl (YB) om epanuy obpa-
bamvleaemblll Mamepuai—cmenku amnynvl. [lokazano, umo ocHOBHYIO pOib 6 pazocpege
cmecu ueparom nepevle mpu 8oHbl, cozoalouue oasienue P ~ 15 GPa, a darvuetiwiuii
pocm oaerenus 0o 30 GPa k cywecmeennomy nosvluteHuo memnepamypul He npusooum.
AHanuz OanHwbIX NOKA3AJ, YMO HA GEIUYUHbL MAKCUMAILHOU MEMNEpamypbl pazocpesa
cMecu u memnepamypbl HOCHe PA3epy3Ku 3HAYUMENbHOE GIUSHUE OKA3blAem Npoyecc
nnasenenust KCI. Ilpespawenue mypbocmpammnoeo BN ¢ kyouueckyro moouguxayuro, pe-
aucmpupyemoe nocie pazepy3ku, Habandaemcs moibko ¢ mom ciyuae, koeoa oonsi KCI ¢
cmecu He Hudice 80 mass%, a MakcumanbHas meMnepamypa 02panuiena memnepamypo
niasnenus 006asKu.

Meron BTYC nna cuHTe3a mioTHBIX (a3 yriaepojna U HUTpuaa Oopa ObLI
MPEIIOKEH TOCTATOYHO JAaBHO [1], HO IeTambHBIX UCCICAOBAHUM YCIOBHH yaap-
HOTO C)KAaTHs, XapaKTEPHBIX IS 9TOTO0 METOAA, HE MpoBoAWIOCh. OCHOBHasA uaes
METO/a CBsi3aHa ¢ Mcnoib3oBanueM noHHbIX coequHennit (KCl, KBr u np.) B ka-
yecTBe JJ0OaBOK K IpeBpalaeMomMy BemecTBy. Poib 106aBKH COCTOUT B TOM, YTO
OHa JOJDKHAa CHOCOOCTBOBAaTh HArpeBYy CMECH Ha CTaJUU CKAaTUS J10 BBICOKHX
TEMIIepaTyp U OXJIAXKACHUIO €€ Ha CTaJuu pa3rpy3ku. D eKTuBHOE OXTaKICHNE
OTIpeNIeNIIeTCS] BBICOKUMH 3HAUCHHSIMH CKMMAaEMOCTH U TETFIOEMKOCTH JJOOABKU U
CYILIECTBEHHO 3aBUCHUT OT CTENEHH €€ C)KATHA 10 OTHOLICHHIO K TEOPETUYECKOU
IUIOTHOCTH (T.€. OT MAaKCUMAJIbHOTO JaBJIEHUS CKaTUsl cMecH). B peanbHBIX ycio-
BUSX MAaKCHUMaJIbHas TEMIIEpaTypa pa3orpeBa cMecu YB 3aBUCUT HE TOIBKO OT
BEJIMYMHBI JIaBJICHUS, HO B 00Ji€€ CHJIbHOM CTENEHU — OT UCXOJHOW MOPUCTOCTH
C)KMMAeMOro 00bEKTa U UCIOJIb3yEMOI CXeMbl Harpy>KeHHsI.
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B Hacrosieii paboTe npeicTaBieHbl pe3yIbTaThl
WCCIICIOBAHUST TIPEBpAIICHUST TpaHTOIO100HOTO
HHUTpUa OOpa B IJIOTHBIE MOJU(HKAIMU B YCIIOBH-
sx BTYC u mpoBeneHa onenka P,7-mapameTpoB
oxkarust cMmecei rpadguronogodHoro BN u KCl B
UIITMHIPUYECKON aMITyJie ¢ IIEHTPaJIbHBIM CTEpPXK-
HeM (cxeMa aMITyJibl [ToKa3aHa Ha puc. 1).

Jlns mpeBpalleHus] HCIOIb30BaId MOPOIIKH
BN, nomny4yeHHOr0o METo10M KapOaMUIHOTO CHH-
te3a. [lo maHHBIM peHTreHoAu(pakTOMeTpuye-
CKOI'0 McciemoBaHus, Mt ucxomHoro BN Opnia
XapaKkTepHa HU3Kas CTENeHb TPEXMEPHOH yHopsi-
JIOYEHHOCTH CTPYKTyphl (P3 = 0-0.1), ompene-
JIEHHas MO METOJUKe [2]. DIIeKTpOHHAs MUKPO-
CKOMUS TOKa3zajga, YTO 4YacTulbl mnopomka BN
NPEICTAaBISUIA  COO0M TMOpHUCTbIe 00pa30BaHUS
pa3MepamM OT HECKOJbKUX MHKPOH a0 1 mm,
COCTOSIIIIME U3 KPUCTALIUTOB pazmepamu 3—10 nm
(mrametp mop 200—500 nm). Cmech HUTpHIA OO-
pa ¥ coau A0 3arpy3Ku B aMIlyJly pa3MalblBajiu B
TJIaHeTapHOW MenbHuIle B TeueHwe 1 h. B pas-
MOJIOTOM IMOPOUIKE CPEAHUN pa3Mep YacTHUILl CO-
Puc. 1. Cxema mwmmHzpude-  crapiasi 5—7 pm, XOTS BCTPEYAIUCH YaCTHUIII
CKOM aMIIyJIbl COXpaHeHHS C  comm pasmepamu o 20 um. KonmmdectBo no6asku

LUCHTPANbHBIM CTEPKHEM: | — K (] pappupoBaiu ot 50 10 90 mass%. [LIoTHOCTS
BB, 2 — neronartop, 3 — cTeHKa

aMmIynbl, 4 — UEHTPaJbHbII
CTEPXKEHb, J, 6 — 3araymKku, 7 —
00pabaTpIBacMEbIil MaTepHa
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CMECH B aMIyJie pgyp COOTBETCTBOBaJa BEIMUYMHE
0.335-0.4 ot TeopeTHyecKOil MIOTHOCTH Po (AT
Pa3HBIX 3KCIEPHMEHTOB), T.€. TOPUCTOCTH 00pada-
TBIBAEMOT'O TTOPOIITKA 11 = Po/pPoo = 3—2.5.
Penrrenodasoslii ananu3 o0pasioB nocie BTYC u 0TMBIBKH OT COJIM MOKa3a,
910 HcXoHbI ABN mpeBpaimaercst B KyOU4ecKyo MOAN(DHUKALINIO, IPUYEM CTETICHb
NPEBpAILIEHNUs] CYLLIECTBEHHO 3aBUCHUT OT KonmuecTtsa go0aBku KCl. Ipu ncnons3oBa-
HUM B KauecTBe B3pbiBUaToro Bemiectsa (BB) cmmaBa TI'(36/64) crenens mpeBpa-
HIeHUs] yMeHbInanack a0 0, ecinu konudecTBo 1o0aBku O6bu10 HUke 80% (puc. 2).
Uccnenoanus obpasmnoB mocie BTYC meromamu pacTpoBOil M MPOCBEYHBAIO-
11eil 271eKTPOHHOI MUKPOCKOIUY MOKa3aIx, YTO CMeCh (10 KpaiiHell Mepe ee OCHOB-
Hasi COCTABJISAIONIAS] — COJIb) TUIABUTCS B YCJIOBUSIX CXKaTHsl (ITOCIE B3pbIBa 0Opaser|
COCTOUT U3 OIUIABJIEHHBIX YACTHIl, UMEIOUIUX MOP(OIOTHI0O MOPUCTOrO IIJaKa U
pa3Mephbl 10 HECKOJIbKUX MUJUIMMETPOB, puc. 3,a). [Ipu 3TOM cMech He cIuiaBiieHa B
CIUIOIIHOM CIIUTOK, YTO TOBOPUT O HEIOCTATOYHOCTH KOJIMYECTBA TEIUIOTHI, BBIJE-
JSIEMOM TIpU CXKaTuH, Ui MOJHOIO paciuiaBieHus cMecu. [IpocBeunBaromnias snek-
TPOHHAsE MUKPOCKOIIUS TI03BOJIMIA OOHAPYKUTh B MPOJLYKTE IApOo0Opa3HbIe MUKPO-
qacThIp! (pa3MepaMu MeHee | pum), KOTopbie TPEICTaBISIOT COOOH MIAPUKU COJHA C
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nokpeitieM u3 ABN. Tlocie pacTBopeHus conu oc-
TaIOTCs TOJIbIe cepbl U3 rpadUTONo00HOTO HUT-
puna 6opa (puc. 3,6). Obpa3oBanue chepruaeckux
yactul, BN MOXXHO paccMmarpuBaTh Kak yKa3zaHUE
Ha JIOKaJIbHOE TIIaBJICHHE HUTpHUIA Oopa H, cieno-
BaTeIbHO, TOIBeM TemmnepaTypsl Bbimie 3000 K.
i IlepeiineM Tenepp K aHAIM3y PEKUMOB yAap-
HOTO C)KaTusl.
- VYcnoBusi cxxatusg TOPOIIKA B LUJIUHAPHUYE-
CKOIl aMITyJile COXpaHEHHUS CYIIECTBEHHO OTJIH-
- YaIOTCSA OT YCJIOBUM CoKaTUs IUIOCKOM BOJHOW. B
O = HCIIOJIb3YEMOM aMITyJle COXPAaHEHHUS MOPOILIOK
1 . I HaxOIUTCs B 3a30p€ MEKIy BHEIIHEH CTEHKOU U
80 90 LEHTPAIBHBIM CTEPKHEM M HMCIBITHIBAET MHOTO-
KCL content, mass%  gparnoe Bo3zeiicTeue YB, M03TOMy JaBieHHE B
Puc. 2. 3aBHCHMOCTb BbIXOIA paboueli cMecu oHMUMaeTCs mostanHo. Ha puc. 4
moTHeIX a3 BN oT comepia- OKa3aHA CXEMa PaCTONOKEHUS ¢pontoB YB B
Hust B eMecn 106aski KC1 CTEHKE aMIyJjbl U B 3a30pe ¢ 00pabdaThIBa€MbIM
MaTepuaJoM B HEKOTOPHII MOMEHT BPEMEHH IpU
cxaruu nopomika KCl ¢ m = 2.5. TlpuBeeHHBIC COOTHOILIEHUS Pa3MEPOB CTEPIK-
Hsl, 3a30pa, CTEHKU U cj10si BB cOOTBETCTBYIOT MCIONIB30BAHHBIM B AKCIIEPUMEH-
tax. CIUIOUIHBIMU JIMHUSIMH Ha cXeéMe 0003HaueHbl (POHTHI BOJH, COOTBETCT-
BYIOILIMX MEPBBIM dTariaM CxaTusl, KOTOpPbIE, KaK MMOKa3aHO HUXKE, 1al0T OCHOBHOM
BKJIQJl B pa3orpeB MaTepHaia. TaHTeHChl YITIOB MEXIy HOPMalbio K (PpOHTY U HOp-
MaJIBIO K OCH aMITyJIbl ONpeeNsiin Kak otHotnenue D,,/D,,, rie D,, — BOTHOBas CKO-
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I

) w N
S S S
T T T
|

Yield of dense BN-phases, %
=
I

poctb YB B cTeHke wim cony, a D,,, — CKOPOCTb IETOHAUU. TaHT€HCHI YIJIOB HAKJIO-
Ha TOBEPXHOCTEW CTEHKH M CTEP)KHS OIPEACISUN Kak uy,/D,,, TAe u, — MaccoBas
ckopocTh YB B crenke unu conu. [Ipu nocrarounoit Tonmune 3apsiga BB ¢gponT

€%y

Puc. 3. OcobeHHOCTH CTPYKTYpPBI cMecH, 00paboTaHHON YB: a — omaBieHHas oBepX-
HOCTh (hparMeHTa Marepuaia, 6 — myctotenas Mukpochepa BN ¢ wacturiamu nepekpu-
cTammu3oBanHoro ABN Ha MOBepXHOCTH
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Puc. 4. Cxema pacnonoxenuss GppoHTOB YB M BOJMH pa3rpy3ku (cedeHue mapauieidbHO
ocu ammynsl): ®J1 — ¢port geronauuu, ®P — dpoHT pasrpysku, Dvv — HampaBiieHUE
IBIKeHu GporTa aeroHarwH, (1-5)Fe — muanm dhporToB BomH B cramw, (1-4)KCl — manm
(hpOHTOB B COJIH, CT| — IICHTPATBHBIA CTEPKEHBb, M — 3330p ¢ 00pabaTHIBAEMBIM MaTEPHAIIOM,
cTy — crerka amiryJtsl; OO — ock amryiel, CC — TpaHuIla CTEPKEHb—3a30p ¢ MaTepHAIOM,
BB — rpanuma 3a3op—cTeHka ammynsl, AA — TpaHMIa amMITyJla—B3pbIBUaTOE BemecTBo, BB —
IpaHMIa B3PBIBUATOE BENIECCTBO—BO3/YX, MIyHKTHPHBIE TUHUN — (POHTHI BOIH

pasrpy3ku IPOAYKTOB B3pbiBa (MuHUS DP) BHIXOAWT Ha CTEHKY aMITyJbl JOCTa-
TOYHO JaJIeKo OT JMHUU ¢poHTa neroHammu (DJ]), u, Takum o6pazom, oOpadaTei-
BaeMbIil MaTepuas MoABepraeTcsi BO3ACHCTBUIO MHOTHX BOJH, (JOPMHUPYIOLTUXCS
IIPY OTpaXCHUU NEPBOM YB OT MOBEpXHOCTEN paszzena conb—CTanb. B paccmor-
PEHHOM BapuaHTE YHUCIO BOJH B pabodeM 3a3ope, 00pa3yIoUIMXCsS Ha y4acTKe
ckatus, npesbimaeT 30, IPUMEPHO TAaKOE YK€ YMCIIO BOJH MOKHO BBIICIHTH U B
cteHke. OTMETHM, YTO MbI HE YYUTHIBAJIU BOJHBI, BHIXOSIINE U3 CTEPIKHS MOCIE
OTPaXXCHUS B ICHTPATBHON YaCTH, T.€. PACCMATPUBAIIN CITy4ail TOJICTOTO CTEPIKHSL.

J171st o1ieHOK TemrmepaTyp HEOOXOAMMO ONPEIEIUTh JaBICHHS, BOSHUKAIOIINE B
3a30pe ¢ oOpabaTbiBaeMbIM MaTepuasioM. PaccMoTpuM BHavalie mpoueaypy Ha-
XoxkaeHus nasiueHuil B mopouike yrcroro KCIl. U3 nutepatypbl u3BecTHBI yaap-
Heie agnadatel (YA) KCI ¢ mopuctocteio m = 2.5 [3,4]. Ha puc. 5,a noka3zana Tta-
kag aauabata (YAl), mocTpoeHHass B KOOpAMHATAX NaBICHHE—OTHOCUTEIbHBIN
o0wem (P,V/Vy) no nannbim [4]. B cooTBeTcTBUM ¢ Teopueil [4,5] YA1 noctpoeHa
BBIXOJISIIEH U3 Touku ¢ koopauHatamu P = 0, V/Vy = 1, cooTBeTcTBYIOIIEH Oec-
MOPUCTOMY COCTOSIHHIO (TIPErojaraercsi, YT0 MOPUCTOCTh UCUE3aeT MPU MabIX
P w yuactok aguabatsl ot V/Vy= 2.5 no V/Vy =1 uner oueHnp 6JU3KO K Ocu adc-
mucc). OMHaKO SKCIepUMEHTANBHBIC JaHHBIE ISl yTIerpa@UTOBBIX MaTepUAIOB
[6] moka3bpIBalOT, YTO YA MOPOIIKOB C MaJOll IJIOTHOCTBIO MOTYT JOCTAaTOYHO
JIaNieKo0 OTCTOSITh OT OCH aOCIUCC Jake MPU CPaBHHUTEIBHO MAaJbIX TaBJICHUSX.
[Toatomy nmnst KCI kpome YAl MBI MOCTPOUIIN €I11e /IBa BapuaHTa yIapHOU ajua-
Oatel — YA2 u YA3. IlocTpoeHNe MPOBOIUIH CIESAYIONTIM 00pa3oM.
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Puc. 5. Bapuanter YA B xoopaunatax P(V/Vj), ucnonbp30BaHHBIE NIPU pacueTax TeMIie-
patyp nopomkoB: a — KCl: I = YA (m=1),2 - YAl (m=2.5),3 -YA2 (m=2.5),4 -
YA3 (m=2.5),5—wu3orepma; 6 —BN: ] — YA (m=1),2-YAl (m=2.5),3 -YA2 (m=2.5).
JluHuM moaBbEMa NABJICHHUH B TPEX MEPBBIX BOJHAX M300pa’KeHBI TOJIBKO JIsi BAPHAHTOB
YA3 KClu VA2 BN

Jlurepatypusble qannsle no Y A nopucroro KCl, npexncrasnennsie B [3,4] B BU-
ne 3aBucumoctu P(u) (u — maccoBasi ckopocTs) st P > 9 GPa, MbI akcTpamnomnu-
poBanu B o0nacth aaBneHuit Hmxke 9 GPa. Yuactok YA ot 0 go 40 GPa anmpoxk-
CUMHUPOBAJIH NMOJIUHOMOM 2-i1 creneHu (Y A2):

P=0.72-10% + 10004°.

Kpome Ttoro, ans obnactu nasneHuit Hike 9 GPa mcnosnp3oBanu BapuaHT af-
npokenvarms P = 1.8-10% + 650u” (VA3).

O6e xpuBbie B kKoopauHatax (P,V/V,) noka3ansl Ha puc. 5,a. KpuBas YA3 B
obnactu maBnennit Hiwke 9 GPa umer 3ametHo BhIe kKpuBor YA2. Jliist onpee-
nenus nasnenuit B KCl 3a ¢pponTOM nepBoii, BTopoii u qpyrux YB ucnonszoBanm
rpaduueckyio mporenypy HaxOXACHUS MapaMeTpoB cpelbl P U 1, BOZHUKAIOIINUX
IpU IpOXOXAEeHUN YB uepe3 rpanuiy pasaena cpef, myTeM noctpoeHus P(u)-
3aBHCUMOCTEH ISl MPOIYKTOB JIETOHALIMU, MaTepuaia aMmyJibl (CTajld) U COJH
[7,8]. I[TapameTpsl P 1 u HaXOAWIU MO TOYKaM nepecedeHust YA win YA u kpu-
BBIX Pa3rpy3KH, YTO COOTBETCTBYET YCIIOBHIO PAaBEHCTBA JABJICHUH M MaCCOBBIX
cKopocTell 1o 00e CTOPOHBI OT TPaHMIBI paszlena cpeA. Pe3ynbTaThl Takux Mo-
CTPOCHMM (11 TIEPBBIX 5 BOJIH CXKATHUS COJM) TMpHUBEACHBI Ha puc. 6. [[nsa mo-
CTPOEHUS KPUBOW Pasrpy3ku Pyn| NPOAYKTOB CKOJIB3AIIECH AETOHAIMU UCMOJIb30-
BaJIM alIIPOKCUMAIINIO TTOJITMHOMOM

P(u) ~ 1934.5u° — 1.36:10"u +2.95-10"°

BBIpA)KEHUS, IPUBEIEHHOTO B [7], ¢ yueToM nmapameTpos netoHarmu BB TI'(36/64):
Py = 29.5 GPa — naBnenue B Touke Yenmena—XKyre; D,, = 7980 m/s; p,, =
=1717 kg/m3 — wiotHOCcTh BB [7]. YA cramu Py cTponiack TaKkxe 1O AaHHBIM [7]:
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Puc. 6. 3aBucumoctu P(u) i onpeselieHus AaBICHUA Ha HAadaJdbHBIX dTalax CyKaTus
comu. [losicHeHHs K PUCYHKY JTaHBI B TEKCTE

P1re = pre(are + brett)u,

T/I€ PFe — IDIOTHOCTD CTANH; dpe = 3540; bpe = 1.84.

Touka / (Ha puc. 6) naeT naBJICHHE B CTEHKE aMITyJIbl 3a ppoHTOM BOJHBEI 1Fe
(pacmionoxxenue GpoHTOB cM. Ha puc. 4). KpuBast Pyg. COOTBETCTBYET BOJHE pa3-
Ipy3Kd B CTEHKE aMITyJibl, 0Opa3yomieiics mocie Bbixoa nepBoii YB B creHke Ha
rpanuiy crenka—coinb. Kpusas Pixc) — YA KCl ¢ m = 2.5 (Ha pucyHKe npuBeeH
BapuaHT YA?2). Touka 2 no3Bosser Haiitu naBienue Py B KCl 3a ¢ppoHTOM BOJTHBI
1KCI. KpuBast Prgci — YA cxatus KCl BoHOH, OTpaXeHHON OT IMOBEPXHOCTH
LEHTPAJIBHOIO CTePKHA (IOCTpOeHa Kak Y A JUIs MOpOIIKa, cKaToro neppoit ¥YB).
3HaueHNe NOPUCTOCTH MPOMEKYTOUHOIO COCTOSIHUA m = 1.2, KOTOPOE BO3HHUKAET B
nopouke nocie npoxoxaenus BosHsl 1KCl, momydeHo no kpusoit YA2 Ha puc. 5,a
JUISL TOYKH, COOTBETCTBYIOIIEH NaBineHuto Pi. Touka 3 mokas3blBaeT JaBleHHUE, CO3-
nasaemoe B KCl 3a ¢pponrom 2KClI (s paccmarpuBaemoro Bapuanta P, = 9 GPa).
P4pe cooTBeTcTByeT YA BOJIHBI B CTJIBHON CTEHKE, OTPAKEHHON OT TPaHUIIbI
CTEHKa—TIpOAYKThI netoHarmu. Kpusast Psgcy — yaapHas aguabata KCl ¢ m = 1
(cootBerctByeT BosiHe 3KCl, oTpaxkeHHOM OT cTeHKH). Touka 4 MOKa3bIBaEeT J1aB-
nenue B KCI 3a ¢ppontom 3KCI: P3 ~ 15 GPa. Kpuas Psixc) — yaapHas agunadara
KCl, cootBeTcTBYyIOIIast BOJIHE, BHIMLIEANICH U3 CTEHKH, ITOCJIE OTPAXKEHUS BOJHBI
P4pe o1 rpanunbl ctenka—coib. (Bece YA Bonn B KCl ¢ Homepamu Boitiie 3 cTpou-
mu kak YA KCl ¢ m = 1.) Touka 5 naet naBnenue B coiu 3a pporrom 4KCI (P >
> 21 GPa). Kpusble pa3srpy3ku CTpOWIH MyTEM 3€PKaJIbHOTO OTPaKEHUS KPUBOI
YA OTHOCUTENIBHO BEPTUKAIBHOM JMHUHU, MPOXOAIIEH Yepe3 TOUKY, COOTBETCT-
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BYIOLIYIO ITapaMeTpaM CpeJibl nepes pasrpy3koid. @opMUpOBaHKE KaXI0TO HOBO-
ro gponrta YB B pabouem 3a30pe MPOUCXOAUT B MaTepuaje, C)KaToM IMpenblay-
MMM BOJIHAMH, U BEAET K POCTY JaBieHus B coiau. Kak yxke oTMeuanoch BBILIE,
MBI Tipocnienuinu popmupoBanue npumepHo 30 ¢ponToB BosH. [Ipu 3TOM HabIIIO-
naercst npubmwkenue gasneHuss B KCl k HEeKOTOpoMy NpeieabHOMY 3HAUYEHUIO
(P* ~ 33 GPa). Takoii pocT naBiIeHUS ONPEAEIAETCS PACIOIOKEHUEM OTPE3KOB
YA KCI mexny YA Pipe 1 KpuBO#l pasrpy3ku Pgp.. OTMETHM, 9TO TIPOBEIEHHOE
paccMOTpeHHe (U COOTBETCTBEHHO mNpeaenbHoe 3HadeHue AasineHus B KCl) coor-
BETCTBYET CIy4al0 PaclpOCTPaHEHHsI BOJH B IUIOCKOM paboyeM 3a30pe MEKIY
IUIOCKUMU CTalbHOW CTEHKOW M TOJICTBIM LIEHTPANbHBIM cTepkHeM. [loaTomy
IPUMEHEHHE TaKOro MOJAXOoJa K CIy4ar LHIMHIPUYECKOM aMITyJibl BO3MOXHO
MIPU JOCTATOYHO TOHKOM 3230p€ MO CPAaBHEHUIO C TUAMETPOM CTEPHKHSI.

st oLleHOK TeMIeparyp B3SThl JaBJICHUS, BO3HUKAIOIIME 3a (ppoHTaMHU mep-
BbIX Tpex BoiH B KCIl: P; = 2 GPa, P, = 9 GPa, P; = 15 GPa — aia BapuaHToB
agnabat YAl u YA2. Ilogo6GHble OCTpOCHUS AJI BapuaHTa yAapHOW aanadaTsl
VA3 parr: P} = 3 GPa, P, = 8 GPa, P; = 15 GPa.

Ha puc. 5,a npommocTpipoBaH MpoOLECC pacuera TeMIEpaTypbl Ui cilydas
VA3. Touku B, C, D, pacnoyioxkeHHbIe Ha JIoMaHOH ABCD, onpeaensoT cocTos-
aue KCl (B Tom uucne ganenue B conm) 3a ¢porrom 1, 2 u 3-ii YB. Touky B
pacnonaran Ha YA ¢ m = 2.5, Touky C — Ha YA ¢ IpoMeXyTOUYHOM MOPUCTO-
CTh1O, TOUKy D —Ha YA ¢ m = 1. [Inomanp mexay aunueit ABCD, ocbro abcuuce
U U30TepMOii cykaTusi (IOCTPOSHHOM 10 JaHHBIM, PUBEICHHBIM B [9]) COOTBETCT-
BYET TEIUIOBOM AHEPIUH, BBIIEIAEMON B MaTepuale MpHU yIAPHOM BO3JICHCTBUH.
[To mmomaay mMoJ KaXXAbIM yYacTKOM JIOMAaHOW MOXHO ONpPEIEIHUTH TEIJIOBYIO
sHepruto (O, BeAETsIEMYIO 32 (poHTOM 1-if, 2-if m apyrux YB. (dns cioyqas YA3
CUMTaJH, YTO BCS SHEPTUs, BBEACHHAS B COJNb MpHU cxkaTuu 1-it YB, nepexoaut B
TeruioByto.) [lpunumas, 9to ¥y — MONSApHBI 00BEM, MOABEM TEMIIEPATYPhI 3a
¢pontom VB naxonum xak AT = Q/C,, tie C,, —MONSpHas TEMIOEMKOCTb.

B Tabn. 1 npuBenensl paccuntannbie Temmnepatypsl pazorpeBa KC1 (7' = Ty + AT)
nocie npoxoxnaeHus 1, 2 u 3-i BOJH AJI1 pa3HbBIX BapHMaHTOB YA (HayasbHas
temneparypa cpeasl 1y npunsata pasHoi 300 K). /{nst ananusa mosydeHHBIX ole-
HOK y4TE€M JKCIEPUMEHTaJbHbIE PE3yJbTAThl IJIABICHUS COJIM M JUTEpaTypHBIE
nanabie o 3apucuMocTH T mnanenus KCl ot gasnenus. Cormacho [10] Temmepa-

Typa tiaBneHus T KCl pacteT npu yBenndeHUN MaBICHUS U COCTABISET: TIPU
15 GPa - 2700 K; npu 20 GPa — 3000 K u npu 30 GPa — 3500 K.

Tabmamma 1
Temmnepartypsl pa3orpesa KCl ynapupiMu BojiHaMu (pacueT 0e3 yueTa IJIaBJIeHHs)
Bapuant YA 7,K
1-s1 BosHA 2-51 BOJIHA 3-s BoJHA
YAl 1430 1620 1640
YA2 1270 2430 2500
YA3 1200 4600 5000
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Kak BuauM, BapuanT YA] naer CIuIIKoM HU3KYIO TEMIIEpATypy pa3orpeBa, U Ml
ero He OyJieM paccMaTpuBaTh B JaibHewmeM. B Bapuante YA2 comb He Oyner muia-
BUTBCS JAXeE MOCJE MPOXOXKICHUS TPEX BOJH, @ B BapuaHTe Y A3 — IUIaBUTCS YXKe
0CJIe MPOXOXKIECHUsI BTOpOH BOJIHBL. Kak Moka3aHO HUJKE, TeMIIepaTyphl pa3orpesa
cmeceii KCI + BN cy1iecTBeHHO HIKE, YeM YHCTOM COMH, OATOMY BapuaHT Y A2 He
Oyzner obecrieunBaTh IJIABICHUE CMECEH, U Jajiee MbI OyJIeM paccMaTpyBaTh TOJBKO
BapuaHT Y A3. 3amMeTuMm, 4To peajibHas TEMIIEpaTypa pa3orpesa Mocie JOCTHKEHUS
Tnelt HE OyZIEeT pacTH, 1MOKa BCsI COJIb HE paciuiaBuTCs. OLEHKN KOJIWYECTBA TEIUIOTHI,
BBIICJIIEMOM TIPHU C)KAaTUU COJIM IO BapvaHTy Y A3, mokaszajid, 4YTO €ro JOCTaTOYHO
JUISL HarpeBa COM A0 Tnelt ¥ €€ MOTHOTO IUiaBieHus. [10CKobKy SKCIepuMEHTaIbHO
HaOJII0/IaeTCs TOJIBKO YaCTUYHOE IUIABJIEHHE C)KMMAEMOTro BEIIECTBA, MOXHO I0JIa-
ratb, yto peanbHasi YA nopucroro KCl (m = 2.5) npoxoaur Huxe, yeM BapuUaHT
VA3, ¥ COOTBETCTBEHHO BEIWYMHA TEIJIOBOM SHEPTUM MEHBIIIE.

PaccmoTpuM Teneph MOBeAEHHE CMECH COJIM ¢ HUTpUAOM Oopa. Jlis pacuera
TEMIEPATyp pa3orpeBa CMeCH HEOOXOIUMO OLIEHUTh TEMIEpPATypbl pa3orpeBa
yrcroro BN. M3BectHble u3 nutepatypsl YA Hutpuzaa 6opa [11,12] 6sum mo-
CTPOEHBI JUIsl BHICOKOYTOPSA0YeHHBIX (P3 ~ 1) 00pa31oB ¢ nmopucroctsio m ~ 1.1.
CornacHo pe3ysbTaTaMm 3TUX paboT rpaduTonoqo0HbI HUTPHU O0pa UCTIHITHIBA-
eT ¢a3oBblil nepexon B uHTepBaie aasineHuil 12-20 GPa, nostomy YA BN co-
CTOUT M3 TPEX y4acTKOB: MEPBBI COOTBETCTBYET Cxkatuio ABN, BTOpOii — cMecu
hBN ¢ obpa3yroieiics ToTHOH (a30il U TpeTuil — cxkaTuio MmIoTHOH (dasbl. [lan-
HbIX 00 YA o6pa3uoB typboctpatHoro BN B nuteparype Hetr. OiHaKoO MOIy4eH-
Hble HAMU Pe3yJIbTaThl (CM. pUC. 2) yKa3bIBalOT Ha OTCYTCTBUE (hAa30BBIX MEPEXO-
JI0B B 4UCTOM TypOocTpaTtHOM BN, cremoBatensHO, ero YA He MOHKHA MMETh
U3JIOMOB, 110 KpaiiHel mepe 1o 20 GPa. YuuteiBas 310, B kKauectBe YA BN Mbl
HCITOJIB30BAIM KPUBYIO, IIOJYYEHHYIO DKCTPAMOJSALUEN IIepBOro ydyacrka YA pa-
6otsl [11] B obnacte naBnenus Boiie 12 GPa (kpuBas / Ha puc. 5,6). [Tockonbky
naHHbIX 10 YA BN ¢ BBICOKON MOPHUCTOCTHIO B JIMTEPATYPE HET, MBI TTOCTPOUIIH
YA BN st nopucroct m = 2.5 cnegyromum oopazoM. Onpeaenuiu HIopucToCcTh
m*, ipu kotopoil YA BN uzer BepTukanbHo BBepx u3 Touku V/Vy = 1. B coor-
BETCTBHU C Teopueit [5] m* = (y + 2)/Vay, THE Y — Kodhdurtuert ['pronaiizena, yay —
ero cpenHee 3Hauenue. [lomarast st rpagurononodonoro BN, uro y = y,, = 0.5,
nosryaum m* = 5. Jlns BN ¢ mopuctocteio m = 2.5 YAl npoBenu mocepenuHe
Mexay BepTukainpio 1 YA BN ¢ m = 1 kak KpuBy10, HIYIYIO B TOUKY C KOOpJIMHA-
tamu P =0, V/Vy = 1 (xkpuBas 2 Ha puc. 5,0). s noctpoenus Bapuanta YA2 BN
MBI TIEPBBIN BapUaHT KPUBOM TIEpEeBENd B KOOPAUHATHI (P,u) ¥ almpOKCHMHPOBAIH
ee yuactok Juid gaBienuid Huwxe 10 GPa momuaomom P =6.7-10"u + 1210u".

Ucnonp3yst a1y anmpokcumaruio, noctpown YA2 BN B koopaunHarax
(P,VIVy) nnst nasnenwii Hmke 10 GPa (kpuBas 3 Ha puc. 5,0). [anee, npuMeHUB
NpoLEeypy HaxOXJEHHs JaBiIeHUH, NOJ00HYI0 paccMoTpeHHOH Bbime it KCl,
OTIPENICTTUIIN JIABJICHUS TEPBLIX TPEX BOJH B ammyJtie ¢ nmopomkoMm BN (m = 2.5).
OTH JaBlIeHUs], COOTBETCTBYIOIIUE COCTOSIHUSAM, OTMEUEHHbIM Toukamu B, C u D
Ha puc. 5,0, cocrapunu: P; =2.2 GPa, P, =11 GPa, P; =17 GPa.
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Ouenku Temnepatyp B nopoike unctoro BN nocie npoxoxxaeHust IepBbIX Tpex
BOJIH jay juig BapuanTta YA1 BN 7'= 650 K, a nyist Bapuanta YA2 BN 7'~ 1200 K.

[Ipu paccMoTpeHuu pazorpeBa cMeced CUMTAIM, YTO KaKJas €€ COCTaBIISIO-
mas pasorpeBaercss ¥YB He3aBUCMMO OT BTOPOM Kak YHMCTBIM MaTepuai, a 3aTeM
MMPOUCXOAUT BBIPABHUBAHUC TCMIICPATYPBI 3a CHUCT TGHHOO6MeHa. IloBrIIIEHTE
TeMIEepaTypbl (OTHOCUTENBHO Ha4yaIbHOW) HAXOAUIIU KaK

I (ko (1=k)0
Chnix \ M H2

AT =

5

rae k = my/(m; + my) — maccoBas gonst BN B cMmecu; Q1 u 0> — KOJTMYECTBO Tell-
JIOTBI, BBIJICIISIONICHCS TIPH MMPOXOXKACHUN Y B B MOJIe YHCTBHIX BelecTB (onpee-
Js1TM TpadUUuecKn); || — MOJIEKYJISIpHas Macca cOCTaBIAIOMMX; Cpix — yACIbHAS
TEIII0eMKOCTh cMecH, Cpix = kC1 + Co(1 — k).

B Tabn. 2 npuBeneHbl pacueTHbIC JaHHBIE O TEMIEpaTypax pa3orpeBa cMecei
pasnoro cocrasa (k) ¢ yuerom asyx BapuantoB YA BN: I — VA3 KCl u YAl
BN; II - YA3 KClu YA2 BN.

Tabmma 2
Paccuurannsie Temnepatypbl 7(K) cmeceii BN-KCI (0e3 yuera niaBaenusa KCI)
k 1 0.5 0.3 0.2 0.15 0.1 0
I 650 1750 2540 3140 3500 3900 5000
11 1200 2100 2780 3300 3650 4050 5000

PeanbHble Temmnepatypbl cMecu OyOyT HUXKE MPHUBEACHHBIX B Tabmuie. ITo
CBSI3aHO C TE€M, 4TO, BO-TIEPBBIX, KaK MbI yke oTMedanu, uctuaHas YA KCl mpo-
XOIUT HUXKE, ueM Y A3, u, clefoBaTelIbHO, CMECh HarpeBaeTcsi ciabee, 4emM yKa-
3aHo B Tabmuie. Kpome Toro, peanpHasi TeMiieparypa cMecu He OyAeT MpeBbIIaTh
temrepatypy miasiaeHus KCl1 (2700 K npu 15 GPa u 3500 K mpu 30 GPa).

[Tomy4eHHbIE AaHHBIE MTO3BOJIIOT MPEIOKHUTH CXEMY CTYIIEHYATOTO TOBBIIIE-
HUS JaBJICHUS U TeMIIepaTyphl B pacCMaTpUBaeMoOl aMIlysie coxpaHeHus (puc. 7).
Cxema mocTpoeHa B MPEANONIOKESHHH, YTO TeIIoo0MeH cob—BN ycmeBaeT mpo-
M30MTH 32 BpeMs MOAX0/a K JaHHOW 00JIaCTH CJIEIYIOIIET0 BOJHOBOTO (pOHTA,
YeMy CHOCOOCTBYET BBICOKAs TUCIEPCHOCTH MOPOIIKOB. [IpuBeneHHas cxema co-
OTBETCTBYET TaKMM COCTaBaM CMecCEi, Korja TemrepaTypa CMecH OrpaHUYMBacT-
cs1 BeMMUUHOM Tpyer conu (yoxe 3a ppoHToM YB2).

MoxHO mnoJslaratb, 4TO IUIABJIICHUE COJIM HA ONPENCIICHHOM Jrtamne Y B-
BO3/ICIICTBUS UTPAET BaXKHYIO POJIb B Pa3BUTUH (ha30BOTO MPEBPALICHUS B HUTPH-
ne 6opa: yactuynoe 1uaBiaenue KCl obecrieunBaer xopoliee yIIOTHEHUE CMECH,
xopomwii KoHTakKT BN ¢ mo6aBko#t u, ciemoBaTenbHO, YOPEKTUBHBIA pa3orpeB
HuTpuga 6opa. Kpome Toro, Xopommii KOHTaKT MEXKIY COCTABISIOIMIUMU CMECH
OUEHb BAYKEH U HA CTAJIUU OXJIAXKJEHUS, KOTJa OXJIaKIeHUE TUIOTHBIX (a3 HUTPH-
na Oopa obecrieunBaeTCsl OTBOJOM Teria K Jo0aBke. Eciiv muiaBneHue He Tpouc-
XOJIUT, TO KOHTAKT MEXAY COCTAaBISIOUIMMHU CMECH IIJIOXOH, U pa3orpeB HUTpUIA
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Puc. 7. Jluarpamma HapacTaHus JaBieHus (a) U TeMmieparypsl (6) B obpabaTeiBaeMoit
cmecH (mrsa coctaBa ¢ k < 0.2): @ — y9acTKH /—5 TTOKa3bIBAIOT JABJICHUS 33 COOTBETCT-
BYIOIIMM (D)POHTOM BOJIHBI, TyHKTUPHASA TUHUS — POCT AaBneHus 10 P*, nunus R — cnan
nasneHus; 6 — A — pacuetnas temneparypa KCl 6e3 yuera mnasneHus conu, B — Temre-
parypa KCI ¢ yuerom turaBnenus conu, C — temneparypa BN B cmecn. [lomHOe Bpems
COOTBETCTBYET MPOMEKYTKY MEXKIY MPOXOKACHUEM Yepe3 MPOU3BOJIbHYIO TOUKY (HpOHTa
JIETOHAIINH U (POHTA Pa3TPy3KH

6opa unet He > GdeKTUBHO; B pe3yibTare pa3Butue auddysrnonHoro ¢azoBoro
IPEBPALIEHHUS 3aTOPMOKEHO. VIMEHHO 1103TOMY 1ip K Bbite 0.3 BBIXOJ IIIOTHBIX
da3 magaer g0 0 (cM. puc. 2).

OcTaHOBHMCS TEEPb HAa BOMPOCE OXJIAXKICHHUS CMECH MPH M309HTPOITNIECKOM
pasrpy3ke. OXJaxJeHue CBsI3aHO B OCHOBHOM C pacIIMpeHueM coiid. B cooTBet-
CTBUHU C TEOpUEH [5] Temmeparypa c:kaToro oopasiia npu pasrpys3Ke onpenensercs
BBIPAKCHUEM:

4

T=90(X_Y)exp %_E ,

v

rae X = V/Vy, 09 — nebaeBckast Temmneparypa npu X = 1, S| — SHTpOIUS CKATOTO
BEIIleCTBa B TOUKE Hayana pasrpy3ku, C, — yaenbHas TeIUIOeMKOCTb, Y — K03 du-
ueHT ['pronHaiizeHa. 31ech BTOPO COMHOKUTENb, KOTOPBIM OMpeeNsieT 3aBUCH-
MOCTh TEMIEPATYPhl OT OTHOCUTEIHHOTO 00bheMa, 3alMCaH B YIPOIIICHHOM BUJC,
COOTBETCTBYIOIIEM CIIy4alo Y = const.

Cxatne KCl mo paccMoTpenHoi cxeme npu jaasinenuu P ~ 33 GPa maer 3Ha-
yeHue X ~ 0.58. B MoOMeHT 3aBepuieHus pa3rpy3ku npuHumaeM X = 1, a ocrarou-
Hasl TEMIIEPATypa COCTABISIET HEKOTOPYIO BenmuuHy 7). Torma kosdduimeHT mo-
HIDKCHHUS TeMIepatypbl npu pasrpy3ke (Tmax/Ty) ONpEeaenuTcs: Kak OTHOIICHHE
3Hauenuit Gpynkuun X | ans 3Havenuii X = 0.58 u X = 1, pasHoe 2.26. Cnenosa-
TEJBHO, P MAKCUMAIBHOM TeMnepatype coiu T, = 3500 K temnepatypa conu
nmocJie pa3rpy3ku Oyner cooTBeTcTBoBath 1) ~ 1500 K (mst Tinax = 3000 K mooy-
M Ty = 1300 K). ITnotusie ¢a3zer BN oxnaxgaroTcss Ipu H303HTPOIUYECKOM
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pacmmpeHun 3HaunTensHo MeHbine, yem KCl, u3-3a 601ee HU3KOH CKIMAeMOCTH
(tak, pu Tax = 3500 K kyOuueckuit BN oxmanutcs no T = 2700 K). Tem He
MeHee Temneparypa Ty cMecu He OyJeT CyIIecTBeHHO mpeBbiath 3Hauenus 1000 K,
OCKONBKY Trelr KCI ipu HOpManieHOM maBnenuu ~ 1050 K u nporecc miasie-
HUS COJI TO3BOJISIET COXPAHUTDH PEATbHYIO TEMIIEpaTypy CMECH MOCTE pa3rpy3Ku
HIDKE TeMIIepaTypbl Hadaia oOpaTHOTo MpeBpalieHus 0Opa3oBaBIIeiics KyOude-
ckoit (a3sl BN, koTopas mpu HOpmanbHOM HaBieHuu cocrasiser 1300 K [13].
[TomyueHHBIE OIEHKH IMO3BOJIIIOT CUUTATh, YTO XOPOIIUE YCIIOBHUS COXpPaHECHUS
IUIOTHOM (pa3bl (JOCTATOYHO HU3KHUE OCTATOYHBIE TEMIEPATypPhl) MOTYT OBITH pea-
JN30BaHbI B clyyae, ey Ty,x He mpesbimaeT 3500 K, npu MakcuMansHOM JaB-
nenuun 33 GPa u nipu 3TOM TONIBKO HEOOMBIIAs YacTh 100aBKU 1iaButTcs. [1oBbI-
[IEHHE MAaKCHUMAaJIbHOTO JABJIEHUS MPU COXPaHEHUHU BeNW4YMH P1—P3 nenaer ox-
naxneHue 6onee 3¢(HEKTUBHBIM.

BriBOaBI

[TpoBeneHHBIC MCCIEAOBAHUS MTOKA3aIH, YTO B MCIIOJIB30BAHHON MIIUHAPUYE-
CKOHM amIyJjie COXpaHEHHUsl KOJbIIEBOIO THUIA MPH YJapHO-BOJHOBOW 00paboOTKe
MaTepuaia ero pa3orpeB MPOUCXOIUT MOITAIMHO, YTO CBSI3aHO C MHOTOKPATHBIMHU
OTpaXeHUSIMM BOJIH OT rpaHul] oOpabarbiBaeMblii MaTepuan—craib. [Ipu sTom
OCHOBHYIO pOJIb B pa3orpeBe BEIIECTBAa UTPAIOT MEpPBbIC TPH BOJHBIL. Benndmaa
JIaBJICHUH, CO3J]aBAEMbIX 3TUMH BOJIHAMH, 3aBUCUT OT Y A MOPUCTOM cMecH. XOoJ
YA nob6asku B obnactu naBneHuit Hike 10 GPa oka3biBaeT cuinbHOE BIUSHUE KaK
Ha BEJIMYMHY JOCTUTAaeMOIl TeMIlepaTypbl, TaKk U Ha OCOOEHHOCTH pa3orpena, Ko-
TOPBIA MOXET OBITH INOO COCPEAOTOUCH B MEPBOI BOJHE, MO0 pacmpeeieH Mo
BPEMEHH MPOXO0XKIECHUS HECKOJBKUX BOJIH. Pa3orpeB cmecu cOMpoBOXAaeTcs ee
YaCTHYHBIM TUIABJICHUEM, YTO OTPAHMYMBACT BETUYHUHY JOCTUTAEMOMN TeMIlepary-
pol. I[InaBiaeHue cymiecTBEHHO BIMsSET Ha pas3BuTHe aud@y3noHHOrO (hazoBoro
npeBpateHus Oxaronapsa GopMupoBaHuio IIOTHOTO KoHTakTa Mex 1y KCl u BN,
obecreunBaroero Temioo0MeH. IHPEKTUBHOCTD OXJIXKICHUS TTPOTYKTOB CHKa-
TUSL 3aBHCHT OT MAaKCHUMAJIBHOTO NAaBJICHHS, JOCTUTAEMOIrO MPHU CKATUU CMECH.
OxnaxxIeHnIo crocoOCTBYET TaKKe MPOLIECC MIaBIeHuUs 100aBKU MOCIE Pa3rpy3KH.
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V.F. Brytun, A.V. Kurdyumov, N.I. Borimchuk, V.V. Yarosh

THE ESTIMATION OF P,T CONDITIONS REALIZED IN CYLINDRICAL
AMPOULE UNDER HIGH-TEMPERATURE SHOCK COMPRESSION
OF BORON NITRIDE

The P,T characteristics of shock-wave compression of BN and KCI mixture in cylindrical
ampoule are discussed. The KCI was used as an addition for increase of mixture tem-
perature during compression and rapid decrease during unloading (in accord with pro-
posed previously method of high-temperature shock compression). The values of pressure
and temperature are estimated for multiwave condition of compression. It is shown that
only first three waves contribute mainly to heating of the mixture under compression and
increased the pressure up to 15 GPa. The next waves increase the pressure up to 30 GPa
while the mixture temperature remains nearly unchanged. The temperature regime under
compression depends on amount of KCl in mixture. The peak temperature is determined
by the melting of KC1 when KCI portion in mixture is not less than 80 mass%, these con-
ditions are particularly favourable for cubic BN phase formation and conservation.

Fig. 1. The diagram of cylindrical ampoule with central rod: / — high explosive, 2 — deto-
nator, 3 — wall of ampoule, 4 — central rod, 5, 6 — stubs, 7 — work material

Fig. 2. Amount of the yield of dense BN phases as a function of portion of KCI in mix-
ture

Fig. 3. The features of mixture structure after shock-wave compression: a — fused surface
of material fragment, 6 — hollow microsphere of BN with regrown ABN particulates

Fig. 4. The scheme of the fronts of shock waves and waves of unloading: @/ — front of
detonation, ®P — front of unloading, D,, — direction of detonation front movement, (1-5)Fe —
lines of wave fronts in steel, (1-4)KCl — lines of wave fronts in salt, ct; — central rod, ct, —
wall of ampoule, M — gap with work materials, OO — ampoule axis, CC — boundary between
rod and material, bb — boundary between material and steel wall, AA — bound of high ex-
plosive, dot lines — lines of fronts at a moment
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Fig. 5. Versions of shock adiabats (SA) plotted versus P(V/Vy) used for powder tempera-
ture calculations: ¢ — KCl: 1 — SA (m=1), 2 — SA1 (m =2.5), 3 — SA2 (m = 2.5), 4 —
SA3 (m=2.5), 5 —isotherm; 6 — BN: / — SA (m= 1), 2 — SAl (m=2.5), 3 — SA2 (m = 2.5).
The lines of pressure increasing for first three waves are shown for SA3 KCl and SA2 BN
variants only

Fig. 6. P(u) dependences to evaluate pressure at initial stages of salt compression. For
explanation see the text

Fig. 7. The diagram of pressure and temperature rise during compression: @ — lines /-5
show the value of pressure behind corresponding wave fronts; dotted line — rise of pres-
sure up to P*; R — drop in pressure; 6 — line 4 shows the temperature of salt without ac-
count for KCI melting, B, C — temperature of salt (B) and BN in mixture (C) with account
for KCI melting. The full time on the diagram is the period of high pressure acting at ar-
bitrary point of mixture
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PACS: 75.50.Tt

b.Bb. 50X8HOB1, n.r. BaCbKOBz, P. Kmeu,b3, P. prK3, r.n. MaKOBeLI,KVIl7lz,
.M. CeBepMHz, B.B. LIJanmoz, K.W. FlHyLUKeBVN2

CNHTEI NnoA AABJITIEHVMEM N3 HAHOPA3MEPHbBLIX NMOPOLLKOB
~ 30%Fe70%C MATHUTHBLIX KOMIMO3NTOB, COOEPXALLNX
AITMA3HYIO MOANDUKALINIO YTTIEPOOA N KAPBUA XEJNE3A

1l/IHCTMTyT XUMUKM TBepAoro tena n mexaHoxmmmumnm CO PAH
r. Hosocnbupck, PO

2V|HCTVITyT du3nkm TBepaoro Tena u nonynposogHukos HAHB
yn. . bpoBku, 17, r. MuHck, 220072, Pecnybnvka benapycb

3The H. Niewodniczanski Institute of Nuclear Physics PAS
Krakow, Poland

Cratbs noctynuna B pegakumio 20 ceHTaopsa 2004 roga

IIpu @vicoxux 0asneHusx U memMnepamypax CUHMe3UPOBaHvl MASHUMHbLE KOMHO3UMbL HA
OCHOB8e HamopasmepHuix nopowxos cucmemvl Fe—C. Ycmanoeneno, umo xomnoszum,
cunmesupoganuviii nod oasnenuem 7.7 GPa npu memnepamype ~ 2373 K, codepocum
arMasHyo moougurayuro yenepooa. Mzyuena yoenbHas HAMACHUYEHHOCHb KOMIO3UNOG.
Onpeodenenvl azosvle cocmosanus, 8 KOMopwlx Modxcem Haxooumovcs Fe xax memann-
pacmeopumens yenepood Ha pa3HblX 3Manax Cunmesd.

BBenenne

CuHTe3 aaMa3oB C HCIOJIb30BAaHUEM METAJUIOB-PACTBOPUTENCH SIBISIETCS HaU-
Oosee pacmpocTpaHeHHBIM. B kadecTBe pacTBOpUTENs yriepoia, Kak MpaBHIIO,
UCIIOJIB3YIOTCS TIEPEXOIHbIE METAJUIBI M UX CIUIaBbl. [0 HACTOSIIEro BpEMEHHU HET
YETKOT0 MPEJICTaBICHUS O MOCIEI0BATEIbHOCTH PEAKIUI PACTBOPUTENS B IIMXTE
MOJT BO3/ICHCTBUEM BBICOKMX TAaBJICHUI M TEMIEpaTyp B IEMOYKE MpeoOpa3oBa-
Hull yriepoa—rpadut—anmas. [Ipenmnonaranocs, 4To Mpu CUHTE3€ UCKYCCTBEHHBIX
aJIMa30B C HUCIOJIb30BAHNEM HAaHOpPa3MEPHBIX MOPOLIKOB cucTeMbl Fe—C, koTopsie
B 3HAYUTENbHOU cTereHu aMmophU3UPOBaHbl, HA PA3HBIX dTamax CHeKaHUs OyIeT
IpoIIe ONMpeleIuTh Haubojiee 3aMeTHbIe CTPYKTYypHbIE 0Opa3oBaHMsI, cOAepkKa-
mue Fe B kauecTBe MeTaiuia-pacTBopuTens yriaeposaa B muxre. C 3Toi 1enpio u
OBLIH MPOBEICHBI HACTOSIIIINE UCCIICIOBAHMUS.

OO0pa3ubl 1 MeTOAbI IKCTIEPUMEHTA

B kadecTBe peakIMOHHON HIMXTHI WCIOJIB30BaHBI HAHOPA3MEPHBIE MOPOIIKH
Fe c pasmepom 3epHa 40—60 nm, kancyaupoBaHHbIe caxkeld. [Topoliku mosydeHbl
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METOJIOM MexaHoxumuueckux peakuuii [1,2]. Comepxanue Fe nu C B nopomkax
cootBeTcTBOBaNIO ~ 30 1 70%. IIpuroroBineHne HaHOpPa3MEPHBIX MOPOIIKOB Me-
TOJIOM MEXaHOXMMHUYECKUX peakuuil oOecrneynBasio NPUCYTCTBUE B HUX HEKOTO-
poii nonu amop¢Hoii ¢a3el B kommnosute cucreMsl Fe—C. CrniekaHue MMXThl 0Cy-
LIECTBIISUIM B TBEPAOCIUIABHBIX KAMEPAX BBICOKOTO JIaBJICHUS THUIIA «HAKOBAJIBHS C
nyHkoi» [3]. B kauecTBe cpenbl, iepeaaronieii 1aBieHne OT HaKOBAJIEH Ha o0pa-
3€ll, MCIIOJIb30BAIM KOHTEHHEpHl U3 AonomMuTa Butedbckoro mecropoxaenus. Pe-
AKLIMOHHYIO IIUXTY criekanu nox nasineHueM 7.7 GPa nosranHo ¢ pocTom Temie-
patypsl oT 77 1o Ts. 3HaueHus TemrepaTyp Kakaoro stama cienyomue, K: 77 =
~ 1573; T, = 1973; T3 = 2173; T4 = 2273; Ts = 2373. IIpoayKThl CTIEKaHUs MOJ-
BEprajii peHTI€HOCTPYKTYPHBIM HCCIIEI0OBAHUAM, MecCOayIpOBCKOM CIIEKTPOCKO-
UM, W3MEPEHMSIM YJENbHOM HaMarHMYEHHOCTH B HWHTEPBAJE TEMIEPATYP
77-1100 K u marautHom noze 0.86 T.

Pe3ynbTaThl 3KCIIEPUMEHTA B 00Cy KAeHHe

PCHTFCHOFpaMMI)I IIHUXTHI ITOCJIE KAXAO0TO 3Talla CIICKaHUsA, IMMOJIYUCHHEIC B Cu

K -n3myueHun 1pu KOMHaTHOW TeMIlepaType, IpeacTaBieHbl Ha puc. 1. M3mene-
HUe (oHA Ha pEHTreHorpaMmax B

o 9 nuanaszone yrioB 20 = 10-100° xa-
& = | (111) (Diamond)
o paKTEepHO JUISL  yJIBTPAJUCIIEPCHBIX
= I QO Q
S O (22 Feic S8 MOPOIIKOB, COJIEpPKAIMKUX amMop(dHYIO
<" €3 ~
2 o= @2 KOMITOHEHTY. tax [1,2] moka-
g o= o1 Fe @2 OMIIOHE B pa6otax [1,2] moka
= < NN
§ ) : tt 15 3aHO, yTO amopdu3aius HaHOpa3Mep-
= HBIX TOPOIIKOB MPHU TMOJYYCHHH UX

T METOAOM MECXaHOXUMHUYECKUX pPCaK-
4

COJICPKUT TOJBKO

iz LHUM TPOUCXOIUT 3a CUET NMPOHUKHO-
=

S p W”UN BeHMs aroMoB C 10 rpaHuIlaM HaHOK-

Nal ) J

=7 ! S8 7 pucTauInyecKux 3epeH B a-Fe. PeHr-
- o o d

z £ %ﬁg S > reHorpamMma KOMIIO3UTa IOCIIE CHHTE-
@ =< o o

8 5 g% 3a IIOJ NABJICHUEM IIPU CaMOW HU3KOU
S DS~

= == temneparype 71

peduexcel Kyondeckoit ¢aser (110) u
(211) oa-Fe. Ilocme cmekanusi mon
Iy napmemmem npu Temmeparype Th
IPAaKTUYECKH BJIBOE yMEHbIIAETCs
MHTEeHCUBHOCTH pedrnekca (110) u uc-
ye3aer pedaexc (211) oa-Fe. Ilpum
TOM HAYUHAIOT MPOSBIATHCA ped-
nekchl cnaboit nateHcuBHOCTU (002),
(020), (202) MOHOKJIMHHOH CTPYKTY-

(110)Fe
(211)Fe

Puc. 1. PentrenorpamMmMel 06pa3noB mocie
CIEKaHWs TOJ IaBICHHEM IIPH pa3IHYHBIX
TeMIepaTrypax

pel (aszel FesC, mpocTpaHCTBEHHOM
rpymmsl C2/c. OOpaboTka peakiroH-
HOM IIHUXTHl MpU Temieparype 13

85



®du3nKa 1 TEXHUKA BbICOKHX AaBJjieHnii 2005, tom 15, Ne 3

IPUBOJUT K MOBBIIMIEHUIO MHTEHCUBHOCTH pPe(IEKCOB MOHOKIMHHOHM (a3bl, a
Takke K mosiBineHuto peduexca (111) pombosapudeckoii siueiiku rpaduta U cina-
6oro pedunexca (111) opropomOuueckoit dassl FesC. Pentrenorpamma nopouika
HIMXTHI TIOCJIE CIIEKAaHUs IpU Temriepatype 74 MOKa3bIBaeT, YTO KOJIMUYECTBO (ha3bl
rpaduTa Bo3pactaeT. ITO BUIHO 10 YBEIHMUEHHIO HHTEHCUBHOCTHU pediexca (111)
u 1o nposiBienuto peduiekca (010) rpadura, KOTOPHI MO YIIIOBOMY MOJIOKEHHIO
npaktuyecku cosmagaer ¢ pediaexcom (110) a-Fe. MHTeHCHBHOCTD pediiekcoB
dazer FesC, ymenbimaercs. CtaHoBsitcs 6oiee 3aMeTHBIMU pediiekchl ¢dasbr FesC.
CunTte3 npu temnepatype 75 NPUBOIAUT K YMEHBIICHHUIO COJEp)KaHHs rpaduTa B
CIIeKe, 3aMETHOMY BO3PAaCTaHHIO MHTEHCHBHOCTH Bcex pediekcoB ¢aszer FesC u
MOSIBJICHUIO Y3KOTO peduiekca 6ombinoit nHTeHcuBHOCTH (111) anmasa.
N3MeHenune coctaBa KOMIIO3UTa C POCTOM TEMIIEPATYpHhI criekanust oT 17 10 15
COOTBETCTBEHHBIM 00pa30M OTOOpaKaETCs U Ha MeccOay’pOBCKUX CIIEKTpax (pHc. 2).
AHaJu3 CIEeKTPOB SIIEPHOTO Y-pe3oHaHca ~ Fe B MaTpHiie KOMIIO3UTOB, OTyYeH-
HbIX Tpu 15 U T3, CBUJCTEILCTBYET O HAJMUYUHU B HUX, KAK MUHUMYM, YETBIPEX
36€MAaHOBCKHMX CHEKTPOB C Pa3HBIMH AS(PQPEKTUBHBIMH MarHUTHBIMH TOJSMH.
Crextp ¢ Hy = 200 kOe u uzomepHsIM casurom = 0.3 mm/s XapakTepeH ajs Le-
mentuta FesC. Crnextpsl ¢ 3¢pdexruBHbIMU MarHUTHBIMU niosisiMu Hy = 220 kOe,
H3 ~ 180 kOe u Hy ~ 110 kOe M0OXHO OTHECTH K TFe kapoune FesC,, korma xe-
JI€30 HAXOJUTCSI COOTBETCTBEHHO B OJHO-, JIBYX- U TPEXBAJIECHTHOM COCTOSIHUH [4].
Mecchay3poBCKHiA CIIEKTP KOMITO3UTA,

1.000
0.995
0.990

MOJIyYEHHOTO Tpu Temmeparype 75,
OIMCHIBACTCS TTPEUMYIIECTBEHHO TOJb-
KO 3€EMaHOBCKOM IIECTEpKOl ¢ Hegr =
~ 200 kOe, a TakKe CHHIJIETOM, YKa3bI-
BAaIOIIMM Ha Hanuuue (a3bl C OKTadI-
PUYECKHM OKPY>KEHUEM SiIep "Fe u
M30MEPHBIM CIIBUTOM OKOJIO 1.2 mm/s.

brnarogaps Hanuuuio0 y CHHTE3H-
poBaHHbIX KoMIIo3uToB Fe—C xommo-
HEHTOB C HECKOMIIEHCHPOBAHHBIM
MarHUTHBIM MOMEHTOM, IMOHIEPOMO-
TOPHBIM METOJIOM H3Yy4E€HBI TEMIIepa-
TypHBIE 3aBUCHMOCTH HUX YAEITbHOU
HamarHuyeHHoctu (puc. 3). JlanHas
XapaKTEePUCTHUKA BEIIECTBA  OYCHBb
YyBCTBUTEIbHA K W3MEHEHHUIO KOJIU-

0.995
0.990 |

Intensity, arb. units

1.000 k.
0.990 |
0.980 |

09708t et YyecTBA MATHUTHOH KOMIIOHEHTHI B

-6 4 -2 0 2 4 6

. COCTaBE U M3MEHECHUSIM B CTPYKTYPHOM
Velocity, mm/s Py

okpyxeHuu. Kak crnegyer u3 puc. 3,
Puc. 2. CIIeKTpbI 5IEPHOTO y-pesonanca ~ Fe xapaktep 3aBucumocteir o = f(7T)
B IMOpOIIKax KOMIIO3UTOB Fe—C mocne Bo3- KOMIIO3UTOB IIOCJI€ CHEKAHUA IIOX
ACUCTBUS BBICOKUX JABICHUH U TEMIICPATYD  japjieHUEM C YBEIHYEHUEM TEMIIEPa-
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80 7 "—"'--.,-'- Typbl cnekanus ot 17 no T5 3amer-
HbIM 0oOpa3oM u3MmeHnsiercs. [lo Tem-
@60—2 rneparypam Iepexoja B IlapaMarHuT-
= 3 HOE COCTOSIHHE€ MOXHO BMJIETb, KakK
%’40—2 TpaHCGOPMHPYETCS  COCTaB, COEP-
N KalUK KaTaau3aTrop OT BO3JACHCTBUS
205 TEMIIEPATyPbI TIPU TIOCTOSHHOM KBa3H-
TMIPOCTAaTHYECKOM [JAaBJICHUM. Temre-

0 0 paTypHas 3aBUCUMOCTb YAEIbHON Ha-

MarHM4eHHOCTH KOMIIO3UTAa, CIIEYeH-
HOTO TIOJ JaBJICHUEM Ipu 7], TOKa-

Puc. 3. 3aBucumoctu ¢ = f{T) KOMIIO3UTOB .
3BIBAET, YTO OCHOBHOM MarHUTOYTIO-
Fe—C mocne cuHTe3a 1MOA JaBlICHHEM II0

Mepe BO3PACTaHHs TeMIIEpaTyphI criekarms: P PAOCHHON KOMIIOHCHTON CIIcka SB-
m-T,0-Ts,0-Ts5 x—T40—Ts aseTcst xkene3o ¢ reMmneparypoi Kro-
b b b b

pu = 1060 K. C pocToM Temneparypsl
ot 71 no Ts mpu KOMIakTUpoBaHuu nopomkoB Fe—C moj aaBieHueM G yMEHb-
maetcst oT ~ 80 10 ~ 60 Gs-cm3-g_1. Temneparypa Kiopu yMeHbl1aeTcs oT Beu-
yuabl 1060 K, cBoiictBenHoi Fe, 1o 490-500 K — gns FesC [5]. Aranu3 3aBucH-
MocTtelt ¢ = f{T) moka3bIBaeT, 9YTO KOMIIOHEHTHI KapOHJIOB kKeje3a pa3HOro COCTaBa
o0pazyroTcs yke mocie criekanust mpu Temrieparype 71 = 1573 K. Haubonee 3amer-
HbIE aHOMAJIUU B XOJI€ 3aBUCUMOCTEN yAeTbHOM HaMarHMYeHHOCTH Ha0II01at0TCs
npu Temneparypax 480-500; 750; 850-900 K. YBennuenue conepkaHus LEMEH-
TUTa B KOMIIO3UTaX C POCTOM TEMIEPATyphl CIEKaHUsl 04eBUIHO. UyBCTBHUTEIb-
HOCTh TOHJIEPOMOTOPHOTO METOAa M3MEpPEHHs YACNbHOW HaMarHU4eHHOCTH
CTOJIb BBICOKA, YTO TO3BOJIAET 3a(hMKCUPOBATh B 00paslie, CIIEYCHHOM IIpU TeMIIe-
parype T’s, IPUCYTCTBHE MaJIbIX KOJMYECTB CBOOOIHOTO Kene3a u kapouna FesCs.
CrnenyeT OTMETUTH KOPPEJSILUIO PE3yIbTaTOB MAarHUTHBIX U3MEPEHUN C JaH-
HBIMU TPEIBIAYIINX HCCIEAOBAaHMM. MarHuTHbIE W3MEPEHHUs Takke MOJTBep-
KJAIOT MPUCYTCTBUE 3HAUYUTEIBHOIO KOJIMYECTBA aMOP(PHON (a3bl B MCXOIHBIX
o0pa3iax ¥ KOMITO3UTAaX, MOJyUYEHHBIX MPH pa3IMyHBIX Temmeparypax. Tak, Ha-
npuMep, yJelIbHas HaMarHMYeHHOCTh KOMIIO3HTA, CIIEYEHHOTO NpH 7, MpaKkTHye-
CKHU B 2.5 pa3a MeHbIIIe, YEM y YHUCTOTO jKeJie3a, HECMOTpPS Ha TO, YTO TeMIlepaTy-
pa mepexoja B MapaMarHUTHOE COCTOSIHUE COOTBETCTBYET Temmeparype Kriopu
YHCTOTrO KeJe3a.

3akJaroueHue

CuHTE3upOBaHbl MArHUTHBIC KOMITO3UTHI, COACPIKAIIUE alIMa3HYI0 MOIU(pUKa-
o yraepoaa. OnpeneneHsl (a30BbIe COCTOSHUS, B KOTOPBIX MOXKET HAXOAUTHCS
pacTBOPHUTEINH YTIEPO/ia B IIMXTE HA Pa3HBIX dTarax CUHTE3a ajJiMa3a U3 HaHOpa3-
MepHbIX nopomkoB cucteMsl Fe—C. Onpenenensl TeMneparypsl, IpH KOTOPHIX B
CIIEKaeMOM IIHUXTE aTOMBI JKeje3a 00JIamaloT pazInyHOM BaJeHTHOCTHIO. Bo3-
MOYKHO, YTO UMEHHO KapOHJbl B TAKOM COCTOSHMM JTUOO MPOAYKTHI UX pacmaja
MPUBOJIAT K 3aPOKICHUIO aJIMAa30B B PEAKIIMOHHOM IIMXTE.
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B.B. Bokhanov, D.G. Vas’kov, R. Kmets, R. Kruck, G.I. Makovetsky, G.M. Severin,
V.B. Shipilo, K.1. Yanushkevich

MAGNETIC COMPOSITES CONTAINING THE DIAMOND MODIFICATION
OF CARBON AND THE FERRIC CARBIDE SYNTHESIZED FROM
NANODIMENSIONAL POWDERS ~ 30%Fe70%C UNDER PRESSURE

On the basis of nanodimensional Fe—C powders at high pressures and temperatures mag-
netic composites are synthesized. It is determined that synthesized under pressure of 7.7
GPa and temperature of = 2373 K composite contains carbon of diamond modification.
Specific magnetization of composites is investigated. Phase conditions in which Fe can be
carbon solvent at different steps of synthesis are determined.

Fig. 1. Roentgenograms of samples after sintering under pressure at various temperatures

Fig. 2. Configurations of *TFe y-resonance spectra in powders of Fe—C composites after
influence of high pressures and temperatures

Fig. 3. Dependences o = f{T) for Fe—C composites after synthesis under pressure with
gradual increase of sintering temperature: m — 7, 0 — T3, 0 — T3, x — Ty, O — Ts
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PACS: 74.72.-h

M.A. O6oneHckuin, P.B. BoBk, A.B. boHaapeHko, A.B. Camounnos

HEKOTOPBLIE OCOBEHHOCTW KOMIMNPECCNOHHOIO N3MEHEHNA
CBEPXMPOBOAALMX CBONCTB KBA3MOBYMEPHbIX COEAVNHEHUW
HA OCHOBE UTTPUA U OUCENEHUIOA HNOBUA C PA3SNINMYHOW
CTEMNEHBLIO OTKIIOHEHNA OT CTEXUOMETPUU

XapbKOBCKUIN HaLMoHanbHbIN yHBepcuteT um. B.H. KapasuHa
nn. Ceobofbl, 4, r. Xapbkos, 61077, YkpanHa

Cratbs noctynuna B pegakumio 16 ceHtabpsa 2004 roga

TIpeocmasnenvt pezynomamvl UCCIEO0BAHUIL GIUSIHUSL BbICOKO20 SUOPOCMAMUYECKO20 Od6-
nenust 0o 14 kbar ma snexmpoconpomuenenue u KpUmuiecKyio memnepamypy Cloucmuix
monoxpucmannos YBa,CuzO7_s u Nbj_SnySex ¢ paznuunoil cmenenvlo OmMKIOHeHUs OM
cmexuomempuu. Mziomul na bapuueckux 3agucumocmsx To(P) obcyscoaromes 6 mepmunax
HAIUYUSL CUHYTISAPHOCEN 8 YNEKMPOHHOM CHeKmpe O8yMepHuIX peuiemok. Ommeyaemcs
BANCHOCMb PA30ENeHUsT KUCMUHHO20» 3phexma dasnenus u dpgexma, 0bOYCI06IEHHO20
nepepacnpeoeneruem Kuciopooa. OOHapysiceHo, umo dHepeust aKxmusayuu npoyecca pe-
JlaKcayuu 1eKmpoCconpomueieHusl A6Jsemcs (pyHKyuel pacnpeoeienus KUCI0pood.

OaHUM W3 OCHOBHBIX BONPOCOB IPHU HUCCIENOBAaHUM (PU3MUECKUX CBOWCTB
CJIIOUCTBIX COCAMHEHUM SIBISETCS BBIACHEHHE POJIM U BIMSHHUS Pa3MEPHOCTH Ha
TPAHCIIOPTHBIE U CBEPXIPOBOJSAIIME CBOMCTBA Takux CTPYKTyp. Heonenumyro
pOJIb TIPU STOM HrpaeT MPUMEHEHHE BBICOKOTO JABJICHUS KaK WHCTPYMEHTa, IO-
3BOJISIFOLLETO HE TOJBKO IPOBEPUTH aJ€KBATHOCTh PA3JINYHBIX TEOPETHUUECKUX
MoJieJiel, HO U ONpeAeTUTh YMIUPUUYECKUE MyTH YIyUIIeHHs] KPUTHUECKUX Tapa-
METPOB CBEPXMPOBOJISALINX COSIUHEHHH, UTO OCOOCHHO Ba)KHO JJI X MpaKTUYe-
CKOTO IPUMEHEHHUSI.

B pamkax Takoro moaxoga U3 MMEIOUIETOCA K HACTOALIEMY BPEMEHH JKCIEpH-
MEHTaJbHOTO MaTepHajia CIeAyeT OTMETUTh HETPUBUAIIbHBIC PE3yJbTAThl, MOITY-
YEeHHbIE NPU U3YUYEHUH BIUSHUS OJHOOCHOTO JIaBJICHUS HA KPUTUYECKYIO TeMIepa-
Typy 7. ABYX BUAOB KBa3UABYMEPHBIX COCIMHEHHUN: TPAAULIMOHHOTO HU3KOTEMIIE-
patypHoro cBepxnpoBojHuka NbSe; [1] u BeicokoTemnepatypHoro YBaCuO [2], y
KOTOPBIX OBLIO OOHAPYXEHO M3MEHEHHE 3HaKa Oapuyeckux npou3Boanbix d7,./dP.
[Ipu sToM s coennuennii Ha ocHoBe NbSe; npu yBenuueHuu gasieHus ot 0 10
3 kbar Benmmunna 7, Bo3pactana ot 7 10 ~ 7.6 K, mocne dero ymensimanach 10 6.8 K
NIpH TajbHEHIIeM MOBbIIeHUN naBiaeHus 10 6 kbar. C mpyroii CTOpOHBI, MPUITOKE-
HHUE Harpy3KH BJIOJb OCH a MOHOKpuctauia YBaCuO Takxke mpuBOAMIO K yBEU-
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yeHuto 7., B TO BpeMs Kak MpU MPUIIOKEHUH Harpy3ku BAOJIb ocu b oHa ymeHbIa-
7ack ¢ onmu3kuMH 1o BenmuunHe 3HaueHusMu d7,/dP =~ 2 K/GPa. Cnenyer oTMeTuTsb,
yro HaOmongaemble 3(pdexTsl He yHanoch OOBSICHUTH B paMKax TPaAUIIMOHHBIX
NpE/CTaBICHUH O MEXaHW3MaX KOMIPECCHOHHOTO M3MEHEHUs KPUTHYECKOH TeM-
neparypsl B 000ux coequneHusx. Tak, Hanpumep, B ciaydae NbSe, yBenuuenue 7,
IO/ 1aBJIEHHEM OOBIYHO CBSI3bIBAJIOCH C I1OJIaBIICHUEM IIE€peXo0jia B COCTOSHUE BOJI-
HBI 3apsnoBod mwiotHocTH (B3II), XapakTepHBIM TS CIIOMCTHIX JUXATBKOTCHUIOB
nepexoqHbIX MeTayuioB. OnHako Juis oOpa3loB ¢ goOaBkamu ojoBa Nbj_,Sn,Sep
nepexon B coctosguue B3I He HaOmronancs BooOe npu coxpaneHnu 3pdexra us-
meHeHus 3Haka d7./dP. B To e Bpems mis coemwHeHus: YBaCuO, Ha miepBEIi
B3IJISI/L, TAKOTO AP QeKTa He JOIKHO OBITh B CHIIY TOTO, UTO JIEMEHTapHas siueiika
B ab-mnockocty uMeet (hopMmy, OIM3KYIO0 KBaJpaTHOW, YTO, B MPUHLUIE, JOJKHO
UCKJII0YATh CYIIECTBEHHYIO aHM30TPOIUIO (PU3NUECKUX CBOMCTB BJIOJIb KPUCTAILIO-
rpadguyeckux HarpasieHuil a u b. B cBere Bcero BhIIECKa3aHHOTO, MPEICTABISIET
00JIBIIION MHTEpEeC BONPOC O TOM, KaKUM 00pa3oM Ha3BaHHBIE OCOOEHHOCTU OyIyT
HPOSIBIIATHCS B CIIydae MPUMEHEHUs THIPOCTaTUYECKOTO CHKATHS.

MeToauKHu HccJae10BAHNKA

B Hacrosmieit pabote npeacTaBieHbI PE3yIbTaThl UCCIECIOBAHUNA BIUSHUS BbI-
COKOT'0 THJIPOCTAaTHYECKOro AaBieHus A0 14 kbar Ha 37€KTpOCONPOTHUBICHUE H
KPUTHYECKYIO TEMIIEPATypPy CIOUCTHIX MOHOKpUCTAIIIOB Y BayCu3O7_s ¢ pa3nuy-
HOU cteneHbio nedummra kucnopona (0.1 < 6 < 0.5) u Nby_,Sn,Se,, gonupoBan-
HBIX 0710BOM (x = 0.1 u x = 0.15). MeToauka BhIpalIUBAaHUS MOHOKPUCTAIIJIOB U
MOJTy4EHHS 00pa3IoB C OTKIIOHEHHEM OT CTEXHOMETPHH MOIpoOHO onumcana B [1,3].

'uapocTtaTudeckoe NaBiieHHWE CO37aBajd B aBTOHOMHOM KaMmepe Tuma Mop-
HICHb—IIIJIMHAP MO METOJIUKE, OonucaHHo! B [4]. Bennuuny naBneHus ompenens-
JIU C TIOMOIIbI0 MAHTAHUHOBOTO MaHOMETPA, TEMIEPATYPy — MEIbKOHCTAHTAHO-
BOIl TepMoOIlapoil, BMOHTHPOBAaHHON B HapyXHYIO IOBEPXHOCTb KaMepbl. DJIEK-
TPOCOTIPOTHUBIICHWE B ab-TNIOCKOCTH H3MEPSATIU MO CTAaHIAPTHON YETHIPEXKOH-
TaKTHOU CXeMe Ha MOCTOSHHOM Toke 1—10 mA.

IKCNEePUMEHTAJIbHBIC Pe3yJbTAaThl H HX 00CyKACHHE

Ha puc. 1, 2 npencraBieHsl pe3ybTaTbl U3MEPEHUN COOTBETCTBEHHO TEMIIE-
paTypHBIX 3aBUCUMOCTEH 3nekTpoconpoTuBieHus R(7) mpu pa3iIudHbIX JaBJICHH-
X U 0apUUYECKUX 3aBHCUMOCTEH KpuTHueckoil temmnepartypsl 7T.(P). Bumno, uro
IIPUJIOKEHUE JIaBJICHUS] NPUBOAUT K YMEHBIIECHUIO AJIEKTPOCOIPOTUBICHUS H
yBenudeHuto 7, s Bcex o0pasioB. [Ipu stom, xak m B [1], y coenuHEeHMI
Nbi_,Sn,Se, He HaOmomanock ocobeHHocTe moBeacHus R(7), CBI3aHHBIX C
3NIEKTPOHHBIM TepexofoM B coctosHue B3I n 00ycioBIEeHHBIX 3JIEKTPOHHBIMHU
HEYCTOMYHMBOCTSIMH, BBI3BAHHBIMM HAJIWYHEM COBMEILECHHBIX YYaCTKOB IIOBEPX-
Hoctu Depmu. Takum obpasom, B3II-nepexon B vcciaenoBaHHBIX 00pa3max JIndo
MOJTHOCTBIO OTCYTCTBYET, JIMOO B 3HAUMTEIHHON CTENECHH IOJIABJICH, U €ro BIIUS-
HUeE Ha 1, HE IOJKHO CKa3bIBaThCs.
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Puc. 1. TemnepaTypHble 3aBUCHMOCTH 3JIEKTPOCOINpOTUBIEHUs KpucTamia YBayCuzO7_s
¢ nedururoM kuciaoponaa o = 0.5 npu maBnenusx P, kbar: /1 — 0,2 —-4.3, 3 - 6.4, 4 — cpa-
3y TOCIie CHATHUS JaBiieHus. Ha BCTaBKe a MpelCTaBIeHbl CBEPXIPOBOISAIINE TIEPEXOIbI
MoHoKkpucTamia ¢ & < 0.1, kpuBsiM /, 2, 3 coorBeTcTBYIOT naBienus 0; 1.25 u 4 kbar. Ha
BCTaBKE O ITOKa3aHBI CBEPXIPOBOJISINNEC TTepexoapl MOHOKpHcTamia ¢ O = 0.45, KpUBBIM
1—6 cootBerctBytoT nasienus 0; 1.26; 2.53; 3.9; 5 u 8 kbar, kxpuBas 7 u3mepeHa HeIo-
CPEICTBEHHO IOCIIC CHATHUS JaBICHUS

B 10 e Bpems, kak BUAHO U3 puc. 2, npu P = 0 yBenuueHue neduinra Kucio-
pona st MoHOKpHcTaioB YBayCuzO7_s ¥ MOBBIIEHHE KOHLEHTPALMH OJIOBA
st Nby_,.Sn,Se; npuBoaut k nonmxenuto 7, nist oboux coenunenuit. [1pu stom
oOpamraer Ha ce0s BHUMaHME KaueCTBEHHO MOJOOHBIN xapakTep KpuBbIX 1.(P),
OTMEUEHHBI HAJIMYMEM XapaKTepHOTO M3JIoMa B MHTepBaie naBieHuil 2—3 kbar
(TIpu KOTOPBIX Mpoucxoanio m3menenue 3naka d7,./dP mis coenunennii NbSe; u
Nb_,Sn,Se; B cirydyae npuioKeHuss OTHOOCHOTO CKaTus). B ykazanHo# oOnacTu
JIABJICHUH TIPOMCXOIUT yMEHbIIeHHe Oapudeckux npou3Bonusix d7,./dP B 2.5-3
pasa mis oboux BunoB coeaunenuii (ot 0.22 mo 0.06 K/kbar mis Nb;_,Sn,Se; u
ot 1.44 no 0.53—-0.56 K/kbar mns YBay,CuzO7_s).

TpaaguMoHHOE HCNONb30BaHUE [JIsi KaYECTBEHHOI'O aHajiM3a 3aBUCHMOCTEN
T.(P) u3BecTHOU (Gopmynsl MakMmuiiana [5] mokassiBaeT, uro B ciydae NbSe;
KOMIIPECCHUOHHOE Bo3pacTaHue 7, MOXET O0YyCIOBIMBATHCA KaK YBETUYCHHEM

temneparypsl Jlebas (T.e. u3MeHeHHeM (POHOHHOTO CIEKTpa), C OJHOW CTOPOHHI,
TaK ¥ U3MEHEHHUEM IJIOTHOCTU COCTOSTHUM Ha ypoBHE Depmu — ¢ Ipyrou:

7= ool 1.24(1+x) |
1.45 A— " (1+0.621)

(1)
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Puc. 2. bapuueckie 3aBUCHMOCTH KPUTHYECKON TEMITEpaTypbl MOHOKpHCTAILTOB Nbi_Sn,Sep
mpu x = 0.1 (¢) u 0.15 (0). Ha BcTaBKe @ mpecTaBicHa 3aBUCUMOCTh KPUTUYECKOM TeM-
neparypsl ot aaBieHus i kpucramwia Y BayCuzO7-s ¢ 0 < 0.1; Ha BCcTaBKe 6 — 3aBUCH-
MOCTH KPUTHICCKOW TeMIIepaTyphl OT JaBieHHs I KpuctaioB YBa,Cu3O7_5 ¢ & = 0.5
(w) 1 & = 0.45 (0); Ha BcTaBKe 6 — 3aBUCHUMOCTH R300(P) MoHOKpHcTamoB Nbj_,Sn,Se;
npux =0.1 (¢) n 0.2 (0)

rae Op — Temnepatypa Jle6as; p* — SKpaHUPOBAaHHBINA KyJOHOBCKHUIA MCEBIONO-
TEHIMAJ, XapaKTEepU3YIOIMNA OTTAJIKMBAaHHUE JIEKTPOHOB; A — KOHCTAHTA 3JIEK-
TPOH-(OHOHHOTO B3aUMOJIEHCTBUS, KOTOpasi, B CBOIO OY€pe/b, 3aBUCUT OT Iapa-
METPOB JIEKTPOHHOI'O U (POHOHHOTO CHEKTPOB CBEPXITPOBOIHHUKA!

_ N(ep)XI*(k -k

A
Mo,

; 2)

rne N(ep) — MIOTHOCTh COCTOsIHUI Ha ypoBHe DPepmu, / — yCpeaHEHHBbIH 1O Mo-
BepxHOCTH PepMU MATPUUHBIN 3JIEMEHT JIEKTPOH-()OHOHHOI'O B3auMOJCHCTBYS,
M — macca noHa.

MO’KHO TPENOIOKUTh, YTO BBEICHHUE TSHKEIOW MPUMECH 0JI0OBA IMPUBOJUT K

NOHMXKeHuto 7, TOCKOJbKY Op ~ M 1/2. Wcnons3oBanue 3Hauennit A = 0.81 u p*
= 0.1 [6] maeT onteHouHBIC BemuuuHbI Op =175.5u0p=177.8 K pmax=0.1 ux=0.15
COOTBETCTBEHHO. OHAKO CIEAYyEeT OTMETHTh, YTO OIICHKU BEIMYUHBI U3MEHEHUS
Op Mpu OTHOCUTENHLHO HEOONBINX NMaBicHHUsX 2—3 kbar maroT 3Ha4eHHs, HA TO-
PAIOK MEHBIIUE COOTBETCTBYOMUX 3HaueHUH d7,./dP, mOMydeHHBIX U3 IKCIICPH-
MeHTa . CrieoBaTeNbHO, U3MEHEHHE 0p, MMO-BUIUMOMY, HE SIBJISIETCS PEIIAIOIIAM
(dbakTopoM, OTMpeIESIONNUM 3aBUCUMOCTD 1(P), 1 3BoMIoIUs 1, B YCIOBUSIX TH/I-

POCTATHYECCKOI'O CKATUA HE MOXKCET O6YCJ'IOBJ'II/IBaTBC$I TOJIBKO «YXCCTOYCHHEM
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(POHOHHOTO CHEKTpa, a, BEPOSITHO, B OCHOBHOM OIPENIEISIeTC N3MEHEHHEM IIIOT-
HOCTHU COCTOSIHHMI Ha ypoBHE DepMu.

[TpunuMmasi BO BHUMaHUe TOT (akT, YTO 00a COCTUHEHUS UMEIOT ONU3KUIN ma-
paMeTp aHU30TPOIHMH U CIOUCTYIO CTPYKTYPY, MOKHO MPEANOJIOKUTh, YTO U3Me-
HeHue BennuuHbl d7,/dP sBiseTcst pe3ynbTaToM HaJIMYHUS OCOOCHHOCTEH MIIOTHO-
CTU COCTOSIHMH B CIIEKTPE HOCHUTENIEH 3apsaa. JIeHCTBUTEIBHO, KaK U3BECTHO U3
JUTEPATYPHBIX JAaHHBIX, B HU3KOPA3MEPHBIX CUCTEMAaxX BCErJa CyIIECTBYIOT 3Ha-
YHUTEIbHbIE IUIOCKUE YYAaCTKU Ha (hepMH-NIOBEPXHOCTH, MPHUBOSIIME K TOSBIIE-
HUIO CUHTYJISIPHOCTEH B pyHKIMU cocTostHMiA. B wactHOCTH, 1st NbSe, B [1] ObI-
JI0 TIOJTYY€HO BBIPAXKEHUE ISl TPEXMEPHON IIIOTHOCTH COCTOSIHUIM

N(E)~1/2ma-[4% - (E —0)” , 3)

B KOTOPOM YYTEHO, YTO 3aKOH JUCIIEPCHU IEKTPOHOB BJI0JIb ocu ¢ B NbSe; coort-
BETCTBYET B3aMMO/ACHCTBHIO JIUILIb COCEAHUX CIIOEB:

e(p;) = 2tcos(ap;). 4)

W3 (3) BuAHO, 4TO B IJIOTHOCTH COCTOSIHUN 00pa3yeTcs «JIByIJIaBblil» MUK, LIU-
pHHA KOTOpOTO 4¢ ompenensieTcss MHTErpajoM MEXCIOEBOTO MEePEKPBITHS BOJIHO-
BbIX (YHKIMI 7. B TO *e BpeMs UHCIIEHHbIE pacueThbl 3JIEKTPOHHOM IMJIOTHOCTH
cocrosuit N(E), nmpoBeneHHble B [7], mokasanu, urto ypoBeHb depmu B NbSe,
pacmoioxeH BOiM3M octporo nuka. CiaenoBaTeNbHO, IPU YBETUUEHUN UHTErpaia
NEPEKPHITHS CIIOEB, OOYCIOBICHHOTO [aBJICHUEM, IUIOTHOCTH COCTOSHHUHM Ha
ypoBHe DepMU MOKET MPOXOAUTH YePe3 MAKCUMYM.

Heo06xomuMo OTMETUTH, YTO TIPU MCCIIEIOBAHHUAX BBICOKOTEMIIEPATYPHBIX CO-
€IMHEHUN Ba)KHOCTh POJIU CHUHTYJISIPHOCTEH B AJIEKTPOHHOM CIIEKTPE MOMYEPKH-
BajlaCh €Ill€ HAa PaHHMUX dTanax M3y4deHus [§] u B MajgbHEHIIEM HEOTHOKPATHO
MOJTBEPXKATach SKCIEPUMEHTANIbHO, B YaCTHOCTU (POTOIMHUCCUOHHOU CIIEKTPO-
CKONMEN U pe3ysbTaTaMM U3MEpEeHMs CKadyka TerioeMkocTH [9]. 13 teopernye-
CKHX padoT clieqyeT OTMETUTh MOJIeNb, paccMOTpeHHyto B [10], rae Obuto moka-
3aHO, YTo A KpucTamuioB ¢ 7, = 90 K ypoBeHb depmu N€KUT B TOIMHE MEXKITY
JIBYMsI TIMKaMU TIOTHOCTU COCTOSTHUHM, KOoTopast Ha ypoBHe Depmu N(Efr) cytie-
CTBEHHBIM 00pa30M 3aBHUCUT OT aHM3OTPOIUHU. Y BEIIMUCHUE OTHOIIEHUs (a — b)/a
BBI3bIBAET POCT PACCTOSIHUSI MEXKIY IMUKaMU IUIOTHOCTU COCTOSIHMM U COOTBETCT-
BeHHO mnoHmwkenue N(Er) u T,. YMeHbIICHUE K€ OTHOIICHUS (a — b)/a mpuBOAUT
K COJMKEHUIO TIMKOB INIOTHOCTH COCTOSTHUM, UTO BBI3bIBaeT poct N(EFr) u T,. Kak
OTMEYAJIOCh BBIIIE, TaKasi 3aKOHOMEPHOCTh U3MEHEHUs 1, HaOloJanach IKCIepu-
MEHTAJILHO MPH UCCIISIOBAaHUN BIUSHUS OJTHOOCHOTO CXKATHs BIIOJIb oceii a u b Ha
KPUTUYECKYIO TeMIepaTypy MoHOKpucTauioB ¢ 7. = 90 K [2]: npu npunoxeHnuu
Harpy3ky BJOJIb OCH a KpUTHYECKas TeMIlepaTypa MOBbIIIAJIach, a BAOJb OcH b
OHa yMeHbIanack. [Ipu Bo3melcTBUM TUAPOCTATUYECKOTO AABJICHUS BEIWYHHA
oTHOWICHUS (@ — b)/a n3MeHseTcsi ¢1abo0, MOCKOIBKY OMPENesieTCsl TOIBKO pas-
JMYMEM MOJYJIEH CKaThs BIOJb oced a u b. [loaToMy M3MeHEHUE KPUTUUYECKOMU
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TEMIEPATypPhI CTEXHOMETpUYecKux 00pasuoB ¢ 7, ~ 90 K npu Bo3aeiicTBuu TUI-
pPOCTaTUYECKOTO JABIICHUS OTHOCUTEIHHO Majo. {5 KpUCTAIJIOB HECTEXHUOMET-
puueckoro coctaBa ¢ 7, = 60 K ypoBenp depmu COIBUHYT C CEPEIUHBI 30HBI U
pacrojokeH B CTOpOHE OT cuHryisipHoctd Ban Xosa. I[lostomy, ecimu BennumHa
KPUTHUYCCKOW TEMITEpaTypbl B TIEPBYIO OUEpPEIb OMPENCIETCS IUIOTHOCTBIO DIICK-
TPOHHBIX COCTOSIHHIA, TO MPH BO3ACHCTBUM TUAPOCTATHYECKOTO IABJICHUSI YPOBEHB
®depmu JODKSH CMEIATHCSI B CTOPOHY TTHKA TUIOTHOCTH COCTOSTHHIA.

B monp3y mocnenHero mpeanoyioKeHus CBUACTEIbCTBYIOT NaHHBIC, MOKa3aH-
HBIE Ha pHC. 3, HA KOTOPOM IpencTaBiieHbl nuarpaMmmel 7, ~ dIn7,/dInV xpucran-
7oB ¢ aedururoM kuciopoga 6 = 0.5 u 8 =~ 0.45 (coorBeTcTBeHHO /, 2), a TaKXKe
oOpa3ua cocrapa, 6JM3Koro kK crexuomerpuueckomy 0 < 0.1 (3), paccuntaHHble C
yaeToM 00bemMHbIX Moayer (100 GPa npu 6 < 0.1 u 115 GPa npu 6 > 0.1 [11]).
Ha 3aBucumoctsx din7,./dIn¥(7,) nnst 06pa3iioB HECTEXMOMETPUIECKOTO COCTaBa
HAOMIOJaeTCsl M3JIOM, KOTOPBIA MOXET CBUIECTENHCTBOBaTH O mepexonae u3 60-
rpamycHoi ¢assl B 90-rpamycHyto, pazinudaromnuecs no senuunne d7,./dP.

TakuMm o0Opa3om, COMOCTaBICHHUE PE3yJIbTATOB MCCIEAO0BAHUS BIUSHUS TUIPO-
CTAaTUYECKOTO JaBjieHUs Ha 7. cIOMCTBIX coenuHennit YBay,CuszO7_s 1 Nby_,Sn,Se,
JTACT OCHOBAHHWE TPE/IIOI0KUTh, YTO OCOOCHHOCTH Ha 3aBUCUMOCTSIX 1.(P) SBISIOT-
Csl CIIEZICTBUEM U3MEHEHHUI B DHEPTETUYECKOM CIIEKTPE HOCHTEICH. ITO MOXKET OBITH
00yCIIOBICHO 100 APYroil BAICHTHOCTHIO 3aMEMIAIOIIETO dJIEMEHTA, BIUSIONIETO

85 90 95
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Puc. 3. Inarpammset 7, ~ dInT,/dInV kpucramios YBa,CuzO7_s ¢ nedumurom Kucimopoa
0~ 0.5 (/) ud~0.45(2), a Taxke oOpasia cocraBa, OJU3KOI0 K CTEXHOMETPUICCKOMY

0 £0.1 (3), paccunrannbie ¢ yaeToM 00beMHBIX Moayeh (100 GPa mpu x < 0.1 u 115 GPa
mpu x > 0.1 [11])
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Ha IJIOTHOCTh HOCHUTEJEH, TMO0 M3MEHEHHEM IapaMeTpOB KPUCTAJUIMYECKOH pe-
IIETKH B Pe3yJIbTaTe MOHIKEHUS COJIEPKaHHsI KUCIOPO/a, 4TO, B CBOIO OYepeib,
BJIUSIET HA AJIEKTPOHHBINA SHEPreTUYECKUIN CIIEKTP.

JlelicTBUTENBHO, COIVIACHO PEHTIeHOrpauYecKuM MCCIEJOBAHUSAM, IMPOBE-
JEHHBIM B [12], HachIIEHNE KUCIOPOJAOM BbI3bIBAET U3MEHEHHS TapaMeTPOB Kpu-
cranmyeckoii pemerkn ot a = 3.872 A, b=3.879 A, c=11.809 A no a =3.833 A,
b =3.898 A, ¢c = 11.700 A, T.e. yBenudueHre opTopoMOHYECKOTO HCKAKEHMS.
3T0, B CBOIO OYEpe/b, MPUBOIUT K POCTY CTENEHH PACHICTICHHUS] KPUTHYECKOM
toukn Ban XoBa. IHTepecHO OTMETUTH, UTO aHAJTOTHYHBIE OCOOCHHOCTHU TOBE-
neHust 0apuiecKkux npou3BoaAHbIX d7,./dP B 3aBUCUMOCTH OT H3MEHEHHUS COCTaBa
HabmoJanuch B MOHOKpHUCTaiax NbSe), HHTEpKalMpOBAHHBIX AeHTepueM [0
2 at.%, yto mpuBoamiIo K pocty d7,./dP B 2—-3 pa3a o cpaBHEHHIO C YHCTHIM 00-
pazuowm [13].

[TprHuMast BO BHUMAHUE YKa3aHHbIE aHAJIOTUH, A TAK)KE YUUTHIBAs Pe3yJIbTaThl
pa6ot [1,10], B KOTOpBIX OBUTH PACCMOTPEHBI MOJENH, IPEANONATAIOIINE HATUYUE
CHUHTYJISIPHOCTEH B DJIEKTPOHHOM CIIEKTPE JIBYMEPHBIX PELIETOK, MOXKHO MPEIo-
JOXWTh, YTO U3MEHEHUE COCTaBa B TAKUX COCIUHEHHUSX, MO-BUAUMOMY, MOXKET
NPUBOJIUTH K CABUTY YpoBHA (DepMU OTHOCHTENIBHO OCOOEHHOCTEH MIOTHOCTH
COCTOSIHUH.

Heo6xonuMo OTMETHUTB, YTO BCE BBIIIECKAa3aHHOE OTHOCHUTCS K TaK Ha3blBae-
MOMY «UCTHMHHOMY» 3((eKTy TaBieHUsi, 00yCIOBIEHHOMY HENOCPEICTBEHHBIM
ckarueM oOpasma. B paborax [14,15] mo uccrnenoBanuio BIUSHUS JaBJICHUS HA
TPAHCIIOPTHBIE CBOMCTBA OECIPUMECHBIX OOpa3lloB, a TAKXKE B CEpud padOT 1O
U3YYEHUIO BIMSHUS JABJICHUS Ha KUCIIOPOJHOE YHOPSIOUEHHE B KEPAMUYECKUX
coequHeHusx ¢ jgobaBkamu Ca, Sr M pazIMUYHBIX PEIKO3EMETbHBIX 3JIEMEHTOB
[16—20] Opl0 moxazaHo, 4yto npu onpeaenenuu d7,/dP cnepyer paziauuaTh /Ba
s dexTa, CBI3aHHBIX C YMEHBIIICHHEM 00beMa 3JIEMEHTApHOU STUEHKH U Tepepac-
npezneneHreM kuciaopozaa. C 1einbio MaKCUMalbHOTO YMEHBIIEHUS BIMSHUS Nepe-
pacrpeneneHust KUCIOpoaa HEMOCPEICTBEHHO TOCIE MPHIOKEHHS JTaBJICHUS Ha-
MU TIpOBOJMIOCH ObicTpoe (15-20 min) oxyakaeHue KaMmepsl ¢ o0pasioM 0
TeMIeparyp, Ipu KOTOPBIX OTCYTCTBYIOT pejlakcallMOHHbIE 3((eKThl. 3aTeM Ha
OTOTpEBE MPOU3BOAMIN U3MepeHue R(7) 10 KOMHATHBIX TEMIEPATyp, MOCIE YEeTOo
OCYILECTBIISIM U3MEPEHUsI BpeMEHHbIX 3aBucumocteil. [locne atoro mponsBonu-
M MoBTOpHBIE M3MepeHus R(7) B LUKIe OxJaxIeHHue—HarpeBaHue. Pe3ynbraTsl
m3mepennii T.(P) u AT.(P) nns kpuctamia ¢ aepuiurom kuciopona o ~ 0.45
IPUBE/IECHBI B TaOIHLIE.

Bennuuny 7, onpenensiiu no cepeuHe pe3UCTUBHOIO MEPEXoa B CBEPXIPO-
BOJISIIIIEE COCTOSIHME Ha YpoBHE R = Ry/2, rae Ry — OCTaTOYHOE 3JIEKTPOCOIPO-
TUBJICHUE B HOPMAJIbHOM COCTOSIHUU. [lIMpuHY CBepXmpoBOASALIMX NEpexoa0B
AT, nomy4anu Kak pa3HOCTb TeMneparyp 7, u 7, (Hadana U KOHIIA CBEPXIIPOBO-
JSIIET0 Tepexoja), COOTBETCTBYIOMIMX 3HAYEHUSM 3JIEKTPOCOMPOTUBIICHHUS
0.95RNH 0.0SRN.
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Tab6nuia
Pe3yabtartel uzmepenuii 7.(P) u AT (P)

P kb Jo Beiepxkku ipu 7'=300 K | Iocne Beigepxku npu 7 =300 K

- Kbar T..K AT.. K 7. K AT, K
0 50.6 2.4 50.6 2.4
1.26 52.4 2.4 52.5 2.7
2.53 53.0 2.8 53.0 2.9
3.90 54.0 2.9 54.1 3.2
5.00 54.8 3.2 54.8 3.4
8.00 56.6 3.5 56.7 4.1
Hocxe cusia 50.6 3.5 50.6 2.8

JTaBJICHUS
Tpoe cyrok nocie 50.6 3.5 50.5 2.4
CHATHUA JaBJICHUS

Kak BHIIHO U3 pe3yNbTaToOB, IPEJCTABICHHBIX B TA0IUIlE, KPUTHUECKAs TEMIIe-
patypa, onpezesnseMas 1o CepeMHE CBEPXIIPOBOJIAIIEIO MMepexoa, IPaKTHIECKU
HE 3aBHUCHUT OT BPEMEHH BBIJICPKKHU 00pa3lia mpu KOMHATHOM TeMmIepaType, a Oll-
penensiercss TOJbKO BETMUMHOM MPUIIOAKEHHOTO AaBieHus. B To jxe Bpems mmpu-
Ha CBEPXIIPOBOJSIIETO NEPEX0Ja BO3pACTAECT MPU TAKUX YCJIOBUSAX U NpaKTUYe-
CKU HE MEHSETCs NPU U3MEPEHUsIX, BBIIIOJHEHHBIX HENOCPEICTBEHHO MOCIE IpU-
JIOKEHUS—CHATHS JABJICHUS, YTO, NO-BUIMMOMY, BBI3BAaHO BIIMSIHMEM I€pepac-
npeeneHust KUCIopoaa. DTO MPEANoI0kKEeHNe MOATBEPKIAAECTCS U pe3ysIbTaTaMu,
noiydeHHbIMH B [21,22], rne ObUIO MOKa3aHO, YTO MPUIIOKEHUE THAPOCTATHYC-
CKOTr'0 JaBJICHUS MPUBOJIUT K U3MEHEHUIO IIUPUHBI U (GOPMBI (BBICOTHI CTYIIEHEK)
CBEPXIPOBOSAIIETO Tepexoia KHUCIOpoanehuuTHEIX o0pa3unoB YBaCuO npu
bukcupoBaHHOU T, 9TO MOXKET OBITH OOYCJIOBIICHO TepepacipeiesieHueM KHUCII0-
pola Mexnay (azaMu, XapaKTEpU3YIOIIUMUCS Pa3IUYHBIM COJIEPKaHUEM KHUCIIO-
poza u TUIIOM ero ynopsaodeHus. Hanpumep, npu yBelInYeHUH JABICHUS YacTh
Kucnoposaa u3 ¢aspel ¢ MeHblleil 7, Murpupyet B (azy ¢ GoJblell KpUTHYECKOH
TEeMIIepaTypoil, a Ipu YMEHbIIEHUH JABJIECHUS MPOMCXOAUT OOpaTHOE mepepac-
npezneneHue. [Ipu 3ToM olieHKa pa3MepoB KiIacTepoB Ly = (Dz‘)l/2 JTaeT BEJIMYUHY
30-300 A, conoctaBumyto ¢ paccrosiHueM 50400 A, moiydeHHBIM U3 HEHTPOHO-
rpaduueckux [23] u ontrueckux [24] ucciuenoBaHmii, HA KOTOPOM PEaTU3yeTcs YIo-
pSAAOYEHUE KUCIOPOia B MOHOKpUCTaLIax ¢ & = 0.5 mpu KOMHATHOH Temreparype.

B mone3y AaHHOroO NpeanoyioKeHus: CBUAETENBCTBYIOT M PE3YJIbTaThl U3MeEpe-
HUHI M30TEPMHUUYECKOMN PEIIAKCALMU 3JIEKTPOCONPOTUBIICHHS IO IEHCTBUEM TUAPO-
CTaTHMUYECKOI'0 JaBJIEHUs, U3 KOTOPBIX METOAOM M3MEHEHUsI HAaKIOHAa KPUBBIX U Me-
TOJIOM pa3pe3oB ObLIa OMpenesieHa YHEPTusl aKTHBAIMH IPOIECCa, COCTABUBIIIAS
BEJIMYHHY 3-10° K. [Ipu »TOM cnenyer OTMETHTb, UTO MOCJE BBIIEPKKU 00pa3lioB
Ha npoTspkeHny 20 h mpu KOMHATHOH Temneparype BeJIM4riHa SHEPrUH aKTUBALUU
yBEJIMYUIAch J10 12:10° K. Takast 3aBHCHMOCTb SHEPrUM aKTHUBALMU OT BPEMEHU
BBIJICP)KKH 00pasiia mnpu (HUKCHPOBAHHON TEMIIEpaType CBUACTEIBCTBYET O TOM,
YTO SHEPrusl aKTUBALIMH TOXKE ABISIETCS (PyHKIMEH pacnpeaeseHus: KUCIopoia.
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BriBoabI

B 3axmroueHne HEOOXOIUMO elle pa3 OTMETHTh BaXKHOCTh paszzaeieHus dhdek-
Ta HEMOCPEJACTBEHHOI'O YMEHBIICHUsI 00beMa 3JIeMEHTapHON SYEHKHU U mepepac-
MpeAesICHNs KUCI0pOo/aa B TIpoliecce MPUIIOKeHHsI TaBjieHus kK oopasziam Y BaCuO
HECTEXHMOMETpHUEcKoro cocrasa. Ilpu 3Tom OGapuueckue 3aBUCUMOCTH KpUTHYE-
CKOM TeMmIepaTypbl, ONpPEeNsseMON MO CPEeIUHE CBEPXIPOBOAAIIETO MEPEX0/a,
UCTIBITHIBAIOT KQUECTBEHHO CXOXKEe IMOBEICHUE C aHATIOTUYHBIMH 3aBHCUMOCTSIMH,
NOJYYEHHBIMH JUIsI MOHOKPHUCTAJUIOB IHMCEIEHHUIA HHOOMS C NMPUMECHIO OJIOBA.
Y4uThIBas CIOUCTYIO CTPYKTYpPY W ONM3KHIA MapameTp aHHU30TPOIUH O00OUX CO-
€IMHEHUH, a TaKKe MPUHKUMAsi BO BHUMaHHUE Pe3yJIbTaThl padoT MO MPHIOKEHHIO
0ZIHOOCHOrO naBieHus [1,2] u teopernueckoir mozenu [10], moruyHo npenmnoso-
XKHTb, YTO XapaKTEPHbIE M3JIOMBI B 00JIACTH MaJbIX JaBICHUH Ha 3aBUCHUMOCTSIX
T.(P) oboux coearHEeHH MOTYT OBITH 00yCIIOBIIEHBI cMelleHueM ypoBHs depmu
B CTOPOHY OCOOCHHOCTEH IUIOTHOCTH COCTOSIHMN NPH BO3JEHCTBUU T'HIIPOCTATHU-
YECKOIo JaBJICHUs. YBEIMYEHHE B HECKOJBKO Pa3 SHEPIMM aKTHUBALMM Ipoliecca
pelakcay 3IEKTPOCONPOTHBIICHHS B CIy4ae OT)KUTA MPU KOMHATHBIX TEMIIepa-
Typax M BBIICPKKHU IMOJ TMAPOCTATUUECKUM JABIEHHUEM MOXKET CBHUIETEIILCTBO-
BaTh O MEPEXO/JIE K IPYyroMy MEXaHU3MYy yIOPSI0YCHHS Ta0MIbHOM KOMIIOHEHTHI.
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M.A. Obolenskii, R.V. Vovk, A.V. Bondarenko, A.V. Samoilov

SOME FEATURES OF COMPRESSION CHANGES

IN SUPERCONDUCTING PROPERTIES OF QUASI-TWO-DIMENSIONAL
COMPOUNDS BASED ON YTTRIUM AND NIOBIUM DISELENIDE

OF DIFFERENT DEGREE OF DEVIATION FROM STOICHIOMETRY

The effect of high hydrostatic pressure up to 14 kbar on electrical resistance and critical
temperature of stratified single crystals YBa,Cu3zO7_s and Nb;_,Sn,Se, with a different
degree of deviation from stoichiometry has been investigated. Breaks on the dependences
T.(P) come into question in terms of the presence of singularities in the electronic spec-
trum of two-dimensional lattice. Importance of differentiation between «veritable» effect
of pressure and effect conditioned by the redistribution of oxygen is marked. It is shown
that the activation energy of the relaxation process of electrical resistivity is the function
of oxygen distribution.

Fig. 1. Temperature dependences of electrical resistivity of the crystal YBa,CuzO7_5 with
the deficit of oxygen & ~ 0.5 at pressures P, kbar: 1 — 0, 2 — 4.3, 3 — 6.4, 4 — at once after
pressure relief. In the insert a superconducting transitions of single crystal are shown with
0 < 0.1, to the curves 1, 2, 3 pressures of 0, 1.25 and 4 kbar correspond. In the insert 6
superconducting transitions of single crystal are shown with & ~ 0.45, to the curves /-6
pressures of 0; 1.26; 2.53; 3.9; 5 and 8 kbar correspond, the curve 7 is measured at once
after pressure relief

Fig. 2. Baric dependences of critical temperature of single crystals Nb;_,Sn,Se; at x = 0.1
(®) and 0.15 (0). Insert a: dependence of critical temperature on pressure for the crystal
YBayCu307_5 with 6 < 0.1; insert 6: dependences of critical temperature on pressure for
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the crystals YBa,Cu3O7_5 with 5 = 0.5 (m) and & = 0.45 (0); insert 6: R300(P) dependences
of single crystals Nb;_,Sn,Se; at x = 0.1 (e) and 0.2 (o)

Fig. 3. Diagrams of the T, ~ dInT,/dInV} for crystals YBa,Cu3zO7_s with the deficit of oxy-
gen 6 = 0.5 and 8 = 0.45 (1, 2), and for stoichiometric composition of § < 0.1 (3), calcu-
lated with bulk moduli taken into account (100 GPa at x < 0.1 and 115 GPa at x > 0.1
[11])
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PACS: 73.61.—1, 78.30.Ly, 78.66.—w

B.H. BaptoxuH, T.A. ObsyeHko, B.[l. OkyHes, H.H. Nadomos,
A.J1. NMnexos., E.N. lLlem4eHko

BNNAHWE KNACTEPOB C METAJTTTMYECKOW MPOBOOMMOCTLIO
HA SNEKTPUYECKWME U ONTUYECKWVE CBOVCTBA
AMOP®HBbIX MJTEHOK a-C(N)

JoHeuknii nsmko-TexXHNYecknin MHCTUTYT um. A.A. MankmHa HAH YkpauHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbst noctynuna B pegakumio 4 okts6psa 2005 roga

H3yuenvl snekmpuyeckue u Onmudeckue ce0lUcmea nieHok amopgnozo yaaepooa a-C(N),
HONYYEHHbIX MEMOOOM MACHEMPOHHO20 pAchblienus epaguma ¢ ammocgepe azoma. Bo
scem uccnedyemom unmepsaie memnepamyp T = 77-300 K snexkmponpogoonocms nie-

HOK umeem 3asucumocms o(T) euoda lgo ~ T 1/2, Umo XapaxkmepHo 0iisi Cpeo C PAHYaAUpo-
sannol cmpykmypou. Iloxkazano, ymo Memaniuieckas npo8oOUMOCHb MONCEM GO3HU-
Kamob 8 No00OHBIX cucmemax be3 @gedenus npumecei memaniia. Ha ocnoge oanmvix no
UBMEPEHUID MePMO30C, NPOBOOUMOCHU U ONMUYECKO20 NO2NOWEHUS COEeNaH 8bl600 O
MoM, YMO SPAHYIUPOSAHHASL CIPYKIMYPA NIEHOK 00YCN0GNEeHA HATUYUEM 8 YenepOoOHOU
epapumonodobHol Mampuye Kiacmepos ¢ MEMALIU4eCKOu nPO8OOUMOCIbIO HAHOMEN-
P06020 pasmepa, 06PA3YIOWUXC HA OCHOBE Y-Yelepood, KOHYEHMPAYUsi KOMOPbIX IKCHO-
HEHYUATbHO YEENUYUBAEIICS C POCHIOM MEMNEPAMYpPbl 0CANCOCHUSL NIICHOK.

BBenenune

B ominume OT MMPOKO H3BECTHBIX 3JIEMEHTAPHBIX MOJYNPOBOJHUKOB B
amopduom coctosnuu (a-Ge u a-Si) B aMOPGHBIX YITIEPOIHBIX IUIEHKAX aTOMBI
yIJIepoJia, OTHOCSIIMECS K TOM K€ YETBEPTOM TPYIIE MEPUOIUYECKON CUCTEMBI
3IIEMEHTOB, 00JIaAal0T YHUKAIBHBIMUA BO3MOKHOCTSIMH 00Pa30BBIBATH Pa3INYHbIC
aJIOTpOMHbIE (JOPMBI U CTPYKTYpHbIE MoaudUKai. B 3aBucuMocT OT MeTo-
JIOB JIESTUPOBAHUS U YCIOBUI NPUTOTOBJICHUS 3TUX INIEHOK BO3MOXKHO B IIUPOKUX
npeaenax U3MEHATh B HUX OTHOCUTEIbHOE coJiepxkanue 4, 3 U 2 KOOpJAMHUPOBAH-
HBIX aTOMOB YIJIEPO/Ia U COOTBETCTBEHHO (PM3MYECKHE CBOMCTBA M 00JacTH TeX-
HUYECKOTO0 MPUMEHEHUs 3THX MaTepuanoB. OTMETHM 371eCh M CIIOCOOHOCTh K
KJIaCTEpU3aLlMM aTOMOB YIJIEpOJa C OJMHAKOBBIM TUIIOM KoopAuHauuu [1], B pe-
3yJIbTaTE Yero yriepoJHble IICHKH HEPEIKO MPEJCTABIAIOT cO00i HEOAHOPOIHbIE
CTPYKTYPBI, COZiepKalie B aMOP(QHOM cpefie KIIacTephl C TeTpadJpUueCcKOi CTPYyK-
Typoii, opMupyoILIEelics aTOMaMu yriepoja B sp -THOpUIN3UPOBAHHBIX COCTOS-
HUSIX, UJIU K€ KJIacTephl U3 TPEXKOOPAMHUPOBAHHOIO YIJIEpOJa B sz-FI/I6pI/I)1HI>IX
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COCTOSIHUAX (COOTBETCTBEHHO AJIMa30NOJ00HBIE WK IpadUTONON00HBIE KiacTe-
pbl HAHOMETPOBBIX pa3MepoB). Bo3MoxHO Taxkke (GopmupoBaHue (HparMeHTOB
KapOMHOB C YTJIEPOJIOM B Sp-COCTOSTHUSX, KOTOPBIE MOTYT OKa3bIBaTh BIMSIHUE HA
cBoiicTBa mieHoK. Kpome 3T0r0, He00X0MMO UMETh B BUIY TAaK)Ke€ BO3MOXKHOCTb
o0Opa3oBaHUs y-yTaepoaa, 00Ja1ar01Iero METATNYeCKON IPOBOAUMOCTHIO [2].

[Tpu nerupoBaHMM MICHOK METaUIaMU BO3MOKHO MOJyYE€HUE HAHOKOMIIO3UT-
HBIX YIJIEPOAHBIX IJICHOK, B KOTOPBIX CHCTEMa HAaHOPA3MEPHBIX METAUIMYECKHUX
KJIACTEPOB BCTPOEHA B yriiepoaHyto matpuiy [3]. Takne HaHOKOMIO3UTHbBIE Ma-
TEpHAIbl MPEACTABISAIOT COOOW 3HAUYUTENBHBIA MHTEpEC NS (DU3UKU U DJICKTPO-
HUKU HAaHOCTPYKTYD.

B mocnennue roapl Bce Oolblliee BHUMAHHUE YACNSETCS M3YYCHHIO aJIMa30Ilo-
NOOHBIX IUICHOK, JETMPOBAHHBIX a30TOM. 3/I€Ch YCWIHS HCCienoBaTesield CKOH-
LHEHTPUPOBAHBI B OCHOBHOM B JIBYX HAaIpaBJICHUSIX: MOJYYEHHUS CBEPXTBEPIOIO
coenuueHus B-C3Ny4, BOBMOKHOCTh CHHTE3a KOTOPOTO ObLIA MpejcKa3aHa B [4], u
CHUHTE3a TOHKOIUICHOYHBIX MOKPHITHII HA OCHOBE aMOpP(HOTO HUTPHUAA yIieposa.
Bo BTOpOM citydae ocak/IeHHbIE B ONTUMAIBHBIX YCIOBUSX IJICHKU UMEIOT CpaB-
HUTEJIBHO BBICOKYIO TBEPJOCTh M M3HOCOYCTOMYUBOCTH [5,6]. OTMETHM Takxke
BO3MOKHOCTh U3MEHEHHS MX AJEKTPUUYECKUX U ONTUYECKUX CBONCTB B HIMPOKHUX
npeaenax B 3aBUCUMOCTH OT KOHIIEHTPAIIMM BBOJAMMOTrO B HHMX a3oTa [6]. B man-
HOU paboTe MPUBEICHBI PE3yNIbTAThl MCCIEIOBAHUS DIIEKTPUUYECCKUX H ONTHYE-
CKHX CBOWMCTB aMOP(HBIX MJIECHOK YIJIepo/ia, MOIYYEHHbIX B aTMOc(epe a30Ta mpu
pa3IMYHBIX TeMreparypax MoJIoKku. [lokazaHo, 4To cUCTEMY KJIAacCTEPOB C Me-
TaJNIMYECKOW MPOBOAMMOCTBIO B M30JIMPYIOIIEH MaTpuile amMoppHOro yriepoaa
MO>KHO CcO3/1aTh 06€3 BBEJICHHUS B €r0 COCTaB MIPUMECE MeTaa.

MeToauka IKCIIepUMeHTa

AnmazononoOueie TuieHKH @-C(N) OBUTM TMOJy4eHBI METOJIOM HWOHHO-
IUIa3MEHHOTO PaCHbLICHHUS] MUIIEHU U3 YUCTOTO rpaduTa B a30THOM I1a3Me ¢ Mo-
MOIIIBIO TUIAHAPHOTO MAarHETPOHA MOCTOSHHOTO TOKA HA MOJIEPHU3UPOBAHHOM yC-
taHoBke BYII-5M. TemnepaTtypa pocta, KOHTpOJIUpYEMas TEPMOIAPON XPOMETb-
aJIOMeNb, YCTAHOBJICHHOW HEMOCPEACTBEHHO Ha MOJUIOKKE, U3MeHsach ot 20 a0
450°C. [aBnenue a3ora B pabouell kamepe ObLJIO MUHUMAIbHO HEOOXOAMMBIM
JUTSE BOSHUKHOBEHHSI YCTOMYMBOTO M CTAOWIBLHOTO TJICIOIIETO pa3psijia U COCTaB-
nsi0 75—100 mtorr. 3BecTHO, YTO MpH MOBBIMICHUH KOHIIEHTpAIMU a30Ta (B Ha-
mem ciiydae oHa cocrtapiisia 100%) CylIecCTBEHHO YBEJIMYMBAETCS COACpKaHUE
spz-yrnepoz[HHx CBsI3€i, M B aTMOc(epe YMCTOro a3oTa pacTyT MPEUMYIIECTBEH-
HO rpaduronogo0HbIe CIOM ¢ HU3KOW MUKpOTBepAOCThiO [7,8]. PaccTosHue ot
MOBEPXHOCTU MOJUIOKKHU A0 MUIIEHHU (2.5-3 cm) He mpeBbIIIaIo AJIUHY CBOOO-
HOTO Mpo0era HOHOB yTiepoaa sl TaHHOTO JaBJICHHUS.

B kauecTBe moasiokeK MCHOIb30BAIM OKPOBHBIE cTekia. [lepen ocaxaeHuem
TJICHOK KaXKJasi U3 HUX MPOXO/AUJIa MHOTOKPATHYIO OUYHUCTKY B PACTBOPE CUHTETH-
YECKUX MOIOIIMX CPEACTB U B AUCTUIUIMPOBAHHON BOJE, a TAKKE B U30MPOIMUIIO-
BOM crHpTe W ero mapax. [locne ycTaHOBKM TOMIOXKEK B pabodeM oObeMe uX
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OYHINAIM B C1a0OM TJICIOIIEM pa3psi/ie He MEHee OJIHOrO yaca B aTMocdepe a3ora.
TonmmHy TUIEHOK ONMPEeNsIH ONTHYECKHM METOJIOM C MOMOINBI0 WHTep(hepeH-
roHHOro Mukpockona MUHM-4, ona cocrasmsia 0.9-5.0 um.

W3mepenuss TemnepaTrypHbIX 3aBUCUMOCTEH 3JEKTPONPOBOJHOCTH U BOJIBT-
amnepHbIx xapaktepuctuk (BAX) uccneayeMpix MI€HOK IPOBOAUIIHN € TOMOIIBIO
TOJIOBKHM, KOTOpasi UMena J1Ba MPUKUMHBIX 30HJA C PAacCTOSSHUEM MEXIy HUMH
~ (0.2 cm. Haje:kHOCTh KOHTaKTa 30HAOB C IUICHKOW OOecreyrBaid aMOPTHU3H-
pyIOIIME MpPYKUHBL. 30HAbI W3rOTAaBIMBAIM M3 IPEABAPUTEIIBHO 3aTOYEHHOMN
BOJIb()paMOBOIi MPOBOJIOKHU. VI3MepuTenbHas roJI0BKa, B CBOIO O4Yepelb, SBISIACH
YaCThI0 KPUOCTATa, KOTOPBIN OXJIAXKAAJICS KUIKAM a30TOM U MO3BOJISLT U3MEHATh
Temreparypy oopasuos B uateppaie 77-300 K.

Temmnepatypy 00pa3noB uzmepsuin auddepeHIuaibHON TEPMOIapoil Melb-
KOHCTaHTaH, MO3BOJISIOLIEH ONpENeisITh TEeMIEpaTypy HCCIEAYyeMOW IJIEHKH C
00JbII0M TOYHOCTHIO. TeMieparypHble 3aBUCUMOCTH IPOBOAMMOCTH U3MEPSIIH
MIPU HAMPSHKEHUSX, COOTBETCTBYIONIMX JIMHEHHBIM yyacTkam BAX, u Tokax [ <2 pA,
UCKJIIOYAIOIIMX HarpeB o0pas3ioB. Manble TOKH, IPOTEKAIOIIUE Yepe3 UCCiemye-
MBI 00pasel, B rpeenax 10°°-107" A U3MEPSUIN IIPU IIOMOIIU YHUBEPCAIBHOTO
BOJIbTMETpa-anekTpomeTpa B7-30. M3mepenuss mokazanu, uyto BAX o0Opasunos
JUHENHHBI BO BCEM HCCIIElyeMOM Auamna3zoHe temrepatyp (puc. 1). Dto cBune-
TEJIIBCTBYET 00 OMHYECKHX CBOHCTBAaX KOHTAKTOB MEXAY NMPIKUMHBIMU 30HIAMHU
Y U3y4aeMbIMH IJICHKAMU HE3aBUCUMO OT BEJIMYMHBI yIE€IBHOIO CONPOTUBIICHUS
Y TEMIIEpPATYPBHI.

HccnenoBanue CHEKTPOB ONTHYECKOTO MPOIYCKAaHHS (IIOTJIOMICHUS), COAEp-
KAIIUX BaXKHYIO HH(OpMALNIO 00 3JIEKTPOHHOM CTPYKType 00paslioB U X OINTH-
YECKOW OAHOPOTHOCTH, MPOBOAMIH Ha criekTpodoTomerpe SP-700C.

s onpeneneHus TUIA HOCUTENEH 3apsia U3MEPSIIM TEPMO3/IC. ITO TO3BOJIU-
JIO TIO DJEKTPUUECKON aKTUBHOCTH MpUMecei u neeKToB CyIuTh 0 KOH(pUrypa-
U XUMHYECKUX CBSA3CH.
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4
3
10"

2
B Puc. 1. Boubt-ammepHsbie
< 10 XapaKTEPUCTHKH 00Pa3LoB
=~ ! IpU TeMIepaTypax pocTa
10 merok Ty °C: 1 — 250, 2 —

107" 350,3-20, 4 —450
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1 10 100
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JKCNepUMEHTAIbHbIE Pe3yJIbTAaThl U 00CyXKIeHUE

OnexkTpuyeckue cBoiictBa. Kak mokazanu u3mepeHus, Bce oOpasibl UMEIH
CHJIbHYIO 3aBUCHUMOCTb COTIPOTUBJICHHUS OT TeMIepaTypbl. Pe3ynbTarel 00paboTKu
SKCHEPUMEHTAIBHBIX JAHHBIX UISI MCCIEYEMBIX YIVIEPOJHBIX IUIEHOK B pa3iny-
HBIX KOOpJHMHATaX, COOTBETCTBYIOIIMX Hambosiee pacHpOCTPaHEHHBIM MEXaHU3-
MaM 3JIEKTPONPOBOJHOCTH aKTUBALIMOHHOIO THIIA, PEJCTABICHBI HA pHC. 2. YBe-
JMYeHHEe HOMepa oOpas3lia COOTBETCTBYET IMOBBIIICHUIO TeMIepaTypsl pocra. M3
PUCYHKAa BHAHO, 4YTO pe€3yJbTaTbl HM3MEPEHUN TEMIIEpaTypHOH 3aBUCUMOCTH
YAEIBbHOW NPOBOAMMOCTH G JIydllle BCEro (BO BCEM HCCIIEIyEMOM TeMIlepaTyp-
HOM HMHTEPBaJIC) ONMUCHIBAIOTCS B KoopauHartax lgo—T 2. C noBbImenneM TeM-
nepaTypbl OCaKJCHMS IUICHOK MpPU TeMIlepaTypax M3MEpeHuil, OJM3KUX K KOM-
HATHOM, HaOJIIOIAl0TCA POCT MPOBOJAUMOCTH Ha 4 MOpsIKa U YMEHbILIEHUE Kpy-
Tu3HbI 3aBucuMocteit o(7). st Bcex o0pas3ioB HAOMIO1aeTCs IMHEHHAs 3aBUCH-
mocth 1go—-T _1/2, KOTOpasi COOTBETCTBYET TaK HAa3bIBAEMOMY 3aKOHY 1 _1/2, OIu-
CBIBAIOLIIEMYCS M3BECTHOM (hopMyIoi

1

0.16 0.18 0.20 022 024 026 028 030 032

~1/3 -1/3
—1/4 —1/4
7" K 77 K
6 Z

Puc. 2. TemnepaTypHble 3aBUCHMOCTH JICKTPOIPOBOIHOCTH B KOOpIMHATAX: a — 1go ~
3 12 173 ~1/4
~107/T,6 - 1go~T "“,6—-1go~T "~,e—lgo~T " npu TemmepaTypax pocTa IIEHOK

T, °C: 1 - 20, 2 - 250, 3 —350, 4 - 450
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Gzexp[—(To/T)l/z] 1)

[Tapamerp 7 BbIUMCIAETCS M3 HakiloHa 3aBUCUMOCTH o(7) B KOOpAMHATax
lgo-T7"2.

HauOonee M3BECTHBIMM MEXaHHW3MaMH, O00YCIIOBIMBAIOLIMMH TEMIEPATYPHYIO
3aBucumocts 6(7) B Bune lgo ~ T _1/2, ABJIAIOTCS: TYHHEIMPOBAHUE AIIEKTPOHOB
MEXJy MaJIbIMH KJIacTepaMu C METAUIMYECKON IPOBOAMMOCTBIO B I'PAHYJIMPO-
BaHHBIX cpefax [9]; MeXaHHU3M 3JIEKTPONPOBOJHOCTH, CBSI3aHHBIM C HaIU4YUEM
KYJIOHOBCKOM IIEJIHA B CIEKTPE COCTOSIHUI CHCTEM C HEYNOPSAAOYEHHON CTPYKTY-
poit [10] u mpepKKOBasi MPOBOAMMOCTh B OJHOMEPHBIX cTpykTypax [11,12]. Uc-
ClelyeMble IUIEHKM INPUHAAJIEKAT K TPYIIE OUYEHb CIOXKHBIX B CTPYKTYPHOM
IUTAHE CUCTEM, B KOTOPBIX OJIHOBPEMEHHO BO3MOXHA peau3alus pa3IuyHbIX TH-
OB aTOMHOTO MOPSAJIKA: spl-, sz_ U Sp3-3ﬂeKTpOHHI)IX KoH¢urypauuii. daxruye-
CKHM 3TO IPUBOJUT K COCYIIECTBOBAHHUIO B OJHUX M TEX K€ UCCIIEIYEMBbIX 0OBEK-
Tax, Hapsily ¢ JBYMEPHBIMH IpauTOOOPa3HBIMH CIOSMH C sz-CBHB}IMI/I U Tpex-
MEpHBIMU 00pa30BaHUSMH C TETPAdAPUIECKON (a1Ma30no00H0H) KOHDHUTYpanu-
el Ha OCHOBE sp3-CBﬂzeﬁ, OJTHOMEPHBIX LENOYEK, MPEACTABISIIOMUX KapOUHBI.
[Ipu HaMM4YMK OJHOMEPHBIX LIETIOYEK HEOOXOIUMO YUUTHIBATh MPBDKKOBYIO MPO-
BOJMMOCTh B MPOCTPAHCTBE MOHIKEHHOW pa3MepHOCTH. B obmiem ciyqae [13] B
peXuMe NPBLKKOBOM MPOBOAUMOCTH C IIEPEMEHHOM JJIMHOM IIPBIKKA B IPOCTPAH-
CTBE Pa3MEPHOCTH V TEMIIEPATyPHAst 3aBUCUMOCTb CONPOTHUBIICHUS ONPEIENICTCA
U3BECTHOM Gopmynoit Motrta

(1) =poexp| (Ty/T)F | e

rac
E=1/(v+1). (3)

W3 dopmynst (3) BUAHO, UTO Ui OJHOMEPHOTO citydast (IIPbDKKOBAas MPOBOAM-
MOCTh C Y4aCTHEM OJHOMEPHBIX Iienouek) & = 1/2. B nBymepHom ciydae & = 1/3,
a B TpexMepHoM & = 1/4. OHaKO ycIOBUs CUHTE3a UCCIIEAYEMBIX B JAaHHON pabo-
Te 00pa3loB Jajieku (TJIaBHBIM 00pa3oM IO TEMIIepaType M JIaBJICHUIO) OT TeX,
KOTOpble HEOOXOAMMBI JUIs MoJyuyeHHust kapOouHoB. Kpome 3TOro, U3 nureparypbl
XOpOILIO U3BECTHO, YTO OJHOMEpHAs MPbIKKOBAsi MPOBOJUMOCTh B KapOMHaX Ha-
omonaercs npu Hu3kux (7' < 40 K) temneparypax [11,12] u HE cOOTBETCTBYET
YCIIOBHSIM HAIIUX dKCIepuMeHTOB. Kak BUIHO U3 puc. 2, 3aBHCUMOCTD 1go ~ T 12
HabmoaeTcs B mHTEpBasie remmneparyp 77-300 K.

TemmepaTypHas 3aBUCHMOCTh COTIPOTHBJICHUS BHaa (2), CBsA3aHHas ¢ GopMu-
pPOBaHMEM KYJOHOBCKOH IIEJN B IJIOTHOCTH COCTOSIHUN (TMPHUYEM HE3aBHCHUMO OT
pPa3MepHOCTHU MPOCTPAHCTBA), MOKET HAOJIIOIAThCS TAKXKE JIMIIB MTPU BECbMa HU3-
KUX Temreparypax. YucieHHble OIEHKH JJIsl ciydasl YUCTOro aMoppHOro repMa-
HUS MOKa3aJId, 4TO JUIsl HErO0 KyJIOHOBCKas IIENb MOXKET BJIMATH Ha 3aBUCUMOCTD
p(7) mpu temneparypax ~ 1 K. Kpuruueckue temneparyps! nopsiaka 20-30 K
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JUTsE HAOMroIeHusT 3TOTO 3(PpQeKTa CUYUTAIOTCS BBICOKUMHU M BCTPEUAIOTCS PEIKO.
13 n3BeCTHBIX 3KCIIEPUMEHTANIBHBIX PA0OT, B KOTOPBIX OOHAPYKEHO BIMSHUE KY-
JIOHOBCKOM ILEJIM Ha HU3KOTEMIIEPATYPHYIO IPOBOAMMOCTb, MOXHO BBIIEIUTH
[14—16], rne yaaioch peaqn30BaTh BBICOKYIO IUIOTHOCTh TUIYOOKHX MPHUMECHBIX
COCTOSIHUH. DTO 0OCTOATENBCTBO CIOCOOCTBOBANIO OOPa30BaHUIO HEOOBIYAMHO
0OJIBIIION KYyJTOHOBCKOM 1mienu (10 25 meV), KoTopasi pOSIBISIETCS B HU3KOTEMITE-
paTypHBIX U3MEPEHUSAX IPOBOJAUMOCTH, BIUIOTh A0 BECbMA BBICOKUX JUIsSl JAHHOTO
Mexanu3zma temnepatyp ~ 80 K. Iloatomy sicHO, 4TO B Hamled CUTyaluuud KyJio-
HOBCKas 1I1eJb, €CIIM OHA U CYIIECTBYET, JOJDKHA HaOII0aThes B 00JaCTH HU3KHUX
TeMIIepaTyp, IpU KOTOPbIX OHA HE 3aMbIBAETCS TEMJIOBBIMU BO30YxkaeHuAMHU. [1pn
OoJiee BBICOKUX TeMIIEpaTypax KyJIOHOBCKas IIENb HE BIMSACT HAa XapakTep TeM-
IIepPaTypHOH 3aBUCUMOCTH ITPOBOAUMOCTH.

Hamu usMepenus npoBeneHbl OT a30THOM TeMIlepaTypbl 10 KOMHATHOM, U B
9TOM JMalna3oHe Uil BCEX UCCIEAYyEeMbIX IJIEHOK KpHBble G(7) COOTBETCTBYIOT
3aKoHy T 2 O4eBUIHO, YTO MPHU CTOJIb BBICOKMX TEMIEPATypax KyJOHOBCKas
II€Ib HE MOXKET BIMATH Ha 3aBUCUMOCTb G(7). B cBA3M ¢ 3TUM ocTaeTcsi eJUHCT-
BEHHAsl BO3MOYKHOCTb JJIsi MHTEpHpETalMd PE3YyJIbTaTOB, IPEICTABICHHBIX Ha
puc. 2. M3BeCTHO, 4TO A Pa3IMYHBIX T'PAHYJIMPOBAHHBIX CUCTEM, IMPEACTAB-
JSIONIMX 000N KOMITO3UTHBIM MaTepUall, COCTOSAIIUN U3 CHCTEMBI MPOBOISIINX
IpaHyJl, BHEPEHHBIX B MEHEE MPOBOAIILYIO MAaTPUILy, 3aKOH T’ 12 pLmonmseTes B
IIMPOKOM JIMAIla30HE TEMIIEPATyp — OT I'€JIMEBBIX M BIUIOTh A0 KOMHATHOH [17].
TeopeTnueckue OLIEHKH, MPOBEICHHBIE B [9], MOATBEPKAAIOT TAKYIO BO3MOKHOCTbD.

Tepmodac. [l HEynmopsAOYEHHBIX CHUCTEM, a K MarepuajgaMm ¢ amopQHOi
CTPYKTYpPOH 3TO OTHOCHTCS B IIEPBYIO O4Y€pEb, 3HAK TEPMOD/IC ABIIACTCS CIUHCT-
BEHHBIM HAJEKHBIM KPUTEPUEM IPU ONPEIEIIEHUU TUNA HOocuTenel 3apsaa [13].
W3mepeHus TepMoO3C MOKa3alM, 4TO HcCelyeMble aMOp(pHBIE IUIEHKH HMEIOT
SIPKO BBIPAXKCHHBIM IBIPOYHBIM TUII MPOBOAUMOCTH. [Ipy 3TOM BenuuuHa TEpPMO-
37C 1 CYIIECTBEHHO MEHSETCS C IOBBIIIEHUEM TEMIIEPATyphl POCTa, OIPENEISIO-
el ¥ BETMYUHY 3JIEKTPOIPOBOJHOCTH 00pa3IIoB.

IIpu ananuse pe3ysbTaTOB BCETAA MPEACTABIISCT NHTEPEC CBA3b MEXIY N U O,
3aBHCsILIAs OT MEXaHU3Ma IIepeHoca Hocutenen 3apsina. i HeOqHOPOIHBIX CHUC-
TEM THUIIA MAaTEPUAIIOB C IPAHYJIMPOBAHHON CTPYKTYPOM PEIICHHUA 3a1a4u O CBA3U
MEXJly BEJIMUMHON AJIEKTPONPOBOJHOCTH U BEIUYMHON TepMo3Jc noka HeT. On-
HAKO M3BECTHO, YTO [UIsl OAHOPOJHBIX IOJYIPOBOAHHUKOB C COBEPUICHHOM KpH-
CTaJUIMYECKOU CTPYKTYPOH BEIMYMHA TEPMOSJC, ONPEIEIAIOIAsAcs JUIMHONW CBO-
6oaHOrO Npobera u IeHCTBYIOIMMMU MEXaHU3MaMHU paccessHUsl HOCUTENeH 3apsa,
Jaetcs BeipaxkeHuem [18]:

202mm*kT)*'?
3

: 4
h (4)

n=5 ¢(C)+In
e

1/2
rie ¢ — cnoxHas ynkums §=(6p; /p;) ., a p;u pg — yAeIbHBIC CONPOTUBIIE-

HU, O6yCJIOBJICHHLIC paccesiHnuEM COOTBCTCTBCHHO HA NPUMECAX U HA KosiebaHu-
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AX PEIIETKH; p — KOHIEHTPaLKs JbIPOK; " — 3(peKTuBHAs Macca; k — IOCTOSH-
Has bonbeiimana; 4 — moctossHHas [lnanka. B ynpomiennom cirygae [19]:

. N\3/2

i 2(2mm"k )

n==[2+h——0u-" | 5)
e ph

Ecnmu cumraTh, 4TO MOJBMKHOCTh HOCHTEJICH 3apsijia HE 3aBHCHUT OT UX KOH-
[EHTpAIlii, TO BEJIIMYMHA TEPMOJC JOTapu(MHUUECKH YMEHBIIAETCS C POCTOM
YAETBHOM SJEKTPONPOBOIHOCTH 00pa3loB. DKCIEepUMEHTANIbHAS 3aBUCUMOCTD 1)
0T G coriacyercs ¢ (5), Kak 3TO BUAHO Ha PUC. 3, MPUYEM aOCOTIOTHBIC 3HAYCHHUS
1] COOTBETCTBYIOT BEJIMYMHAM, CBOHCTBEHHBIM KJIACCUYECKUM TIOJTYITPOBOTHUKAM.

Puc. 3. CBs3p Mexay Tep-
MO3JIC ¥ BJICKTPOIPOBOJI-
HOCThIO

10" 10°
o, Q'em’

10°

[TockoMbKy TEXHOJIOTHS BBIPAIIMBAHUS IUIEHOK MCKIIIOYasa IMOSBICHUE B 3aMeET-
HBIX KOJMYECTBaX HEKOHTPOJHPYEMBIX MpUMeceH, Harbosee BEPOSTHBIM HCTOYHU-
KOM JIBIPOYHOM MPOBOAMMOCTH OBUT a30T, paCTBOPUMOCTb KOTOPOTO B IIEHKAX I10-
BBIIIAETCSI C POCTOM TeMIlepaTypbl ocakaeHus. Eciu paccmarpuBaTh Bce TpU BO3-
MOKHBIE KOH(UI'YpaIlMU CBS3€H, TO, B NPHUHIMIE, JBIPOYHAS MPOBOAUMOCTH BO3-
MOYKHa BO BCE€X CIy4YasiX, OJTHAKO HEOOXOIUMO YUYUTHIBATH, YTO OHA JIOJKHA OBITH
BEJIMKA U TPEBBIIATh MUHIMYM METAJUTMUECKOM MPOBOAMMOCTH. B 3TOM citydae 06-
pa3oBaHHE ABIPOYHOIO METala ¢ Y4acTHEM OJHOMEPHBIX IIETIOYEK C Sp-CBS3SIMH,
YUUTBIBAs MX BBICOKYIO CKJIOHHOCTh K JIOKQJIM3allMM HOCHUTENEH 3apsina, Clemyer
CUUTATh HEBEPOSATHBIM (KapOMHBI OTHOCSATCS K AUAJIEKTPUKAM C BHICOKUM COIPOTHUB-
nenneM Matepuaina [11,12]). BxoxneHue aToMOB TPEXBaJIEHTHOTO a30Ta B aaMas3o-
MOI0OHBIE KJIACTEPHI C TETPAdIPUUECCKON (sp3) KOH(UTYpaImel CBs3el mpeacTaBIs-
€T co00if KITaCCHYECKYI0 CXeMy 00pa30BaHus ABIPOK B MOTYMPOBOAHUKAX C aIMa30-
N000HOH CTPYKTYPOii, OJJTHAKO METALTMIECKast IPOBOANMOCTh TIPU OOBIYHBIX YCIIO-
BUSIX BPSJ JIM MOXKET OBbITh peaii30BaHa. Y UUThIBas HAKOIJICHHBIN OMBIT TIO U3y4e-
HUIO DJIEKTPOIPOBOTHOCTH TPAa(UTONMONOOHBIX MAaTEpPHAIOB, BIIOJHE BEPOSTHOU
MNPUYUHON ABIPOYHON MPOBOAUMOCTH HCCIEIYyEMBIX TUICHOK MOXHO ObLIO OBl CUH-
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Tath Masible CN-KJ1acTepsl ¢ spz-m6pmm3aunel71 XUMUYECKuX cBszell. [Ipu aToM He
UCKIItoYaeTcst GOopMUpOBaHME KIACTEpOB, MO cocTaBy Omm3kux k Ci3Ny. DazoBas
JriarpaMMa JaHHOTO XMMHUYECKOTO COeIMHEHHUS] HeM3BECTHA, OTHaKO Si3Ny ¢ aHano-
ITMYHON CTpyKTypoit obOpasyercs mpu 7 > 1300°C, a mis C3Nyg ata Temneparypa
JOJDKHA OBITH eIlle BhIIe. SICHO, YTO POCT CIIONIHOM IIEHKH MPY OOBIYHBIX YCIIOBH-
X U3-3a CIIOKHOCTEH B 00pa30BaHMM YKA3aHHOTO COEAWHEHHUSI HEBO3MOXKEH, HO 3TO
HE UCKJIIOYAeT (POPMUPOBAHUS MAJIBIX KJIACTEPOB AaHHOrO cocraBa. ClienyeT UMeTh
B BHIY, YTO 00pa30BaHKE XMMUYECKOTO COEAMHEHHUS B MPOLIECCE POCTa TUIEHOK MO-
JKET CUJIBHO 3aBHCETh OT TEXHOJIOTMM MX OCAXKJECHUS: HAJMUUE CUIBHO MOHU3HPO-
BaHHBIX aTOMOB IPU KaTOJAHOM, MarHETPOHHOM HJIH JIa3€PHOM PACIbLICHUN MHUIIIE-
Hell obOseryaer oOpa3oBaHKEe KOBAJIEHTHBIX CBA3EH M MOXKET CYIIECTBEHHO IMOHU3UTD
KPUTUYECKYIO TEMIepaTypy Ajis (pOpMHUpPOBAHUS COOTBETCTBYIOUIMX XUMHYECKHUX
coenuHeHuit. OcHOBHas amopdHas MaTpulla ¢ MaJION KOHIIEHTpaIMen a3ora U cMe-
CBIO CTPYKTYPHBIX €IUHHUIL C Sp -, Sp - U Sp” -KOH(UTypalUsIMH CBsI3el MPU 3TOM OcC-
TAeTCsl B JUAJIEKTPUYECKOM COCTOSIHMU. OJTHAKO, HAPsLy C ONMCAHHON BO3MOYKHO-
cTbio popmupoBanusi Mabix CNy-KJ1acTepoB, KOTOPYIO MOYKHO OCHOPHTH, CIETYeT
TaKke UMETh B BUJY, YTO XUMHYECKHUE COCTUHEHUSI yTIIepo/ia ¢ a30TOM C METaJlIH-
YECKOM MIPOBOAMMOCTBIO HE U3BECTHBI.

HaunGonee BeposTHOM ee MpUPOIOH B UCCIEAYEMbIX TUICHKAX MbI CUUTaeM 00-
pa3zoBaHue (O] BIMSHUEM a30Ta) MaJIbIX KJIACTEPOB HA OCHOBE y-yriepoaa [2].
Bo3HuKHOBEHNE METAIITMYECKON MTPOBOAMMOCTH B aMOP(HBIX BELIECTBaX € aaMa-
30M0I00HOM CTPYKTYpO MO BIMSIHIEM MPUMECEH XOPOIIO U3y4eHo. M3meHeHmne
JIOKQJIBHOM CTPYKTYpBI IIPH 3TOM MPOUCXOJUT C YBEITUUYEHUEM KOOPIAWHAIIMOHHO-
ro yucna ot 4 go 12 [20,21]. Bricokne KOHLIEHTpalMM a30Ta B KJAcTepax NpHU
9TOM He 0053aTeIbHbI.

OmnpeneneHue KOHUEHTpaUMu MeTaiuyeckoii ¢aspl. Hanbonee cioxHOM
3ajaueil SBISUIOCH OMpeeleHre KOHIIEHTpAluu MeTauindeckoil (as3bl B uccie-
JTyeMBIX o0paslax Mpu OTCYTCTBUH HE TOJBKO 3TAJOHA, HO U HAJCKHBIX JAaHHBIX
0 CTPYKTypE€ KJIACTEPOB C METAJUIMYECKOM MPOBOJUMOCTHIO U OCHOBHOM TUAJIEK-
TPUYECKOH MATpHILbl. DTy MPOOJIeMy yIaloCh PEIIUTb, UCTONb3Ys KOHIICTIIIUIO
MortTa 0 BeIMYMHE MUHUMAJIbHOW METAJUIMYECKON MPOBOAMMOCTH ISl HEYHOpsi-
JIOYEHHBIX CHCTEM, KOTOpas ornpeneseTcst u3BeCcTHOU dhopmynoit [13,22]:

2
nez B

(o P} = | —
™ dzha |V,

; (6)

I/l€ z — KOOPJIAMHAIIMOHHOE YHCIIO, @ — PACCTOSIHUE MEXIy MPUMECHBIMU IIEHTpa-
MH, Vy — aMIuTyga CcllydalHOro MoTeHIuana, B — mupuHa 30HbI. s Hammx
IUIEHOK Gpyin JOJDKHO OBITH Topsiaka 300 Q_l-cm_l. Cpennsisi BeIMYMHA YIEIbHOMN
3JIEKTPONPOBOJHOCTA HUCCIEAYEMBIX IUIEHOK Ha 5—10 MOpSAKOB MEHBIIE OXKH-
JTAEMOT0 3HAYEHUS Gpyjp.

[TockosbKy TIPBDKKOBAsI TIPOBOIMMOCTD, OOYCIIOBJICHHASI TYHHEITUPOBAHUEM HO-
cuTeneit 3apsaa MEXIy OTACTbHBIMU JOKAIW30BAHHBIMU COCTOSIHUSMH C YYaCTUEM
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(OHOHOB, U MEXaHWM3MBI, CBS3aHHBIE C MHXKEKIHEH HOCUTENEH 3apsaa B JUAICKTPUK
(BKJIIOYAs TOKH, OTPAaHMYEHHBIE MPOCTPAHCTBEHHBIM 3apsfoM), AJIS MCCIEoyeMbIX
TUICHOK HE HaOIII0IaiCh, B COOTBETCTBUH C MPEACTABICHHBIMU pe3ybTaTaMU Hau-
Oosiee BEPOSITHBIM MEXAHHU3MOM DJIEKTPOIPOBOAHOCTH SBJISIETCSl TYHHEITUPOBAHUE
MEX]y KJIacTepaMy C METAUIMYECKON MPOBOAUMOCTHIO. Omnpenensisi BEIMYUHY CO-
NPOTUBJICHUS TUICHOK, CBA3aHHOTO C TYHHEJIMPOBAHHWEM HOCUTEJICH 3apsiaa MexITy
KJIacTepaMU Ha OCHOBE MPOCTEHIIIEN MOJIEH CTPOEHHUSI TIEHOK [23], B KOTOpOU KJia-
CTEpBI C OIMHAKOBBIM JIMHEHHBIM pa3MepoM D U TOJIIMHOM Y (POPMHUPYIOT MPaBHIIh-
HYIO PEIIETKY, JJIsl YASTHbHOIO COPOTHUBIICHUS IICHOK MOXHO 3aI1CcaTh

d
= eX—’ 7
P =P pdo (7)

rae d —cpeHee paccTOsTHIE MEKIY METATHYECKUMHU KJIaCTepaMH,

1

-1/3
d=D||-C, | -1]|, (8)
Y

B OTOM CJIy4dac€ BBIPAXKCHHUEC IJIA YACIIBHOT'O COIIPOTUBJIICHHUA ITPUHHUMACT BU/

-1/3
1

D
p=poexpy—|| —Cpu =11 9)
do |\ v

OueBunHO, uTO 3HaueHus C,, CyIIECTBEHHO HMIKE IOpOra IpOTEKAaHUs U Me-
TaJJTMYECKasi MPOBOAMMOCTD B MCCIIEIyEeMbIX 00pasliaX peaan3yercs JUIb B Ma-
abIX Knactepax. KoHIEHTpanno MeTalanuecko (asbl MOXKHO ONpPENeNIUTh, HC-
N0JIb3Ysl 3HAYEHUS Oppin, KPUTUUECKON KOHLEHTPALMK METaNIn4ecKoil ¢asbl (1o-
por NMpoTeKaHusl) AJis TOHKOIUIEHOYHBIX CUCTEM M JJAaHHBIE IO 3JIEKTPOIIPOBOIHO-
CTH TUICHOK. BenuunHa o, OMU3Kasg K Opjn, B 9THUX CHUCTEMax BO3MOXHA BOJIH3U
nopora nporekanus C, = 0.5. CIBUT mopora IepKOJIALUH JUTs HABUICHHBIX IPa-
HYJIMPOBAaHHBIX CUCTEM K 3HaueHUsAM C,, = 0.5-0.6 XopoIIo U3BECTEH U CBOMCT-
BEH JIByMepHBIM o0bekTam [10,24].

Takum 00pa3oMm, 1 3aBUCUMOCTH G OT CPETHEN0 PACCTOSHUS MEXAY KilacTepamu
d MOXHO 3amucaTh

D ;13
G; =Gy expl —— (2cm) ~1}, (10)
dy

rae i = 1, 2, 3, 4. [Ipennonarasi, 4TO TYHHEJIbHBIM MEXaHU3M SIBIIICTCSI €TUHCTBEH-
HBIM MEXaHU3MOM 3JIEKTPONPOBOIHOCTH, ONMHUCHIBAIOLIMMCS JUI KaXKIOro U3 oopas-
IIOB C pa3IMYHBIMU T BO BCEM HUCCIIEIYEMOM TEMIIEpaTypHOM MHTEpBaie (hopmyIioi
(10), 1 ucronk3ys FKCIIEpUMEHTANIbHBIC 3HaUeHUs ¢ npu 1 = 277 K, MbI nomy4uuim
CHCTEMY ypaBHEHUH

e )_1/3 —(C,{;)_”3 =In(o; /o, )dy/ Db, (11)
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104;'
10°F
- 3 Puc. 4. DxcnioHeHIIMAILHAS
g 10° r 3aBUCUMOCTh JJIEKTPOMPO-
b} r BOJHOCTH IIJIECHOK OT Cpeli-
102k HETO PACCTOSHUSL MEXIY
, KJIacTepamMu ¢ MeTauihye-
10 r CKO# MPOBOMMOCTHIO
10°F
L 1 1 1 1 1

(bC )" -1

rane b = 1/y. Tlocne 3Toro rpaduyecku, ¢ MCIOIb30BaHUEM pUC. 4, HA KOTOPOM
NpeCTaBICHA 3aBHCUMOCTD JIEKTPOIIPOBOIHOCTH OT CPETHETO PACCTOSHHS MEXK-
Ny KJIacTepaMu, ONpeNessUId 3HAYCHHUS KOHLIEHTPALMM MeETaJUIMYecKoi (asbl
C,’;,j . Benmuunna 1/y = b = 2 (pakTuuecku oHa O3HAYAET, YTO paccMaTPHUBACTCS

TYHHEITMPOBAaHNE MEXIY IUIOCKUMH KJIACTepPaMH, Yy KOTOPBIX TOJIIMHA BIBOE
MEHBIIIE ABYX APYIHX JIMHEHHBIX pa3MepoB) Obliia BbIOpaHa U3 YCIOBHUS, UTO MPU

d = 0 (aa mopore nporekanus) s Tonkux mwieHok C,, =0.5. B kadecTBe 3Haue-

Hus ¢ nipu d = 0 OblIa B3ATa pacyeTHas BEJIMYUHA Gp,i, = 300 Q_l-cm_l. dakTu-
B 1) ObI-
JIM COBMEIIEHBI TYHHEIbHOE ¥ TIEPKOJISIIIMOHHOE TPUOJIMKEHUS B OIIMCAHUU DJICK-
TPONMPOBOAHOCTU. Hammyudriee cOOTBETCTBHE C SKCIEPUMEHTAIBHBIMUA JaHHBIMHU
MOJTy4aeTcsi, €CIU JAOMYCTUTh, uTo D/dy = 6. 3HaueHUs KOHIEHTpalUi MeTallIH-
YeCcKOH (pa3bl IPUBEICHBI B TAOJIHIIE.

YECKH TMPH MTOCTPOCHUU MPsMOU Ha puc. 4 B koopauHatax 1go—((bCy,)

Tabauia
SaBHCI/IMOCTb KOHlIeHTpaIlI/II/I MeTaJ’[J’lH‘leCKOﬁ (1)331)1 ) | 3J'[eKTp01'lp0B0[lHOCTH IJICHOK
0T TeMIIEPATYPbI POCTA

1

Ty, °C 6. Q em Con, % Ci(sp?), % Cu(sp’), %
20 2-107°° 0.83 - -
250 4-107* 1.8 14 84.2
350 141072 22 36 61.8
450 33107 2.6 54 43.4

Onrnyeckue cnekTpbl. OO IEKTPOHHOM CTPYKTYpe aIMa3ono100HbIX MIEHOK
MOXKHO CY/UTh IO ONTHYecKnM cnekrpam. [lepBudnas nHpopmanus, cBsI3aHHAs C
U3yUYCHUEM CIIEKTPOB ONTHYECKOTO MPOITyCKaHUs, MpeAcTaBieHa Ha puc. S,a. 13
HEro BHAHO, YTO HA JAHHBIX KPUBBIX TPYAHO BBLACIUTH KPUTHUECKHE 3HAUCHHS
SHEPTuil KBaHTa /i, IPU KOTOPHIX KAUECTBEHHO MEHSETCSl 3aBUCUMOCTH ¢ = H(/im),
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Puc. 5. CnexTpsl ONTHYECKOTO IMPOITYC-
kaHus (a), morJomieHus (0) U oNTHYe-
CKOTO TIOTJIONMICHUSI B KOOpAMHATAX
(ah(n)l/thco (6). Temmepatypa pocra 1ie-
Hok T, °C: 1 —250; 2 —350; 3 — 450

0.4 0.6 0.8 1.0 1.2 14
o, eV

6

T.€. Kpail ONTUYECKOTO MOTJIOIIEHHS SIBIISICTCSI CUIIBHO Pa3MBITBIM U 3TO 3aTPy/-
HSICT ONpEACIICHUE ONTUYECKOW IMPHHBI 3ampenieHHoi 30Hbl. B cnekrpax (mpu
ho =0.5,0.6 u 0.8 eV) umeroTcs 0COOEHHOCTH, KOTOPBIE CKOPEEe BCETO CBSI3aHbI C
BO30Y>KJICHHEM JUIOIBHON MOJIbI BEIHYKACHHBIX IJIA3MEHHBIX KOJIeOaHUi B yac-
THUIAX C METATMYECKON MPOBOJUMOCTBIO, T.€. C BO30YKICHUEM MOBEPXHOCTHBIX
IUIA3MOHOB U C MOTJIOIIEHUEM 3JIEKTPOMAarHUTHOTO M3JIyYeHHs TOBEPXHOCTHBIMU
IUTa3MEHHBIMU KOJICOAHUSMU BJIEKTPOHHOTO Ta3a B METAUIMYECKUX KJacTepax C
FeOMETPUUECKUMHU pa3MepaMu, MHOTO MEHBIIUMU JITMHBI BOJIHBI HHULIUUPYIOLIE-
ro noryouieHue u3nydenus [3,25-28].

AHanu3 pe3yJabTaToB MMOKa3all, YTO HAMITYUIIUM MpUOIHKEHUEM ISl OIHCAHUS
3aBUCUMOCTH ¢ = #(/i®) B KOPOTKOBOJIHOBOM 00JIACTH, I/I€ PEIIAIOIIYIO POJIb B OII-
TUYECKOM TMOTJIOUICHUH HWIPAlOT MEX30HHBIE ONTHUYECKHE MEPEXOJIbl, SBISETCS
HKCTIOHEHIIMATIBHOE MPUOIIKEHIE

t =ty exp(—pho). (12)

Oco0eHHO 3TO KacaeTcs TOJICTBIX IUIEHOK (KpuBas 3 Ha puc. 5,a). Haubonee
BEPOATHOMN NpUUYMHON HAONIOAAIOIIEN s 3aBUCUMOCTH ¢ OT /i MBI cUUTaeM ypoa-
XOBCKYIO ()OPMY KPHBBIX ONTHYECKOTO IMOTJIOIIEHUS, 00YCIOBIEHHBIX HAINYUEM
HeoaHopoaHoctel [20,29-31]. Do moaTBepkAaeTCsS BUIOM CIIEKTPOB MPOITyCKa-
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HUSI, Ha KOTOPBIX OTCYTCTBYIOT MEPUOJNYECKUE M3MEHEHHsS ! C U3MEHEHUEM A
(naTEpdEpEHIIMOHHAS KapTUHA, XapaKTepHas JIJIsi ONTUYCCKUA OJHOPOIHBIX Cpe).
Jaxe criaxxeHHas MHTep(EpPEHIIMOHHAS KapTUHA B CIICKTPaX MPOIMyCKaHUS TPe/I-
CTaBJIsIeT cOOOM HANEKHOE CBHJIECTEIHCTBO MPOCTPAHCTBEHHOW T€OMETPUUYECKOU
HEOJJHOPOAHOCTH [3], a A/ YIVIEpOJIHBIX IUIEHOK, KaK MPAaBUJIO, CBSI3BIBAETCS C
METATTMYECKUMH HAaHOKJIACTEPaMH, BCTPOEHHBIMU B IUAJIEKTPUUYECKYIO MATPHUILY
[3,27,28].

Ha puc. 5,6 npencraBieHbl CleKTpbl ONTHYECKOTO MOTJIOMIEHUS IS TJICHOK,
HaIbUICHHBIX Ha CTEKJISIHHBIE MOJUJIOKKH MpU pa3sHoi Temmepatype: 250, 350,
450°C. 3nauenus k03(pPUIHeHTa TOTJIONMICHUS U3MEHSITUCH B Mpeenax OT 4-10°
710 510" cm ' B untepaie 0.5—1.4 eV. ®opma kpast MOTIOLIEHUS TEHCTBUTEINb-
HO Onm3ka K ypOaxoBCKO#: 1g6 ~ A®, 4TO CBOMCTBEHHO ONTUYECKH HEOIHOPOI-
HBIM CpeJlaM, yKa3blBas B MEPBYIO OUYEpEeb Ha HAIMYUE KJIACTEPOB C MeTainye-
CKOM MPOBOJMMOCTBIO B AUAIEKTPUUECKON MaTpULIE.

B cnektpax 06pa3nos, ocaxxaeHHbx npu Ty = 250°C u T = 350°C, B unTepBa-
ne suepruit 0.5-0.9 eV umMerorcs 0cOOEHHOCTH, COOTBETCTBYIOIUE OTKIOHEHUIO
OT MOHOTOHHOCTH B CIIEKTpax MPOIyCKaHUs, I/Ie CIEKTPbl OTKIOHAOTCSA OT ypoOa-
XOBCKHUX, YTO MOKHO CBSI3aTh C TOBEPXHOCTHBIMU IJIa3MOHAMH B KJIacTepax ¢ Me-
TaJNINYECKON MpoBoAUMOCThI0. Cy/ IO HAaJMYMIO Ha KPUBBIX HECKOJIBKUX MaK-
CUMYMOB TOTJIOLIEHUS, MOXXHO TOBOPHTH O TPeX THUIAaX KJIAcTEpPOB, pazIUyYaio-
MIUXCSI KOHIICHTpanueil CBOOOIHBIX JBIPOK.

Jns mnenku, ocaxaenHoit mpu Ty = 450°C, nHabmromaercst Oosiee KpyToid
CHEKTP ONTUYECKOTO IMOTJIOUICHUS, U CIIEKTPAIbHBIA BEC CMEIIAETCS B CTOPOHY
BBICOKMX 3Hepruii. MoKHO NpEanoIoKUTh, YTO 37E€Ch HAUMHAETCS HW3MEHEHUE
CTPYKTYpPbl OCHOBHOM MaTpHIIbl, KOTOPasi B IEPBOM MPUOIMKEHUH (C yUYETOM Ma-
JIOW KOHIEHTPALUMU KJIaCTEPOB) ONPEEIIAET BUJ] ONTUYECKUX CIIEKTPOB.

st cuIBbHO HEOMHOPOAHBIX CHUCTEM MIpUpoJa ypOaxoBCKOM (OPMBI KPUBBIX
a(/®) (B 4aCTHOCTH, IPH HAIWMYUH KIACTEPOB C METAJUTMUECKOHN MPOBOIMMOCTHIO
B IUPJIEKTPUYECKON cpejie) 00yCIoBIeHa HATHUYUEM BCTPOCHHBIX AJIEKTPUUECKUX
nojiei B 00beMe IJICHOK, CBSI3aHHBIX C HEOJHOPOAHOCTSIMHU IO COCTaBy WM
cTpyktype [20,29-31]. B pe3ynbTare crekTpaibHas 3aBUCUMOCTb KO3 UIIEeHTa
MOTJIONICHMSI TpruoOpeTaeT ypoaxoBCKyto Gopmy:

o(hw)=ogexp(To). (13)
B 3ToM citydae, 0cOGEHHO ISl TOJCTBIX IUIEHOK, B KOTOPBIX ypOaXOBCKHil Kpaif

TIOTJIONICHUST MOYKET HAOMIOIAThCSI TIPU MaJIbIX PHEPIUsAX KBaHTa /iw, korga [m < 1,
CHGKTpBI OIITHUYCCKOT'O IMOIJIOIICHUA MOXHO HpeI[CTaBI/ITB B BUJIC

o(hw) =0, (1+Tho). (14)

Takum 06pa3oM, CHEKTPBI ONTUYECKOTO MPOIYCKaHUs ¢ = #(/i() MOXKHO arpoK-
CUMMPOBATh 3KCIIOHEHLIUAIIBHOW 3aBUCUMOCTBIO f OT /i:

t=1/1,=f(R)exp(—al) = f(R)exp[-ay/(l1+Thw)], (15)
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rae fIR) — ¢yunkuus, 3aBucsmas or kKoddduiuenta oTpaxeHus, / — TOJIIIMHA
wieHKU. [lanpHeNmmil aHanu3 Mmokas3aj, 4To CHEKTPhl ONTHUYECKOrO MOTJIOIIEHHUS
(puc. 5,0) neWCTBUTENHHO UMEIOT (hopMy, OIU3KYI0 K ypOaxoBckoil. Koaddumu-
ear I' = d(Ina)/d(Z®) B dopmyne (13) cocrausier 2.4 + 0.2 eV s 00pas1os ¢
Ts = 250, 350°C, uro 6mm3Ko K 3HaUYeHHAM napamerpa [ 1 aMop(dHBIX MICHOK
CdGeAsz(Fe> 29ul.6 eV_l JUIS pa3HbIX KoHLeHTpauuid Fe), koTopsie comepxa-
JIU B AUDJICKTPUUECKOW MATPHIIE C aIMa30MOJ00HON CTPYKTYPOH KJIacTephl ¢ Me-
TajuMueckoi npoBoauMocTbio. [l mnenku ¢ 75 = 450°C Benuuuna I' = 3.7 eV_l.
Jlns HenerupoBaHHBIX aMOP(HBIX MOJIYIPOBOAHUKOB 3HaueHHe [’ cyliecTBeHHO
BBIIIE U HAXOAUTCA B npenenax 15-22 eV_1 [13]. IIpu HailneHHBIX 3HaYEHUAX I’
npubamkenusie Gopmyisl (14), (15) cipaBeIMBEI JUIIH JUTIsI TOJICTBIX TUICHOK, B
KOTOPBIX CIIEKTP MPOMYCKAHUS COCPEAOTOUCH B UTHHHOBOJIIHOBOW oOnactu (Kpu-
Bas 3 Ha puc. 5,0).

ot
i

Puc. 6. 3aBUCUMOCTb KOH-

LEHTpauuu rpaduTononoo-
0.1 - . opt
Hoit dasel C;" M KOHICH-

C ,Co
1

m’

TpallMd KIacTepOB C Me-
TaJUIMYECKON ITPOBOJUMO-
ctbto Cp, OT TEMIIEpaTyphl
pocrta mieHok 7

0.01 |

1.5 2.0 2.5 3.0 3.5
10%7,, K

Lennyro uapOpManmio 00 yriaepoaHbIX MJICHKAX MPEACTABISET BEIUYHHA OII-
TUYECKON IIMPHUHBI 3alpPElICHHON 30HBI [3], KOTOpas OTHOCHUTCS K YHMCIY Bax-
HEHIIUX XapaKTePUCTHK aMOP(HBIX MOJYIPOBOJAHUKOB M TUIIEKTPUKOB. W3-
BECTHO, YTO B 3aBHCMMOCTH OT CTPYKTYPhl MaTepHala BEIMYUHA Eqpy MOKET Jie-
)kath B mpeaenax 0.5-5 eV, 4yTo COOTBETCTBYET NBYM NPEACIbHBIM CIydasM —
rpadury u anmazy [32,33]. Uem Gombitie B aMmopHOM yrineponae rpadutomnoaoo-
HOM (hasbl, TEM yIKE 3alpEICHHAs 30Ha Epy.

Jns onpeneneHus ONTUYECKOW IMIMPUHBI 3aMpenieHHON 30HBI 00pa3IoB ¢ He-
YIOPSIOYECHHOHN CTPYKTYpOH HEPEAKO UCTIONB3YIOT hopmyiy Tayma

(h(o—EgO)2
hm

o=G , (16)

rae Eq) — ONTUYECKas IMPHHA 3alPEMEHHON 30Hbl, G — mocrosHHas. [loctpous
172
KPHBBIE IS pa3HbIX TEMIIEPATyp MOJJI0KEK B KOOpAMHATax (i)~ oT Aw u aim-
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12
MIPOKCUMUPYSI TOTYUYEHHYIO 3aBHCHUMOCTh K (040)

= 0, mojy4aeM sl BCEX
KpUBBIX Eqp = 0.3 €V.
Me:x 1y napaMeTpamMu MaTepuaia U MoCTOSHHON G CyIECTBYET MPOCTas CBSI3b
[13]:
G- 416 pin ’ (17)
nocOE
I/1€ Opin — MUHUMAaJbHAsI METAJUIMYECKasi MPOBOJUMOCTD, 1y — MOKa3aTeNlb IMpe-
JoMIIeHus, OF — MIUpUHA 30HbI JIOKAIN30BAaHHBIX COCTOSIHUM, ¢ — CKOPOCTh CBETA.
Benuuuna G siBisercss oMHOW W3 (PYHIAMEHTAIBHBIX XapaKTEPUCTHK BEIIECTB C
HEYIOPSAA0YEHHON CTPYKTYpPOH W Majio 3aBUCUT OT KOHKPETHOIO MaTepuania, co-
CTaBJIssd BEIUYMHY IOpsJIKa (4—8)-105 em’ [13]. B cooTBeTCTBUM C 3aBUCUMO-
CTBIO (oc}’éo))l/2 OT /i®, TIPEACTaBICHHOW Ha PHC. 5,8, IUISI MCCIEAYEMBIX TUICHOK

G= (5.3—6.8)~104 cm_l, YTO Ha MOPALOK MEHBIIE 0XKUAAEMbIX 3HaueHuu. [Ipuun-
Ha ATOTO CBSI3aHa, OUEBUHO, C BIMSHHUEM KJIACTEPOB C METAJIIMUECKOMN MPOBOIH-
MOCTBIO Ha TIOPOTOBBIC 3HAYCHHUS /i JJI1 MEK30HHBIX ONTHUYECKHX MepexoaoB. 1
JUIIH B 00JIACTH MPEACIbHBIX 3HAYCHHUH /i s Hamux oOpasnos (Zw > 1.3 eV),
/i€ KJIacTephbl OKa3bIBAIOT YK€ HE3HAUUTENbHOE BIUSHUE HA HAKIIOH 3aBUCUMOCTH
(ochco)l/2 OT /i® ¥ M0 OTCEYKE MOKHO C JOCTATOYHO OOJBINON yBEPEHHOCTHIO OII-
peNeNuTh MIMPUHY ONTHUYECKOM Iend, 3HaueHuss G TPEBBIIIAIOT 10° ecm™'. Ha-
npumep, A mwieHku ¢ Ty = 350°C Benuuuna G = 3.510° cm . Opnaxo u npu
MaKCMMaJIbHOM HAKJIOHE KPHUBBIX Egn HE NPEBLIIIACT 1 €V, M3MEHsACh B IIpeenax
0.72—0.96 €V, 4To OKa3bIBAETCS CYLIECTBEHHO HM)XE BO3MOXHBIX 3HAYEHUU OII-
TUYECKOW IMUPHUHBI 3aMPEIIEHHON 30HbI IS aJIMa30MOJ00HBIX TUICHOK. JTO SBIIS-
eTCsl MPAMBIM TOJTBEPKJIECHHUEM TOr0, YTO OCHOBHAs MaTpHIla, ONpPEIeIIsIoNas
ONTUYECKUE CBOWCTBA TUICHOK, rpadurononodHa. HecMOTpst Ha OTHOCHTEIHHO
MaJyl0 KOHIIEHTpAIMIO KJIACTEPOB C METAJUIMUECKON MpoBoauMocThio (< 3%),
OHM HE TOJBKO WUTPAIOT OMPEACIAIONIYIO POJIb B 3JEKTPUUYECKUX CBOWMCTBAX MpHU
HU3KHX TeMIlepaTypax, HO M OKa3bIBalOT peliaollee BiusHHEe Ha (OpMy CIIEeK-
TPOB, Jenasi ee YpOaxXOBCKOW M CYIIECTBEHHO CHMIKAsI MMOPOTOBYIO SHEPTHUIO IS
MEK30HHBIX ONTHYECKUX MEPEX0I0B.

BaxxHbIM CBUJIETEIHCTBOM ONTHYECKOW HEOJHOPOAHOCTU SIBIISIETCS CBSI3b 3HA-
YEHUW oL ¢ TEMIEPATypPO pocTa IJICHOK B Pa3IWYHBIX MHTepBanax Aw. U3 man-
HBIX T10 3JIEKTPOMPOBOAHOCTH OBLIO BUIHO, YTO TUICHKH SIBIISIFOTCS CHIIBHO HEOJ-
HOPOJHBIMH U MPEICTABISIIOT COOON TpaHyJIUPOBAHHYIO CpeAdy, T.e. CUCTEMY Me-
TaJUIMYECKUX KJIACTEPOB B AMAJIEKTPUUYECKON MaTpuile. Mbl BUIUM aHAJIOTMYHYIO
TEHJCHILIUIO B YBEIMYCHUH KOI(PPUIIMEHTA OTJIONICHHUS], a CIeI0BaTeNIbHO, U OIl-
THYECKON MPOBOJMMOCTH Gopt C MOBBIIIEHUEM TEMIIEPATYphl pocTa. OqHAKO OT-
YETIIMBO TaKas CBS3b BBISBIISICTCS JIUIIh B KOPOTKOBOJIHOBOM (/e > 0.8 eV) 00-
nact cnexTpa. HeTpyHO BHAETH, YTO U3MEHEHHS O (M Gqpt) € MOBBIIEHUEM T
CYILIECTBEHHO MEHBIIIE MO0 CPABHEHHUIO C M3MEHEHUSMHU MPOBOJAUMOCTH Ha MOCTO-
SHHOM Toke. OTCIo/1a ICHO, YTO HE BeCh 00BEM IUICHKH JAeT PaBHBIN BKJIaA B OI-
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TUYCCKYIO MPOBOJUMOCTD, U B CJIy4dac HGOIIHOpO,Z[HOﬁ Cpcabl MOXKXHO TOBOPUTH O
pa3H0171 AKTUBHOCTH €€ COCTABJIAIOINNX IIPHU YYACTHU B OIITUYCCKUX IIEPEXOAax.

Cuurasi, 4T0 KO3PPHUIHUEHT NOTJIOMEHHS O IPECTABISAET COOON CyMMY ONTHU-

opt
i

nact

YeCKH aKTUBHOH KOMIOHEHTHl o (T;) ¥ HEaKTMBHOH COCTaBIAIOIIEH o,  ,

MOXXEM 3aIllucaTb

o= o +afP (7). (18)

C YUC€TOM COOTHOHICHUA MCKAY BCIIMYUHAMU O U JJICKTPOIIPOBOAHOCTLIO HA I1O-
CTOAHHOM TOKE JJIs1 Pas3IndHbIX 06p33].[0B ObUIM BBIYKCJIEHBI WX 3HAYCHHUSA

aP'(T,) . TIpu 9TOM TpeITIoNaranock, 4To CrpaBeTHBa hopMyJia
o =4nc(®)/ nyc (19)

(FIIG Ny — MMOKa3aTeyib MPEJIOMJICHUA, ¢ — CKOPOCTh CBeTa) W BBIINIOJHACTCA COOT-
HOIICHHEC

I7le UHJEKCHI I, j OTHOCSTCS K Pa3HbIM CTPYKTYpPHBIM COCTOSIHUSIM OOpa3LoB, KOTO-

pBI€ B JaHHOM CJIy4da€ U3MCHAIOTCS C U3MCHCHUEM TCMIICPATYPbI OCAKACHUSA ILIC-

opt

HoK. Oka3anocs, uto 3HadeHue o;' (7} ), n3mepeHHoe npu zo = 1.0 eV u nponop-

IMOHANBHOE JI0Ne 06beMa, yJacTByIOIIel B onTHYecknx Tepexonax CyP', yBemman-
BAaeTCs C MOBBIILIEHUEM TeMIepaTypbl pocta B uHTepBane 7y = 250-450°C ot 14 no
55%. B npennosioxkeHuu, 4To BEIUYHHBI Cfpt u C,, SKCIOHEHIIUAJIBHO PacTyT ¢
nosemennem Ty (CP' = CPexp(~T"/T,) u C,, = Co exp(-T**/T,)), 6bum mo-
CTPOCHBI COOTBETCTBYIOIINE 3aBUCHUMOCTH, NpPUBEACHHBIE Ha puc. 6. W3 Hero

BUJHO (KpuBas /), 4TO KOHIEHTpAIMsl METaNINYecKoi (a3bl JeMCTBUTEIHHO IKC-
-3 )
noHeHuanbHO yBenuuuBaercs (0T 8.8:10 ~ no 2.8-10 7) ¢ moBbILLIEHUEM TeMIIe-

paTypsl pocta. 3Hau4€HUs le’pt TaK)K€ COOTBETCTBYIOT HKCIIOHEHLIMAJIbHOU 3aBU-

CHUMOCTH.

VY4uThIiBasg TO, YTO ONTHYECKHE CIEKTPHI MOJyueHsl mpu im < 1.4 eV, 1.e. B
ZMana3oHe, TJe OTCYTCTBYET MOIJIOIEHUE, CBSI3aHHOE C aIMa30Mo0J00HON CTPYyK-
Typoii, 3uadenust C;P ' cremyer OTHECTH K KOHIEHTpALMHU rpaduTonomo6Hoil (a-

3Bl C sz-KOH(bHrypauHeﬁ cBsizeil. HeoOXoaMMO OTMETUTbH, UTO, HECMOTPS Ha Cy-
IIECTBEHHOE YBEJIMYEHUE KOHLIEHTPALMK MocieaHen ¢ poctoM T, 101 o0bema ¢
JIMa30M0A00HON CTPYKTYpOH OCTaeTcss JOCTATOYHO BEJIMKA Jake MPHU BBICOKHUX
temrepatypax pocta. [Ipu Ty = 450°C ona coctaBnsier okoyio 43%, onpenenss
BEJIMYMHY YEJIBHOTO CONPOTUBIIECHUS MAaTPHULBL.

W3 naHHBIX, IPEACTaBICHHBIX HAa PHUC. 6, BUIHO, YTO C MOBBIIICHUEM TEMIIEpa-
TYpbl OCXICHHUS KOHIIEHTpalus rpadutooOpa3Hoil (a3sl B OCHOBHON MaTpHLe
YBEJIMYMBAETCS] 3HAYUTENIBHO OBICTPEE IO CPABHEHUIO C KOHLEHTpAIMed MeTai-
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JIMYCCKUX KJIIACTCPOB, 06pa3OBaHHLIX 1o BOSﬂeﬁCTBHCM BBOAUMOT'O B IINICHKHU
azora. OTHAKO KOHIICHTpAIUsl 00Pa3yIONIMXCs KJIACTEPOB MaJoOro pa3Mepa ocra-
€TCsl HU3KOM, M OHU 3aHMMAIOT He 00JIee HECKOJIbKUX MPOIEHTOB 00bheMa MIICHOK.

ABtopsl npusHarenbHbl 3.A. Camoiienko u E.W. IlymeHnko 3a peHTreHocT-
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V.N. Varyukhin, T.A. Dyachenko, V.D. Okunev, N.N. Pafomov, A.L. Plekhov,
E.I. Shemchenko

INFLUENCE OF CLUSTERS WITH METALLIC CONDUCTIVITY
ON ELECTRICAL AND OPTICAL PROPERTIES OF AMORPHOUS
a-C(N) THIN FILMS

The electrical and optical properties of the amorphous a-C{(N) carbon films prepared by
magnetron sputtering of graphite in nitrogen atmosphere have been investigated. The
conductivity of these films is typical of granular structure media and has a functional de-
pendence 1go—T" "2 in the temperature range 7 = 77-300 K. It has been shown that me-
tallic conductivity may appear in these systems without doping of metallic impurities. On
the basis of thermal electromotive force, conductivity and optical absorption measure-
ments it has been concluded that film granular structure is caused by the existence of
nanometer size clusters with metallic conductivity in carbon graphite-type matrix devel-
oped on y-carbon base. The concentration of clusters exponentially is growing with tem-
perature of film deposition.

Fig. 1. Current-voltage characteristics of samples for film growth temperature Ty, °C: 1 —
250, 2 =350, 3 — 20, 4 — 450

Fig. 2. Temperature dependences of conductivity within the coordinates: a — 1go ~ 10°/7,
6 —lgo ~ Tm, 6—1go ~ 71/3’ e—lgo~ 7" for film growth temperature 7, °C: I — 20,
2-1250, 3 —350,4—450

Fig. 3. Relation between thermo-EMF and conductivity

Fig. 4. Exponential dependence of conductivity of the films on the average distance be-
tween clusters with metallic conductivity

Fig. 5. Spectra of optical transmission (a), absorption (6) and optical absorption within
the (ah(n)l/z—h(n coordinates (¢). Temperature of film growth 7, °C: I —250; 2 —350; 3 —
450

Fig. 6. Dependence of graphite-like phase concentration Cl-0 P! and concentration of clus-

ters with metallic conductivity C,, on film growth temperature 7T
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PACS: 64.60.Cn, 64.60.My, 64.70.Kb, 81.30.Hd

J.N. CtedpaHoBuy, A.A. Cy660TUH

HEPABHOBECHAA TEPMOOVMHAMUKA CIMJIABOB CUCTEMbI Cu—-Au
MPOWM3BONTIbHON CTEXUOMETPUU

JoHeuknii unsmko-TeXHNYeckUin MHCTUTYT M. A.A. MankmHa HAH YkpauHsbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

CraTbs noctynuna B pegakumio 24 Hoa6psa 2004 roga

B npubnusicenuu I'opckoco—bpseca—Bunvamca (I'BB) 6 paumkax modenu ¢ wemvipomsa na-
pamempamu nopsioka NPOBEOEHO MeopemudecKoe UCCie008anue 2UCmepe3ucHo2o noge-
Oenusi cnaaeog cucmemvl Cu—Au npou380IbHOU CIMEXUOMEMPUL, HOJYYEHHbIX 8 Pe3yilb-
mame Ovicmpou 3axaiku. [locmpoena HepasHosecHas ¢hazosas ouazpamma GvluieyKa-
3aHHbIX chaasos. [lokazano, ymo 603HUKHOGeHUe npomexcymouHol gasvl L1y ne aensemcs
Heobxo0umbim 0Jis1 006pazoeanus ycmouuugou gasvl L1y o0nako uspaem cywecmeeHHyo
POb NPU POPMUPOBAHUL AHMUDAZHBIX OOMEHHBIX SPAHUY MeHcOy OomeHamu muna L1 ;.

BBenenne

N3BecTHO, YTO MHOTHE TBEPJIbIE PACTBOPHI MPU MOHMKEHUH TEMIIEPaTyphbl HU-
)K€ HEKOTOPOH KPUTHUECKOUW MCIBITHIBAIOT (ha30BBIN MEPEXO MOPsA0K—0ecopsi-
JOK. DTOT TEPEXO]l BBI3BIBACT LEBIA ps CHENU(UISCKUX SBICHHUM, TAKUX KaK
U3MEHEHHUE 3JIEKTPOCONPOTUBIICHUS, TPOYHOCTH, MATHUTHBIX U MHOTUX JIPYTHX
cBOIcTB MarepuaioB [1,2], 4To 00ycIOBIMBAET MIUPOKOE MPUMEHEHHUE YIIOPSIO-
YUBAIOUIMXCS TBEPABIX PACTBOPOB U COESAMHEHUN B HAyKe U TEXHUKE. 3HAUUTEIb-
HYIO JOJI0 TAaKMX MATE€pPHaOB COCTABJISIOT METAJUIMUECKHUE CIUIaBbl, UMEIOIINE B
OAHOPOJHOM HeymnopsimoueHHOM coctosiHun ['IK-pemeTky, Hanmpumep CruiaBbl
cuctembl Ni—Al. [Ilupokoe npuMeHEHHE 3TUX CIJIABOB B TEXHHKE OOYCIOBJICHO
BO3pacTaHWEM HMX MPOYHOCTH TpH Temneparype Boime 1073 K Grmaromapst Hanm-
YHIO B HUX BKIIIOYEHUH yropsiaodeHHOH (asbl [3,4].

HaunbGonee mzyuennbiMu crutaBamu ¢ ['TIK-pemeTkoil sBISIFOTCS CIUTaBBI CHC-
TeMbl Cu—Au. B 3aBUCUMOCTH OT CTEXMOMETPUH COCTaBa OHU MOTYT YIOPSJOYH-
BaThCs 1o TUmy 11b0 L1,, mubo Ll [2].

PaBHOBecHas ¢azoBast quarpamma criaBoB Cu—Au ¢ 00J1acTIMH COCYIIIECTBO-
Banus ¢a3 L1, u L1y Buepseie Obl1a mosrydeHa B padore [llokmu [S] Ha ocHOBe
MOJIETIM C YETHIPbMsI ITapamMeTpaMu mnopsiaka. ABTopsl [6—8] B pamkax paBHOBEC-
HOM TEPMOJAMHAMUKH C YYETOM Pa3IUYHBIX MOMPABOK MBITAINCH MPUBECTH (a3o-
BYIO IMarpaMMy B COOTBETCTBHE C IKCIIEPUMEHTOM.
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OpHako B pe3yJjbTaTe NPEABAPUTEIBHON TepMHUUYecKOi 00paboTKu obOpasia
CIUIaBa B HEM MOTYT peajln30BaThCs pa3IMUHbIE «JIOJT0KUBYIIHE» (a3bl, KOTO-
pbie He SBIAIOTCS TepMoJIuHaMH4Yecku paBHoBecHBIMHU [9]. [lomoOHbIe (a3bl Ha-
OJFoJIMCh DKCIIEPUMEHTaIbHO B crutaBax cucteM Ni—Mo [10] u Cu—Pt [11].
Nmerotcst Takxke ornpeneneHHble TpU3Haku ynopsigoueHus tuna Lly B HepaBHO-
BecHOM cruiaBe CuAuz [12,13] 1 B HanbUIEHHBIX MOJYNPOBOJHUKOBBIX IJICHKAX
Alj_,Ga,As [14], Torna kak HepaBHOBecHOE ymopsgodenne CuAus U Moynpo-
BOJIHMKOBOM IUIEHKH — 3TO yropsaoueHue tuna L1,.

Llenbro aHHOM pabOoTHI SBJIETCS ONpeieNeHHe BO3MOKHBIX OJHOPOAHBIX J0JI-
TOXXHUBYIIMX COCTOSHUM W TIOCTPOCHHWE HEpaBHOBECHOW (Ha30BOW AHMarpaMMbl
cru1aBoB cucteMbl Cu—Au, a TakKe aHaJIU3 yCIOBUN yCTOMYMBOCTU U BO3MOYKHO-
CTH pealu3aliy 3TUX COCTOSHUN B IPOLECCE YHOPSATOUEHUS.

ITocTaHoBKa 3a7a4u

Kuneruka ynopsnouenus cruiasa CuAuz, OCHOBaHHAas Ha MOJENIN C OJHUM Ta-
pameTpoM mopsiaka 0e3 ydeTa BO3MOXHOCTU MOSIBIEHUS HECKOJBKUX YHOPSI0-
yeHHbIX (a3, Opima uccnenosana B [15]. [Tockonbky ['TIK-pemeTka Boileymnoms-
HYTOI'O CIUIaBa MPEACTaBUMa B BHJI€ YETBHIPEX MPOCTHIX KyOMUECKUX MOIPELIETOK,
CABHHYTBIX APYr OTHOCUTENBHO JIpyra Ha MOJIOBUHY JMaroHaiu rpaxu [16, puc. 1],
TO JJIs1 OIMCaHUs IMpoLEecca YHOPSAA0YEHUs B MOJOOHOIO pojia CUCTEME MOXKHO
BOCIIOJNIb30BaThes Mojenbio [llokmu [5], 6a3upyromieiics Ha 4eThlpex mapamerpax
nopsiika. YToObl HE YCIOXKHATH PACCMOTPEHHUE, BOCIOJB3YEMCS MPUOIMKEHUEM
I'BB [1], korna koppensiuu B CIJIaBe HE YUUTHIBAOTCA. Tak Kak /sl KOHLIEHTpa-
it atomoB coptoB 4 (Au) u B (Cu) BbI-
IIOJIHSIETCSl YCIIOBUE C4 + cp = 1, MOXKHO
MOJIOKUTh ¢4 = ¢ (IIOA KOHLEHTpauuen
31ecCb M B JaJbHEMIIEM IIOHMMaeTcs
aTOMHasl KOHLEHTpalus), Torja KOHLEH-
Tpauusi aToMoB copta B Oyzaer cg =1 — c.
B kauecTBe mapameTpoB, XapaKTEpU3YyIO-
UX JAJTBHUA TOPSJIOK, YJOOHO B3ATh
anpHOPHBIE BEPOATHOCTH 3aMOJHEHHS T;

Y3JI0B MOAPELIETKU j ( J :1,_4) aToMaMu

copra 4: m; = Ni/N, rne N; = v;N — 1ucno
Y3JIOB OAHOM MOJAPEMETKH, N — YHCIIO y3-
JIOB BCEH KPUCTAJIIMIECKON PEIIETKH, V; =
= 1/4 — nmons y3710B OJHON MOJPEIIETKH.
B omgHOpOIHOM HEYIOPSIOYEHHOM CO-
CTOSIHMM M| = M2 = N3 = Mg = c¢. Torma
Puc. 1. I'paduueckoe mpejacraBieHne CTENEHb YHOPSIOUEHHs CIjlaBa (akThye-
yenosus (1) CKH OIPEIEIIACTCS PasHOCTAMA J; = 1); — .
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ITapamMeTphl OPAZIKA T); HE SABJISAIOTCSA HE3ABUCUMBIMU: UX CBA3BIBAET 3aKOH CO-
XpaHEeHUs] KOMIIOHEHTa A (UM KOMIIOHEHTa B) B cIliaBe:

4
=

Bripaxkenue ansi KOHQHUTYparMOHHON 4acTH CBOOOJHON IHEPTUH, 3aBUCSILECH
OT CTEINEHH ynopsaoueHus, B npudimxennu I'bB nmeer Buj

1 4
Feont =3 VzNWZ; i), 2)
J:

rae z — koopauHaronHoe uucio ['IK-pemerku B mpuOIMKEHUH OMrKalImx
cocenen, z = 12; w — sHeprus cmenienus cruiasa [1];

2
fj=—njj+%[njlnnj+(1“1j)1n(1‘”jﬂ 3)
— mpuBeneHHass cBOOOJHAs dHeprus j-i moapemeTku, 0 = T/w — Oe3pazmepHas
Temneparypa, 7 — TemrepaTypa cijlaBa B YJHEpreTHYeCKUX eIuHunax (T.e. moja-
raeTcs, 4To MOCTOsTHHAs bonbimana kg = 1).

Vcnonb3ys HarisAHyI0 MHTEpIpETanuio, paBeHCTBO (1) ya1o0HO MmpeacTaBUTh
B CJIEIYIOIIEM BHIE: BEPOSATHOCTAM T); MOXKHO COIIOCTABHMTDH [UIMHBI TIEPIIECHNKY-
JISIPOB, OMYIIEHHBIX U3 MPOU3BOJILHON BHYTPEHHEH TOUKH TeTpadipa (C BHICOTOM,
paBHOi1 4c) Ha ero rpanu (puc. 1). Cummerpus ['LIK-pemeTkn 0THOCUTENBHO Te-
PECTaHOBKH MOAPEIIETOK COOTBETCTBYET CHMMETPHUH TETPa’pa.

CocTOsIHUSIM yHOPSAAOYEHMs CILUIaBa COOTBETCTBYIOT CTAllMOHAPHBIE TOYKHU
CBOOOIHOM 3Hepruu (2): MUHUMyMaM — MeTacTaOuibHbIe (Da3bl, HauboJee Tiy-
00KOMY MHHHMYMY — PaBHOBECHOE COCTOSIHUE YMOPSIOYEHHS, CeIaM — TaK Ha-
3bIBa€Mbl€ BUPTYyaJIbHBIE (pa3bl, KOTOPbIE MOTYT OKa3aThbCs CYIIECTBEHHBIMH B KH-
HeTuke ynopsgodenus [9—11,15]. 3anaya, Takum 0Opazom, CBOAUTCS K HaXOXKIe-
HUIO YCIIOBHBIX AKCTPEMYMOB (DYHKIUHU YETHIpEX MEPEMEHHBIX (2) MpH YCIOBUH
(1) u uccnenoBaHUIO UX YCTOWYMBOCTH.

Omnpenenenue 10JroKMBYIINX COCTOSHHI

[Tpumenenne metrona Jlarpanika K 3agadye HaXOXKJIEHUS YCIOBHBIX IKCTPEMY-
MOB (yHKIHMH (2) ¢ yciaoBueM (1) mIpUBOAMT K CHCTEME TSTH YPaBHCHHIA:

4
2., =4,
=1

/ 4)

4n; +0=0I—L

rae A — Heolpe/eeHHbIH MHOKHTENb Jlarpanxka, j =1,4.
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Kak nokazano B [5], rpadudeckoe perienue cuctemsl (4) 1aeT TpH TOYKH I1e-
peceueHus (WM MAKCHUMalIbHO BO3MOYXHOE KOJIMYECTBO OTIMYHBIX APYT OT Jpyra
KOpHEN), 4YTO IPUBOJUT K PABEHCTBY, KAK MUHUMYM, JIByX U3 YETHIPEX BEPOSATHO-
CTel 1;. DTO 03HAYAET, YTO CTAIIMOHAPHBLIE TOYKH CBOOOIHON 3HEPruu (2) I0IK-
HBI JIS)KAaTh HAa LIECTH IUIOCKOCTAX CUMMETpUHU TeTpadapa. OnHa 13 3TUX IIOCKO-
creit (ABC) n3obpakeHa Ha puc. 1.

Pemenus cucremsl (4) nomydarorcs mMyTeM MpUpPaBHUBAHUA APYT IPYTy BEpoO-
ATHOCTEN 1)j, UCKITIOUEHHS A U3 (4) yTeM BBHIYUTAHMUS OJJHOTO YPABHEHUS U3 JIPY-
roro v moJcTaHOBKH ycioBust (1):

a) cranMoHapHas Touka O — IIEHTp TeTpa’pa Ha pUcC. | — COOTBETCTBYET OJ-
HOPOJIHOMY HEYNOPSI0YEHHOMY COCTOSIHUIO, JJI1 KOTOPOTO

M=M=MN3=MN3=¢; (5)

0) cTaMOHAPHBIE TOYKU C M; = M; = N # My, [ # j # k # [ 1exkar Ha BbICOTaxX
TeTrpadapa (puc. 1) u COOTBETCTBYIOT THmy ymopsimoueHus L1,. ITockonbky Bce
YEThIPE BBICOTHI 3KBUBAJIEHTHBI, TO JOCTATOYHO PACCMOTPETHh OJHY W3 HUX, Ha-
npumep CH. DTa BbICOTa COOTBETCTBYET

N =MN2=M3; N4=Nn, (6)

T Ny B TOYKAX SKCTPEMYyMa YIOBJIETBOPSET YCIOBUIO

nH—c:ie n (3—4c+nH)nH

16 (4C—T]H)(1_T]H)’

KOTOpOE ciieayeT u3 cucteMsl (4) ¢ yuerom (6);
B) CTAlIMOHAPHBIE TOUKHU T; = 1; # N = N, [ # ] # k # [ OTBEYAIOT COCTOSAHUAM

(7)

ynopsimoueHus: Tuna L1lg u exxatr Ha MeauaHax terpasapa (puc. 1). U3 tpex sk-
BHUBAJICHTHBIX MEJIMAH I0CTATOYHO PACCMOTPETH OAHY, Hanpumep BM:

M=M2=Ny N3=MN4=2¢c— N (8)

VYcnosue paBHoBecus aiist L1 cienyet u3 cuctemsl (4) ¢ yuetoM (8) U UMeEeT BUJL

nM—c:lE)ln ﬂM(1—2C+ﬂM) .
8  (I-mp)(2c—my)

[TockonbKy BbIpaykeHUE AJsl SHepruu (2) u yciaoBue (1) cUMMETpHUYHBI OTHO-
CUTEIIbHO KOHIIEHTpanuu ¢ = 1/2, To B JajbHeWmeM OyIeT paccMaTpUBaThCS
TOJILKO MHTepBal KoHIeHTparmii 0 < c < 1/2.

)

W3 Beipaxennii (7), (9) cnemyer, uto npu 6 < Oy (toe O — kpuTHdeckas TeM-
neparypa, onpezeneHHas Hibke) Ha BbicoTe CH kpome Touku O CyIIECTBYIOT €llle
nBe crannoHapHbie Touku I, 11, acumMerpuunbie oTHOCUTENRHO O Tipn ¢ # 1/2, a
Ha MenuaHe npu 0 < Oy, rae

0, zc(l—c)g (10)
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— nBe cummetpudHble otTHocuTensHO O Touku I, IV, mpuuem O < Oy ipu ¢ < 1/2
u 0, =0y npu ¢ = 1/2.
Temnepatypy 71 HENIb3s HAWTH B AHAIMTUYECKOM BHUJE, HO MOXHO OLICHUTH
MPUOJIMKEHHO U3 yCJIOBHs MakcuMmyMa 0(1z) B Beipakenuu (7):
00

=0. (11)
My
W3 Beipakenwuii (7), (11) B mpubmmwkennn oy = gy — ¢ << 1 cnexyer, 4to
min _ 9(1-2¢)c(1-¢)
T 14[1-3¢(1-0)]

(12)

— MUHHUMaJIbHOE 3Ha4yeHue napamerpa nopsaka oy ¢asel L1y, nocturaemoe npu
ee reperpese, a TeMreparypa 7 MaKCUMaJIbHO BO3MOXHOT0 nieperpena ¢assl L1,
OTIpeNieNsIeTCsl COOTHOILIEHHEM

O = 05/(1-y), (13)
rac
o 3(2e-1Y
- 28[1-3c(1-0)]

Y

Taxk xak 07 — 0 pu ¢ = 1/2, 1o (13) — 370 acumnroTuka Oy mpu ¢ — 1/2.
Jlanee mpoaHamU3UpyeM YCTOMYMBOCTh M (DU3UYCCKUNA CMBICT CTAllMOHAPHBIX
touek O, I, 1L, IIL, IV.

Y cT0iiYnBOCTH HEYNOPSAA0YEHHOT0 COCTOSIHUA

HyCTb CUCTCMa HAXOAUTCA B MOJHOCTBIO HCYNOPAAOYCHHOM COCTOSAHUHU, U B
HeW MpoMCXOoauT Majas (uykryarus mapameTpoB O;, j =1,4. Torma usmeHnenue

CBO60,I[HOI71 OHEPrun CUCTEMbI C TOYHOCTBIO 1O KBAAPATUYIHBIX I10 6] YWICHOB pAaBHO

AFconf ZEVNZWZ_ZZSi = EVNZWATZ 61- ,

i=1 ON; i=1
rie Ar=(e—es)/es.

[Tpu 6 > 6, okazwiBaeTcs, 4T0 AF s > 0 I MOOBIX OTKIIOHEHHI O, TaK YTO
touka O (puc. 1) sBIsAETCA JTOKAIBPHBIM MUHUMYMOM, a COOTBETCTBYIOIIAs €1 He-
ynopsoueHHas (aza — MEeTacTaObUIbHOIA.

[Tpu O < O nnst MFOOBIX OTKIOHEHUN O HMeeM AFqnr < 0. ITO 3HAYUT, UTO TIPH
0 < O, HEyNmOpSAIOUYCHHBIA CIUIAB JIOJDKEH HAYaTh YIOPSI0YMBATHCSA IO BCEMY
00beMy, TIpHYEM THIT YIOPSJIOYCHHS B JaHHOH MaKPOCKOIMUYECKOW 00JacTH
CIUTaBa OMPEEIIIeTCS MAIBIMU HAYalbHBIMH (DIYKTYyallusIMU TapaMeTpOB TOPS-
Ka d; B 5TOH 00nacTw.
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YcroitunBocThb cocTosinus L1

[Tycts cucTema BHavane ynopsiodeHa mno tumy Llg, tae Ny =12 =My, N3 =N4 =
= 2¢ — M. 3aBUCHMOCTD M/(0) 3amaercs HessBHO BhIpakeHHeM (9), st Touku 111
0 <nu <cy, a mus Touku IV cg <y <2cy.

N3 Tomonoruvyeckux cooOpakeHHil ciieayeT, uTo npu 0 < 05 mo 06e cTOpoHBI
ot makcumyMma O Ha BM (puc. 1) mosmkHb! Jiexkats n18a MuaumymMma I, IV Bronb
HaIpaBJIeHUsI MeInaHbl. Takum o0pa3om, (aza L1y ycTounBa OTHOCUTEIBHO H3-
MEHEHUS CTETIEHU YNOPsII0UeHU 1)), 03 u3MeHeHUsl TuMa ynopsinouenus L1 .

[Tpenmonoxum, 4To B MpOLECCE YNOPAAOYCHUsT HEOOJbINasi YacTh aTOMOB A
nepenuia ¢ nepBoi noApemeTkd Ha BTopyto [16]. [Ipu aTom mapameTpsl nopsiaka
N3, N4 HE U3MEHSTCS, a 1M1, M MOIyYaT npupameHus Any = —An; > 0. B pe3ynb-
TaTe€ 3TOTO MpOIecca M3MEHEHHE CBOOOIHON SHEPrHH C TOYHOCTBIO /IO KBaIpa-
THYHBIX 110 An; (7 = 1, 2) ciaraeMbIX paBHO

=—szwZ Ji L An; SN VAL flAnl :
3 ong
h_2h
5111 o3
Jla ¢ TMOJIPEIIeTKH 2 Ha moApemneTky 1 BeipakeHue ans AF Oyner takuM xe. Cre-

JI0BAaTEJIbHO, BO3MOXKHOCTb IPOTEKAaHUA IpoueccoB 1 — 2 u 2 — 1 3aBucHUT OT
3HaKa BTOPOU MPOU3BOIHOM:

’f 82f2 L 0
6n1 6"12 4ny (I-mp)

rne , TIOCKOJIBKY Ha MeJiMaHe M| = Ny = Ny Jns obparHoro nepexo-

(14)

f1
ont

Y HAKOIUICHHUS] aTOMOB COpTa A Ha MOJpEIIETKE 2 WU OTHOCUTENIBHO Mepexoaa
2 — | 1 HaKoOIUIEeHUs] aTOMOB 4 Ha mojpeneTke 1.

Bo3MokHOCTB mepexoia aTOMOB € MOAPEIIeTKH 3 Ha 4 (Wi Ha000poT) orpe-
JIETIAE€TCSl aHAJIOTMYHO BTOPOM MPOU3BOAHOM BUIA:

o’ f, o 0
L Ty a5
on;  on; 42c—my )A=2c+my)
B KpUTHYECKUX TOYKAX JOJIKHO BBIMOJIHATHCS YCI0BUE (9) M TOIKHBI 00paIaTh-
Csl B HYJIb BTOPBIE MIPOU3BOIHbIE:

Ecnun <0, To cocrosiHue L1y HEYCTOMUMBO OTHOCUTENBHO mepexona 1 — 2

2

_‘2 Iy, (16)
gil
2

‘2—’?:0. (17)
N3
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AHanu3 3HakoB BeipakeHuit (9), (14), (15) mokaszsiBaeT, uto npu 0 < ¢ < ¢
(roe ¢ = 0.41) o6a sxcrpemyma I, IV saBastorcs cennamu. Coctosaue 11, ans

2 2
_ _ 0 " h y
KOTOpPOTro N1 = M2 < M3 = N4, ol <0m 6—2 > (0, HEyCTOWYMBO OTHOCHUTEIIBHO
M3 M

CKOILICHHS aTOMOB A Ha OJHOI M3 MOJAPEIIETOK 3 U 4; aHATOrM4YHO cocTosiHue 1V,
2 2
" S o fs
5 < 0, 5
oy on3
BbIM OTHOCHUTCIILHO PAaCHPCACIICHUA aTOMOB Ha IMOAPCHICTKAX 1u?2.
Hpwu c¢r < ¢ < 1/2 cymectByeT mpomexyToK Temmeparyp 0y, <6 < 0y, BHyTpH

JUIsL KOTOPOTO N1 = M2 > N3 = N4, > (0 oka3pIBaeTCs HEyCTOWYM-

KOTOPOTO 3KCTPEMYMbl Ha MEAMaHax SBISIIOTCS MUHUMyMaMu. B atom mpome-

KyTKe ¢aza L1y oka3pIBaeTCs METAaCTAOWIBHOU, a MPU CTEXHOMETPHUECKOM CO-

cTaBe ¢ = 1/2 oHa CTAaHOBUTCS MOJHOCTHIO TEPMOJMHAMUYECKH yCTONUUBOM.
Temneparypa 60y, 6iuska Kk O;, MO3TOMY €e MOXKHO HAWTH B NPHOIMKEHUH

Oy =My — ¢4 << 1. Ucnomw3ys (9) u (16), (17), monyuaem:
2
5,7 zi3c(1 3c+202 )
2(1-3c+3c¢c7)

(18)

— 3Ha4YeHUe MapaMeTpa MopsaKa yHopsJ0ueHHON CTPYKTYphl L1o B KpUTHUUECKON
TOUKE, a TAKXKE KPUTUYECKYIO TEMIIEPATYpy

_4(1-3c+3c%)

C 7-24c(1-¢) *’ (19)

M,

BbIIlIE KOTOPOMl (a3a L1 siBnsieTcss HecTaOUIbHOW OTHOCUTENIBHO OECKOHEYHO Ma-
JBIX (IIYKTyanuii mapaMeTpoB MOpsiIKa.
Hnst 0y, MOKHO HalTH acumMnToTUKY Tipu ¢ —> 1/2. Tak kak npu ¢ = 1/2 nmeem

GM2 = (0, TO AJIs1 ATOTO JAOCTATOYHO MOJACTaBUTH B (16) 3HaueHue My, = 2¢ pu 6 = 0

win My = 0 B Beipaxkenue (17):
Oy, = %c(l —2c)z. (20)

Ipu 1/2 < ¢ <1 — ¢y U3 CUMMETPUU CBOOOAHOI SHEPTHMHU OTHOCUTEIILHO 3aMEHBI
aToMoB 4 <> B caenyert

O, :%(1—c)(2c—1)z. 1)

Taxum oOpaszom, npu 0 < 0 < O, dasza L1y MoxeT BO3ZHUKATh B Ipolecce Ynopsi-
JOYCHHUSI HEYTIOPSJOUYCHHOTO TIEPEOXJIaXKICHHOTO CIUIaBa Jake 3a MpeieaMu 00-
nacteit crabmibHOCTH L1() HAa paBHOBEeCcHOH (Da3oBoil auarpamme [S], HO, HE SIBIS-
SCh TIPU TAaHHOM TeMIlepaType M KOHICHTPAIlMH YCTOHYMBOM, OHA JTOJDKHA 3aTeM
npeBpalarbes B ycrouusyto ¢azy L1, (AuCus).
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YcroitunBocTh cocTosinus L1,

[Ipenmonoxum, 4TO CIUIaB HAXOIUTCS B COCTOSHHHM C YHOPSAOYCHHEM THIIA
L1, xorma Ny =Mz = N3 = (4c —ny)/3 , a N4 = Ny. 3aBUCUMOCTH N7 OT NIPUBEICH-
HOI Temniepatypsl O 3agaetcs BeipakenueM (7). Kak cinenyet u3 (7), CymecTByIoT
nBe BeTBU Np(0): Ny ¥ Mgy 1€ 0 < Mgz < Nimin ¥ NMimin < Nz Ny < 1, Mgy < 4c, a
Nmin Onpeaensercs ycnoBueM (11). Kaxxgas u3 BeTBell COOTBETCTBYET TOUKE IKC-
TpeMyMa Ha BbICOTe TeTpasapa (puc. 1): ng, — touke II, ny, — Touke I, T.e. nme-
eTcs Tpu 3KcTpeMyMma Ha Bbicote — [, II u Touka O.

H3meHeHue 1y COOTBETCTBYET CIBUTY M300pakarolieil TOUKH BAOJb BBICOTHI
CH na puc. 2,II. IIpu 65 < 6 < Oy U3 TONOJOTHISCKUX COOOPAKEHUH CIIETyEeT, YTO
Mo HampasieHdto oT MuHUMyMa O K Touke C Ha puc. 2 TOKEH JiekKaTh MaKCH-
myM II Bmonws nampasienuss OC, a 3arem MuHuUMyM [ Brosnb OC, MOCKOJBKY B
9TOM HHTEPBAJIE TEMIEPATYp ¢ < Mg, < My TakuMm o0pasoM, B IPOMEKYTKE

temriepatyp 0y < 0 < Oy; Touka Il COOTBETCTBYET SHEPreTHUECKOMY Oaphepy Jist
nepexosia U3 YNopsI0o4eHHOro coctosiHus | B HeymopsaoueHHoe cocTosHue O
win HaoOopoT. [Ipu 6 < O Touku I, II yxe oka3piBatoTCs 1O pa3HbIE CTOPOHBI OT
uentpa O (Mg < ¢ < Npy), @ Touka O CTAHOBUTCS MAaKCUMyMOM, [09TOMY 00a
skcrpemyMa I, I momxHBI OBITH MUHUMYMaMHU BJIOJIb HATIPABIECHUS BBICOTHI.

YeronuuBocTh cocTostHUM I, II OTHOCHTENBHO CKOJIb YTOJHO MAaJIbIX U3MEHE-
HUU Ani, Anp, ANz npu ycinoBun Ang = 0, T.e. neprieHauKysipHo Beicote CH (cMm.
puc. 1), ¢ TOYHOCTEIO 10 KBaAPaTHYHBIX 4IEHOB 10 An; (rae j = 1, 2, 3) onpene-
JsIeTCs U3MEHEHHUEM CBOOOIHOM 3HEPTUH, PABHBIM

AF :EVNZWZ—QZAWZ =§szw—;ZAn,-2 )

i=1 ON; oy i
T.€. 3HAKOM BTOPOU MPOU3BOIHOM
2 2 2
0
aéza?: §:4+ > . (22)
ony oOn;  On3 4(4c—ny)B-4c+ny)

B xputnyeckux Toukax Oy MOJDKHO BBIMOTHATHCSA ycioBue (7) W oOpamarbest B
HYJIb BTOpasi Ipou3BoHas (22).

AHanu3 3HaKkoB BeIpaxxeHui (7), (22) mokaspiBaeT, uto mpu ¢ < 1/4 cocrosiaue |
SABJIAETCS CTAOUIEHBIM OTHOCHTENBHO OECKOHEYHO MabIX (IIyKTyaumii 1; (j = l,_4)

BO Bceil obOmactu cBoero cymiectBoBaHus 0 < 0 < Oy (dbaktuyecku GaykTyanu-
OHHOE W3MEHEHHE CBOOOTHOW PHEPTUU HE JOJDKHO MPEBHIIIATH BEIMYUHY dHEP-
reruueckoro Oapnepa II). Ilpu 1/4 < ¢ < 1/2 cocrosiune | cTaHOBUTCS HecTa-
OWJIbHBIM B HAIPABJICHUAX, OPTOTOHAIBHBIX BbIcoTe CH TpH TeMIepaType HUXKe
HEKOTOpoi kputHueckoir 0y < 0,. CocrosiHue Il cTaHOBHUTCS HECTaOMIHLHBIM B
HaNpaBIeHUAX, OpTOroHANBHBIX BeicoTe CH tipn O < 0. [Tpu ¢ = 1/2 toukwm I, 11
CUMMETPUYHBI JPYT JIPYTY OTHOCHUTENBbHO LieHTpa O u HecTabuibHbl (0 = 05 = Ofy),
YTO ¥ CJENOBAIO OXHUAATH JJISi CTEXMOMETPHUECKOTO COCTaBa KOHKYPHUPYIOLICH
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I1I

Puc. 2. Ceuenue terpadapa ABC, npen-
CTaBJIIEHHOTO Ha pHUC. |, AN pazsTUIHBIX
TeMmrepaTyp W KoHueHTpauuil. Touka O
cootBeTcTBYeT aze 41, I, IV — L1y, I -
L1y (4AB3), I — L1, (A43B). Crpenxamu
CXEMaTUYeCKH TOKa3aHbl BO3MOXKHBIE ITy-
] ynopsimouenus: I: a — ¢ < 1/4, 6 < 6,
1/4 < ¢ <cep, O, <0 <0, cer<c <1/2,
Om, <0 <06 —car<c<1/2,05<0<0;
II: a —cer < ¢ < 1/2, 9M1<9<<9H;6—

1/4<c<ce, 0y<0<0g; M- 1/4<c<1/2,
9<9H,9<9M2
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52

dassl L1y. AcumnroTruka njst Oy npu ¢ — 1/2 momydaeTcst U3 yCIoBUs —f21 =0
oy

u BeIpaxeHui (7), (22) B mpeanonoxeHuu oy << 1, mockonbKy mpu ¢ = 1/2 0 = 6,

rje Temmneparypa 0y onpenensieTcs: BolpakeHUeM

[1-6¢(1-0)]

e =
M 05 _189¢(1-¢)+360¢% (1)

Og, (23)

a BeJIMYMHA
~ 9c(l-c)(1-2c)
6c(1-c)—1

H (24)
— KpUTHYECKOE 3HAUYCHHE IMapaMeTpa Mopsiaka npu 0 = 0.

Acumnrotuka 0y mist ¢ = 1/4 u 6 — 0 nonmyuaercs u3 (22), ecinu NOJOKUTH B
HeM Ny = 1 u 0 — 0, a pe3ynbTar NpupaBHATH HYJIIO:

0, = %(40—1)(1—0)2. (25)

Bripaxenue s 0 npu ¢ — 3/4 nonmyyaercs U3 CUMMETPUU CBOOOTHON SHEPTUU
OTHOCHUTEIBHO 3aMeHbl Au Ha Cu [5]:

) 22;47(3—40)&. (26)

3akjaoueHue

B otnmuue ot pabotsl [5], rae Ha ocHoBe mozenu I'LIK-pemerku ¢ ueTsipbMs
nojpemerkamMu B npubmmxenun I'bB Oblin HaiieHbl 0071acTH paBHOBECHS JIBYX
¢da3 crutaBoB cuctembl Cu—Au, B HacTosield paboTe HAa OCHOBE TOM K€ MOIEIH
TEOPETHUYECKH UCCIIEI0BAHO TMCTEPE3UCHOE MoBeeHue criaBoB Cu—Au npu ¢a3zo-
BbIX niepexonax A1 <> L1, u L1y <> L1, u nmoctpoeHa HepaBHOBecHas (ha3oBasi Tua-
rpamma (puc. 3). 31ech ObuUla MOTy4Y€Ha TOJIBKO JIeBas 4acTh Auarpammsl (pu 0 < ¢
< 1/2), mpaBas 4acTh, oTBeuaromias 1/2 < ¢ < 1, cineayer u3 CHMMETPHH CBOOOIHOM
SHEPTUH OTHOCUTEIHHO 3aMeHHI ¢ Ha (1 — ¢).

I'ucrepesuc ¢azoBoro mepexona L1y <> Al mnsa ¢aser L1, B crexuoMeTpun
AB3; uMmeeT MecTo B TeMrepaTypHoM uHTepBaie O, < 0 < Opmpu 0 <c < 1/2,a B
crexuometrpuu A3B npu 1/2 < ¢ < 1. Takum obGpazom, a3y L1, MOKHO nieperpeThb
HE BBIIIE TeMITepaTypsl Oy

BcnenctBue kBa3ucTaliOHapHOCTH OJAHOPOIHOTO HEYIOPSAA0YEHHOTO COCTOS-
HUS A1l ¥ MEUIEHHOTO NIPOTEKAHUS MTPOIIECCOB PETaKCAUU PU HU3KUX TeMIepa-
Typax (T.e. mpu 0 << 6;) 3TO COCTOSHUE MOXHO MOJYYHUTh ITyTeM OBICTPO 3aKai-
KU U TIpH TeMiieparypax Huxe 0. IlyTH ero gaapHeWIIero ynopsjaoueHus: cxeMa-
TUYECKU TNokaszaHbl Ha puc. 2. Ilpu 1/4 < ¢ < 1/2 ¢usuyeckuii cMBICT UMEIOT
TOJIBKO TOYKHU B nsiTuyronbHuke C1CroBA2A 1, nnst koTopbix M3 < 1, ng < 1.
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0.30
L1, + L1
A1l ? 0 Al

A1+L1,

L1,

0.05 L1y(4B5) C,(ABs) £(A:B) L1,(4;B)

0O 01 02 03 04 05 06 07 08 09 10
Cy

Puc. 3. HepaBHoBecHas ¢azoBas nmuarpamma crutaBa Cu—Au, mosydeHHas u3 coodpaxe-
HUM YCTOMYMBOCTH B paMKax JaHHON MOJeNN

[TockonbKy MoTeHIMAIbHBIE Oapbepbl MEXIY cTalMoHapHOU Toukoil O (¢a3za
Al) u ynopsaodernbiMu coctostausimu 1 (L1, (4B3)), I (L1, (43B)), 11, IV (L1
(4B)) oTCYyTCTBYIOT, TO Ha HA4aJbHOM 3TaIl€ YIOPSIOYEHHOE COCTOSHUE JTOJIKHO
XapaKTepu30BaThCcsd MajbiM 3HAYCHHMEM IapaMeTpa IMopsiKa MO BCEMy 00beMy
obpasma. Kak 6but0 ykazano B [16] (cM. Takxke cOOOpaskeHHs YyCTOWYMBOCTH B II. 3
HacTosIed padoThl), MOCKOIbKY MPEANOYTHTEIBHOIO HANpPABJICHUs yHoOpsaoue-
HUSL 13 TOYku O HET, TO yNOPSIIOYCHHOE COCTOSHHE Ha PaHHUX U MPOMEKYTOU-
HBIX CTa/IUAX YHOPSIIOUEHHS SABISETCS HEOJHOPOAHBIM.

Tax xak cocrostHue A1 npu 6, < 6 < Oy MeracTabmiIbHO, a Tipu O < O HEYCTOH-
YHBO OTHOCHUTENIBHO JIFOOBIX CKOJIb YTOJHO MasbIX (UIyKTyaluid mapameTpoB Io-
panka 1;, j=1,4, 1o npu 05 < O < Oy ciexyeT 0KUIATH YIOPATOUEHHUS B MHOIO-
JIOMEHHOe cocTosiHue L1) ¢ ToMEeHaMH, OTIEIeHHBIMU JPYT OT Jpyra CJIOeM He-
ynopsinoueHHoH pasbl A1, a npu 6 < 05 n onHoBpemeHHO 6 > 0y, 1 6 < B, (cm.
puc. 3) — B MHOTOJIOMEHHOE COCTOSIHME C IOMEHaMH, OT/AEICHHBIMU JPYT OT JApY-
ra antudazapiMu rpanunamu (ADI) (momoOHbIe cocTosiHUST HaOIIOMANHCh, Ha-
npumep, B [17]). 3neck Og, — HEKOTOpast KpUTHYECKas TeMIepaTtypa, pu3nuecKuit
CMBICJI KOTOPOH OyneT BBISICHEH HUXKE. YIOpSAOYEeHHE B MHOTOJOMEHHOE CO-
crosinue L1, ¢ ADI" Hke TeMnepaTypsl CIIMHOJAIBHOTO yrnopsaodeHus O moj-
TBEPKJIA€T SKCIIEpUMEHTANIbHBIE pe3ynbTaThl padboThl [18].

Cornacno puc. 2,I,a vHecrabunsHoe coctosinue L1 (touka 1), Bo3HuKIIEE B
pe3yJabTare YHOpsA0YEHUs IOCNe 3aKalKH HEYNOPsAJOYEHHOro cocTosiHud A1 B
obnacte Temneparyp 0 < 0, mpu ¢ < 1/4 nnm B obnactu Og, < 6 < 05, Oy, <0 < O

npu 1/4 < ¢ < 1/2, IOKHO B JaTbHEHINIEM MTEPEUTH B TOUKY |, T.€. yIOpsSI09nuTHCS
B CTpyKTypy THna L1;. IIockonbKy sl OAHOTO M3 HIECTH BO3MOXKHBIX aHTU(a3-
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HbIX qoMeHOB L1 (B manHom ciydae III) cymecTByeT nBa BapuaHTa ynopsiode-
HUS, TO OH MOXET YHOPSAIOYHUTHCS, KAK MUHUMYM, B JIBa U3 UYETHIPEX JOMEHOB
L1,, a ocraBmmiics cinoit ¢a3pl L1y MEXIy HUMU COOTBETCTBEHHO MEpEUIET B
AQ®I'. Takum o0Opa3oM, CyLIECTBOBaHHE HECTAOMIBLHOTO cocTosiHusA L1 maer on-
HO U3 BO3MOXHBIX 00bsicHeHU oOpa3oBanuio ADT .

B pa6ote [15] cocrosinue Il cuntanoch TepMOIUHAMUYECKH CTAOMIIBHBIM, HO
HE UMEIOUTUM (PU3HUECKOTO cMbIiciia. Hamu Ob110 yCTaHOBIIEHO, UTO OHO COOTBET-
CTBYET HE BIOJIHE yropsinodeHHoi daze L1, crexuomerpruu A3B, kotopas mipu ¢ < 1/2
HecTaOMIIbHA, HO MOYKET PEaTM30BBIBATHCS KaK MMPOMEXKYTOYHAs (a3a B Mporiecce
ynopsiaodeHus (puc. 2).

Ha puc. 2,1,6; 2,IT1 u 2,11, kpome Touexk I, II, II1, IV, coorBeTcTByt0mMUX (hazam
L1,, L1y cuitaa Au—Cu, mokasansl Takxe To4uku S, Si, S>. Touku S Ha puc. 2,1,6
COOTBETCTBYIOT DHEPTeTUUYECKUM Oapbepam AJis epexoaa u3 MUHUMYMOB | B Mu-
HumyM III. Touku S Ha puc. 2,Il,a u S} na puc. 2,III — 370 MUHUMYMBI B TIIIOCKO-
ctu ABC, KOTOpbIE TOHKHBI CYIIECTBOBATh MEXIY Tpemsi Makcumymamu I, [1 u O
B TOM k€ M10ocKocTH. Touku Sy Ha puc. 2,III — Munumymebl B ceuennu ABC Mexy
makcumymami I, II u O. CymectBoBanue Touek Sy, S> Ha puc. 2,I1,6 He Tak oye-
BUJIHO. VX mosiBlieHrEe MOXKHO OOHApy>XHTh, pACCMAaTPUBAasi YCTOMYMBOCTH BIOJIb
pebep C1Cr u A14y. put ¢ < ¢ < 1 — ¢¢r (Cor = 0.41) OHM CYIIECTBYIOT ISl TEM-
neparyp 0 < 0y, a s KoHueHTpauuit 1/4 <c¢ <ceu 1 — ¢r < ¢ < 3/4 — Huxe
HEKOTOPOU TemmepaTypsl Ogy;, aHATUTUYECKOE BBIpaXKEHUE KOTOPOil mipu ¢ — 1/4
UMEET BU]I

O, == (4e=1(1-0)z. 27
anpu c — 3/4

Og, = %(3 —4c)cz. (28)

[lokmu cuymtan 3TH coctosiHus Moaudukamnueit ¢aser L1y u o6o3naunn (; [5].
Opnnako, Hanpumep, Ha puc. 2,1,6 onu cocyuiectByoT ¢ cocrostausmu 111, IV ¢a-
36l L1(, a 3HAYUT, UX HE CICITYET IMOJHOCTHIO OTOXKIECTBIISITH C 3TOU (ha3oi.

Hpu cr < ¢ < 1/2 1 Oy < 6 < 0y, IMeeT MECTO TEeMIEPATYPHBIH THCTEPE3HC
dazoBoro nepexona L1y — L1, crexuomerpun AB3, anpu 1/2 <c <1 — ¢ B TOU
*e obnactu Temneparyp — nepexoaa Llg — L1, (anst gasel A3B8). OnHOpoaHbII
nomeH (asbl L1, MOKHO mepeoxiaauTh u3 obnactu temmeparyp 6y, < 6 < 6, no
Temneparypbl Oy, HUXKE KOTOPOH OH MEPEeXOIUT B COCTOSIHUE C TpeMs THIaMHU
nomeHoB L1 (cm. puc. 1).

AHaJOrM4HO OAHOPOJHBIN 00pasel L1y MOXKHO meperpers U3 00JacTi TeMIe-
patyp Oy, < 6 < 6y 10 6, IOCIIE Yero OH MEPEXOAUT B ABYXAOMEHHOE COCTOSI-

Hue L1, (cm. puc. 1, 2).
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BriBoabI

1. Ha ocHoBe Mozenu ¢ 4eTblppMs IapaMeTpamMM MOpsAKa B NPUOIMKEHUU
I'bB noctpoena HepaBHOBecHas (a3oBas quarpamma s cruiaBoB ¢ I'LIK-pemer-
koii Cu—Au (cM. puc. 3), KaueCTBEHHO COTJIACYIOMIAsACS ¢ PaBHOBECHOH (ha30BOM
auarpammon, noisyueHHo panee Llokmu [5].

2. B npouecce ynopsgodeHus HeynopsigoueHHoro criaBa Cu—Au mocie ero
3aKaJIKi YCTaHOBJIEHA BO3MOXKHOCTh peayn3anuu (a3, He SBISIOMUXCS YCTOWYH-
BBIMHU B JIaHHOW oOnacTtu KoHueHTpauuu. Hanpumep, dasza L1y MokeT BO3ZHUKATh
npu ¢ < 1/4, Korma yCTOMYMBO YIOPSIOYEHHOE COCTOsHME L1) cTexmomeTpuu
AB3, a HeycTolumBas ¢aza L1, crexuomerpun A3B MOXeT GpOpMHUPOBATHCS MPU
¢ < 1/2, xorga ycroitunBa nmbo ¢aza L1, mudo L1, (4B3).

3. IlokazaHo, YTO BO3HMKHOBEHHE HEYCTOWYMBON MpOMEXyTOUHOU ¢aswl Ll
HE SIBIISIETCS HEOOXOAMMBIM Il oOpa3oBaHMs ycroiumBou (asel Ll,, HO 3Ta
NpOMEXyTouHas (pa3a Urpaer CyIeCTBEHHYIO pojiib B ()OPMHPOBAHUU aHTHU(a3-
HBIX TPAaHUI] MEXTy TOMEHAMH yIOpsIoueHHOH (a3bl L1 5.
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L.1. Stefanovich, A.A. Subbotin

NONEQUILIBRIUM THERMODYNAMICS OF THE Cu-Au SYSTEM
ALLOYS OF ARBITRARY STOICHIOMETRY

Within the framework of the four order parameters model the hysteretic behavior of the
rapidly-quenched Cu—Au alloys in the Gorsky—Bragg—Williams (GBW) approximation is
theoretically investigated. The nonequilibrium phase diagram of these alloys is derived.
The appearance of the intermediate phase L1 is shown to be not necessary for the forma-
tion of the stable phase L1,, but playing an important role in the formation of antiphase
domain boundaries between domains of the phase L1,.

Fig. 1. The graphic representation of condition (1)

Fig. 2. The section of tetrahedron 4ABC of Fig. 1 for different temperatures and concen-
trations. Point O corresponds to phase 41, III, IV — to L1y, [ — to L1, (4B3), Il —to L1,
(43B). Possible ordering paths are schematically shown by arrows: I: a — ¢ < 1/4, 6 < 6,
1/4<c<ce, 05, <0 <0, cor <c<1/2, GMI <0<0p0-—ce<c<1/2, 61.1<9<9M1;II: a-—

Ca<c<1/2,01,<0<0m;06-1/4<c<cer,p<0<Og; M- 1/4<c<1/2,0 <Op, 6 <Oy,

Fig. 3. The nonequilibrium phase diagram of the Cu—Au alloy derived from stability con-
siderations within the framework of the present model
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Cratbsa noctynuna B pegakuuio 20 anpens 2005 roga

Ilpeocmasnenst pesyrvmamsl UCcied08aHU MACHUMHO-NONIEE0U 3A8UCUMOCMU NIOMHO-
cmu  kpumuyeckozo moxa jo(H) YBCO-naenku u penmeeHOCmpPYKMypHO20 aHAIU3A.
Inenku 6wy 8bipawyenvt Memooom naszeproi abasyuu Ha noorodicke SrTiOs. Ionyuen-
Hble PAa3HbIMU Memooamu CpeoHue pasmepsbl KPUCMANIUMOs, U3 KOMOPbIX COCMOAM
NIEHKU, 3HAYUMENbHO NPeGbIUAIoN aHAIOSUYHBIL PA3Mep, U36ECHbIU U3 TUMEPamypbi.
Obcyarcoaiomes 03MOCHbIE NPUHUHBL DIMUX PASTUHULL.

Cunraercsa, 4Tro OOJBIIOE KOJWYECTBO KPAeBbIX M BUHTOBBIX TUCIOKALUN
(~ 1011 cm_z), Bo3HMKawmux B YBCO-mneHkax B mpolecce pocTa, SIBIASETCS
NPUYMHON 3HAYUTENbHBIX (~ (1—4)-106 Alem® npu 77 K) mioTtHocTed Kputuue-
CKOT'O TOKa j., HAOJII0JaeMbIX B Takux oOpasmax [1-3]. DnurakcuaabHbIC TIICHKA
YBCO pactyT B BHJI€ KPUCTAJUIUTOB, KOTOPBIE MPHU UCCIEAOBAHUHU MOBEPXHOCTH
C TIOMOIIBIO atomic force microscope BU3yallbHO TPOSIBISIFOTCSI B BUAE «OCTPOB-
koB». CpenHuil pa3Mep MOBEPXHOCTHBIX OCTPOBKOB, B 3aBUCUMOCTH OT OCOOEH-
HOCTeH mpoliecca HambuieHus:, coctasisier or 100 nm [4] no 2.5 um (nipu cnu-
palbHOM POCTE OCTPOBKA C BHHTOBOM AMCIOKAIMEl B LEHTPE U HECKOJIbKUMH
KpaeBbIMH Onrxke K nepudepun) [5]. OCTpoBKH pa3feneHbl MalOyTIOBBIMH Ipa-
Hutamu (MVYT), mpencTaBisiroiuMu co00i OTHOCUTEIBHO YIOPSAI0UYCHHBIE PSIbI
KpaeBbIX Auciokanuil [3,6]. Juciokanuu uMEI0T HECBEPXIPOBOASAIIMNE sapa pa-
TUYCOM 7. ~ 1 nm, OKpyEeHHbIE 00JIaCTHIO C MOAABICHHBIM MapaMeTPOM MOPS/I-
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Ka, KOTOPBIC U SABJIAIOTCA CUJIBHBIMU LHCHTPAMWU NMWHHUWHTA JJIS BHXpCfI. B 10 *ke
BpeMs MPOMEKYTKH MEKIY siApaMu auciokanuii BHyTpu MYT «ipo3paunby st
CBCPXMIPOBOAAIICTO TOKA C INNIOTHOCTLIO, MEHBIIICH WU nopsaka KpHTH‘-IGCKOﬁ
MJIOTHOCTHU TOKa pacrnapuBanus [7].

MarHuTHO-II0J€BbIE 3aBUCUMOCTH INIOTHOCTH KPHUTHYCCKOT'O TOKajc B 3IIUTAK-
cuasibHbIX MIeHkax YBCO, BbIpallleHHBIX MO pa3iMYHbIM METOJUKAaM U Ha pas-
JUYHBIX MOJUIOXKKAX, UCCIIEOBAHBI B psne padot [4,5,8,9]. B HuX uzyueHsl 3aBu-
CUMOCTHU jc OT BCJIMYMHBI BHCHIHCTO MAarHMTHOI'O IMOJIA, MPHUJIOXKCHHOI'O IMCPIICH-
mukysspHo 1uieHke (H||C). Bo Bcex pabotax orMedeHa He3aBUCUMOCTS j.(H)/j.(0)
ot mourst iput H < H,, (TaK Ha3bIBAEMOE IUIATO», I IIONKA»), TII¢ BeandnHa H,

npu T = 4.2 K moxer gocturatb ~ 500 Oe u yObIBaeT ¢ pocTOM TeMIepaTypbl
nponopuuonansHo (1 — 7/7T, 0)1/2.

Kak mokazano B [8], B anurakcuanbHbix Y BCO-1u1eHKax BO3MOXKHBI J1Ba OCHOB-
HBIX MEXaHU3Ma, OTPAHUYUBAIOIINX j.. ITO MEXaHU3MbI KOJJIEKTUBHOTO JIETMHHIHTA
BUXpeil co ciyyaiiHoit cetkn MYT' u pacnapruBaHusi CBEpXIPOBOSIIETO ToKa (orpa-
HUUYEHHOM MPO3pavyHOCTH) B OTAENBHBIX MEPKOJIMPYIOIINX CPEAHEYIJIOBBIX T'PaHU-
nax. B paborax [8,9] TeopeTHuecky U HKCIIEPUMEHTATBHO MMOKAa3aHO, YTO MPU MAITbIX
MOJISIX JOJDKHA CYIIECTBOBaTh OOJIACTh C j. = const, KOTOpasi MpH yBelIudeHuu H
BbIe H,, TEPexXOmuT B 3aBUCHMOCTD j(H,1)/j(0,7) ~ In(H*/H), rne H* — xapax-
tepuctudeckoe mone, a T = (1 — 7/7,). ABTOpsI [8] MPENONIOKUITN, YTO PE3KUit
nepexoj OT IUIaTO K JOrapupMHUUYECKON 3aBUCUMOCTH Ha KpuBOil j.(H) moarsep-
JAeT CyIIECTBOBAaHUE KOHTPOJIUPYEMOIO MPO3PauHOCTHIO TPAHUL] OTPAHUYECHUS
Je B HU3KOMOJIEBOM 00JaCTH, NEPEXOIALIETO B MEXaHU3M KOJIJIEKTUBHOTO JIEMTUH-
HUHTa MpU YBEIUYEHUU Nos. B ciydae, Korjaa nociaeiHuid MEXaHU3M OrpaHuYH-
BAET j. BO BCEM JMAIla30HE MOJEH, peajbHasl CTPYKTypa KPUCTAJUIMTOB MOKET
OBITH TIONTy4eHa U3 u3Mepenuit j(H,T) mytem ompeneraeHHON mpouexypbl PUTHHTA
SKCHEPUMEHTAIBHBIX KPUBBIX [9].

B nacrosimeit padote nccnenoana YBCO-mnenka tommmaoi 100 nm, momy-
YeHHas: METOAOM Ja3epHOr0 HMITYJbCHOTO HambUIEHHS Ha Moanoxkky SrTiOs.
W3mepeHus MIOTHOCTH KPUTHYECKOTO TOKA j. M TEMIEPATypbl CBEPXIIPOBOISAIIIEC-
ro nepexona 7, MpoBOAMIN OECKOHTAKTHBIM METOJIOM MarHUTHOW BOCTIPUUMYHBOCTH
Ha vacrore 937 Hz B nuanazone Bo30Oyxnatomux moneii H,. = 0-60 Oe. [Ipume-
HUMOCTb 3TON METOJMKH JUIsl ompeseneHus j. obocHoBana B [10,11] ¢ ucmons3o-
BaHueM mozenu buna [12]. ILIOTHOCTh KPUTHYIECKOTO TOKA OMpEeNessuiu mo (op-
myne j. = 1.03H,/d, tne H,, — ammutyna nons H,., Mpyu KOTOPOW BEITMYMHA
MHHUMOMW 4acTH BOCHPUUMYHUBOCTH y''(7T) moCcTUTaeT MakcuMyMma, a d — TOJIIUHA
IUIEHKHU. BennurHa BHEIIHEro NOCTOSIHHOIO MarHUTHOTO noJist Hy. n3MeHsach B
npenenax 0—400 Oe. Llenbto HacTodAEed pabOTHl OBLIO ONpEAEICHUE pa3MEpOB
KPUCTAJUIUTOB B UCCIIEyEMOH IIJICHKE C MOMOIIBIO TEOPUH, MPEATI0KEHHON B pa-
ootax [8.9].

3aBUCHUMOCTh KPUTHYECKOTO TOKa, HOPMHUpPOBaHHOro Ha BenuuuHy j.(0), B
(GYHKIIMN BHEIIHET0 MarHUTHOro noust Hy. npu temneparype 77 K npencrasnena
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—_
(\]

Ha puc. 1. BugHo, uto 3Ta 3aBHCH-
MOCTb TaK)X€ MUMEET «IIOJIOUKY» IpHU-
MepHo 110 20 Oe, a 3aTeM J0CTaTOYHO
PE3KO HaunMHAeT yObIBATH C POCTOM H 4.

no 3akony j.(H)/j.(0) = aln(H*/H).

—_
(=)
-

j (H))j (0)

0.6} HeobxomumMo oTMeTuTh, YTO TMpUBeE-
JICHHYIO Ha pHC. | 3aBUCMOCTh MOKHO

0.4} 1 1 1 pa3aenuTh Ha JBa y4acTka (CM. KpH-
0.1 1 10 100 Bble /, 2). Benuuuna t nipu 77 K pas-

H,, Oe .
¢ Ha 0.139. 3HaueHus o, HaWACHHEIC

Puc. 1. 3asucumocts j(H)/j«(0) ot H. Cinom-  gamu, HECKONBKO MEHbIIE, 4YeM B

HbIC JIMHMM — PE3ynbTaThl GUTHPOBAHUA [ 9] mpW Takol ke BENTHYMHE T, a
9KCIEPUMEHTAIBHON KpUBOH MO Gopmyiie *

jd(H)/j(0) = aln(H*/H); mrpuxoBas TUHUSL —
¢urunr o popmyne (4): I —a=0.17, H* =
=7068;2-a=0.2,H =4080

3HaueHue H 10 MOpSIKY BEIUYUHBI
COBMAJACT C JaHHBIMU JTHX pPadoT.
['maBHOM OTIMYHMTENLHOH OCOOEHHO-
CTBhIO HAIlIUX PE3yJbTATOB OT WU3BECT-
HbIX B JIUTEpAType SBISIETCS Majoe
3HayeHue nosst nepexona Hy, ~ 20 Oe OT «I0J0YKH» K JOrapu(GMUIECKO 3aBu-
CHMOCTH 110 cpaBHeHMIo ¢ [4,5,9], rae 3nauenus Hy, npu T = 77 K nexar B un-
tepBajne 100-200 Oe. CornacHo TeopeTHYeCKOMY aHanu3y padot [8,9] aTo o3Ha-
4aeT, 4TO pa3Mepbl KPUCTAJUTUTOB, 00pa3yIONINX IJICHKY, JHOJDKHBI OBITh 3HAYU-
TeabHO OOoJbIle, YeM B IUIEHKAaX, MCCIeA0BaHHBIX B [4,5,9]. Bropoit ocobenHo-
CTBIO HAIIMX JAHHBIX SBISETCS 3aMETHOE M3MEHEHME IapaMeTpoB o U H™ jora-
pudmuyeckoit 3aBucuMocTtH j (H) Bommsu nonst H = 200 Oe.

Teopus, npencrabiennas B padorax [8,9], ocHOBaHa Ha JABYX MPEIIOI0KEHHU-
sX: 1) BUXpU NMHHUHTYIOTCS HA PacloiokeHHbIX B MYT™ KpaeBbIX IucCIOKaLMsX,
OKpPYXAaIOIIMX KPUCTAJUIUTHI; 2) MarHUTHas MHAYKIMS B B IUIEHKE COBMAJaeT C
BHEIIHUM TI0JIeM H, TIOCKOJIbKY pa3MarHMYMBAIOMINN (HaKTOp TUIEHKH MPAKTUYECKH
paBeH 1. Kputndeckuii TOK B 3TOM MOJEIH ONPEAETACTCA U3 YCIOBUS KOJUICKTUB-
HOT'O JICIMHHUHIA BUXPEU U3 KOMIUIEKCA KPAaeBbIX AUCIoKanui B MVYT':

n, ‘
TFP—FL(JC)=0, (D

T€ 7, — YUCIO BUXPEH, 3alMHHMHIOBAHHBIX HA JUCIOKALUAX, 71 — OOILEE YMCIIO
BHXPEH B IICHKE, F), — CUIla IMHHUHTA, F(j.) — cuna Jlopenua, pasuas @g./C. As-
Topam¥ [8,9] OBIIO MOYYEHO CIICAYIOIIEe BhIPAKCHUE TSI HOPMHPOBAHHOW 3aBH-
CUMOCTH TUIOTHOCTH KPUTHYECKOTO TOKA B (DYHKIIMH BHEIIHETO MAarHUTHOTO TOJIS:

jc(HaT) — nP(H)
je(0,7)  n(H)

TakuM 00pa3oM, 3aBUCUMOCTH TUIOTHOCTH KPUTHUYECKOTO TOKA OT TOJS IPO-
NOpUUOHabHa 1,(H)/n(H). CMBICIT 5TOr0 BBIPAKEHHS 3aKIIOYAETCA B TOM, 4TO,

2)
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KOT'JIa YMCJIO BUXPEH B TUICHKE JOCTUTHET OMPEAEIICHHOTO 3HaYeHUs (IIPH OTCYT-
CTBUU LIEHTPOB NMMHHUHTA), OHU 00Pa3yIOT T'eKCaroHaJbHYI0 PEIIETKY C IMapameT-
pom a = (d)O/H)l/Z. [Tpu HanMYUK EHTPOB MMHHUHTA PEIIETKA NCKAKAETCS TAaKUM
00pa3oMm, 4TO 4acTh BUXPEW pa3MeNIaeTcs B IEHTPAaX MUHHUHTA TPU HAUMEHbBIIIEM
OTKJIOHEHUH OT TOJIOKEHHM, COOTBETCTBYIOLIUX Y3JIaM NMPaBUIbHON PEIIETKH, a
HEKOTOPBIC BHXPH BBIHYKJICHBI 3aHUMAaTh MOJIOKEHHE BHE IIEHTPOB IMHMHHUHTA.
KonndecTBO HE3amMMHHUHTOBAHHBIX BUXPEU OmpenenseTcss KoHpUTrypanuen pac-
MpeIeIeHHs [IEHTPOB MMHHUHTA B 00pa3Ile U MapaMeTPOM «, 3aBUCSIIUAM OT TTOJISL.
B pesynbTrate OTHOIIEHME 71,/71 CTAHOBUTCS 3aBUCAIIMM OT 1oJist. Takum oOpaszom,
OTHOILEHHME 71,/h, & CIENOBATENBHO, U j(H,7)/j(0,T) OyneTr onpeneniarbcs pasme-
pamu U GOpMOI KPUCTAIUITUTOB, 0OPa3yIONIMX TJICHKY, X B3aUMHON OpHEHTaIu-
€l ¥ BEJIMYMHOMN a, HAIPSAMYIO CBA3aHHOW C BEJIMYMHON BHELIHETO ITOJIA.

BeposiTHOCTB pacripeienieHus] pa3MepOB KPUCTAILTUTOB L B IJICHKE ObLia B3ATa
aBTOpami [8,9] B Buje

v-1
P(L)=2 _plent 3)
I'(v)

rae L — pa3Mep KpHUCTAUTUTOB; L = (L)/c2 (o0 — mmpuHa QyHKIIUK pacrpeaese-
Hus); ['(v) — nonnas ramma-pyHkus; v = pw(L). OkoH4YaTenbHOE BBIpAKEHUE IS
OTHOILEHHUS 71,,/11 TIPUHUMAET BHI

" Fv.ve /2 2
- f@t | e
n I'(v)

2
F(v,vx_l/z) — vx_l/zr(v — l,vx_l/z)
I'(v)

—f(d"x"?) (4)

3neck d* = d/{L) (d — paccrosiHue MeXIy AUCIOKauusamu), x = H/Hyt (Hy =
=38 rcz (Do/(&%)@}), 7 — paguyc Kopa auciaokauuu ~ 1 nm); I'(v, vxfl/z) — HemnoJiHas
ramMmMma-(QyHKITHS.

B pesynbrare puTHpOBaHUS SKCHEPUMEHTAIBHON KpuBOH (yHKuuel (4) (cM.
LITPUXOBYIO JJMHUIO HA pUC. 1) MBI OMyumsn 3HaueHus napametpos: Hy =111 Oe,
v=3;d" = 2.1-107 Otcrona crneayiot ¢usudeckue nmapamerpsl: (L) = 600 nm;
d= 13 nm. Pazmep kpuctasuutoB (L) CyIIECTBEHHO IMPEBHIIIACT MOJIYYCHHOE B
[6] 3nauenme (L) = 280 nm.

N3 monydeHHBIX M3MEPEHUN MOXHO TAaKXE OLEHUTh YMCIIO JHMCIOKAlUUWd B
IUIGHKE M YrojJ pPa3opHeHTallMd MEXAy Kpuctaumrtamu. llpeamnonoxkum, 4to
IUIEHKA COCTOMT W3 KPUCTAJUIUTOB KBAAPATHOH (OpMBI CO CTOpOHOH (L) U Iuio-
IIaJbI0 (L)z. Torma Ha Kaxao0i cTopoHe KBaapara Haxomutcs (L)/(d/2) mucnoka-
LU, MPUHAUIeKAUX JIBYM I'PpaHUYAIlUM APYT ¢ ApyroM KpucramauraM. Obuee
KOJIMYECTBO JMCIIOKAIMK B IJIEHKE OYIeT ngis = 2/(d(L)). B HameMm ciyqae ngig] =
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= [2/(13-600)]-1014 =2.510" cm 2 Dra semuunna MIPUMEPHO Ha MOPSAJOK MEHb-
II€ KOJIMYECTBA KPAEBbIX IUCIOKALNNA, OOBIYHO ONPEAETISIEMBIX C TOMOIIBIO AJIEK-
TPOHHON MMKPOCKOIHUM BBICOKOTO pa3pelieHus (~ 10"-10" em™ [3,6]). 3Has
BEJIMUUHY d, MOXHO OIPENEIUTh YroJl pa30pUEHTALUU TaKUX OJIOKOB, UCIIOJIb3YS
cootHomenne dpanka d = b/sinf. 3aecy b — BekTop broprepca, mpumepHo pas-
HBIN MapaMeTpy pemeTKH IIEHKH BAOIb oceil a u b (~ 0.4 nm); 0 = 1.75°.

EcrecTBeHHBIM jKeNaHWeM OBUIO OMNpENeNUTh pa3Mepbl KPUCTALIUTOB Hallen
IUIEHKU HEMOCPEACTBEHHO U3 PEHTTEHOCTPYKTYPHBIX M3MEPEHUM U CPaBHUTH UX CO
3HAYEHUSIMH, TTOJTyYEHHBIMU U3 MAarHUTHBIX U3MepeHuil. OHaKoO CyIIECTBYIOT OYEHb
OoJbIIME CTI0KHOCTH [Tl PEHTTEHOBCKHUX UCCIIEIOBAHUI CTOJIb TOHKUX TUICHOK. Tak,
npu TonmHe wieHkdn d = 100 nm komugectBo YBCO cnumkom Mano, a TiieHKa Ha-
nbuleHa Ha ToAIoKKy SrTi0s3, mapamerpbl S4eiKH KOTOpOi OveHb ONM3KH K mapa-
metpam YBCO. B pesynbsrare pedaekchl OT IICHKH U TIOUTOKKH MTPAKTUYECKH Ha-
KJIaJBIBAIOTCS JIPYT HA JIpyra U MMEIOT MOYTH OJWHAKOBYIO amrumTyxy. [loatomy
JUTSI OIICHKH BEJIMYMHBI KPUCTALTUTOB MBI B3SUIH IUICHKY TOMIMHON d = 200 nm, u3-
TOTOBJIEHHYIO 10 TOM K€ TEXHOJIOTWH, YTO U MCCIENOBAaHHAs HaMHU IUICHKA. Takoi
TOJIILIMHBI IJICHKH 0Ka3aJI0Ch JOCTATOYHO ISl OLICHKU pa3Mepa KpUCTAILIUTOB B HEH.

Kak u3BecTHO, AMCIOKALUU OTHOCATCA K JeeKTaM KPHCTAIIIMUYECKOro CTpoe-
HUS, KOTOPBIE XapaKTEePHU3YIOTCs JaIbHOACUCTBYIOUIMMHU MOJISIMUA CMEILEHUS aTo-
MOB U3 Y3JIOB KPUCTAJUIM4ECKOW pemeTkd. [loms cmereHuil BbI3bIBAIOT BapHa-
[IUI0 MEXKIIJIOCKOCTHOTO PACCTOSIHUSI COBOKYITHOCTH TUTOCKOCTeH {hkl} mo cpas-
HEHUIO C UJCAJIbHBIM 3HaueHUeM d = dy + Ad, 4TO PUBOAUT K TaK Ha3bIBAEMOMY
bu3znyecKoMy YIIUPEHHUIO JIMHUNH PEHTIeHOIPaMMBbl HCCIEAYEMOro BEIIECTBa.
Kpome ¢usmueckux (akTopoB, Ha MIMPUHY JTUHUU OKA3HIBAET BIUSHUE T'€OMET-
pus ceeMku. Takum o6pazom, mpoduiib pEHTIEHOBCKOTO MU(DPAKIIMOHHOTO MaK-
cumymMa /(20) npencrasnser coboit cBepTky (yHKImiA pusnueckoro f(20) u un-
CcTpyMeHTalIbHOTO 2(20) mpodwuieil. AnmpokcuMarnusi U3BECTHBIMU (DYHKITUSIMHU
HKCIEPUMEHTAIBHO TOJIyYEeHHBIX NMpoduield Au(pakIMOHHBIX MaKCUMyMOB 00-
paslia ¥ 3TaJoHA MO3BOJISIET OMPECIUTh BEIUUUHY (PU3NYECKOr0 YIIUpPEHUus 3 u B
pe3yJIbTaTe KOJUYECTBEHHO OLIEHUTH NIapaMeTpbl TOHKOM CTPYKTYphl. Mcnonb3ys
dbopmyny CensaxoBa D = 0.94)\/BcosO, MOXKHO HAWTH BEIIMYMHY 00JIacTEH KOTe-
PEHTHOTO PACCEesIHUS, KOTOPhIE B HAILIEM CIIy4ae SBIAIOTCS KPUCTAIIIUTaMU, CBS-
3aHHBIMHA MEXTy co00it MY nucnokariuii.

PentreHoBckue ucciae0BaHUs IUICHOK ObUIM MpOBeNEHbl Ha AudpaxToMeTpe
JIPOH-3 ¢ ucnonp3oBanueM ¢unbTpoBanHoro manyudenus Cu K. IlpucyrcrBue
Ha peHTreHorpamme pediexcos nByx tunos (001) u (401) mo3BoaMIIO ONPENETUTH
pa3Mepsl obsacTell KOTEpPEHTHOTO PacCesHUs Kak B HaIlPaBJICHUU, MEPHEHIUKY-
JSIPHOM TOBEPXHOCTH IUICHKH, TaK U B €€ IUIOCKOCTH. B kauecTBe 3TanoHa ObuI
B3SIT MOHOKpHUCTaUT KBapua. [Ipu o6paboTke mpoduieit audpakiinOHHBIX MaKCH-
MYMOB 3TaJIOHA U TUICHKU HAWTy4Ilasi anpoOKCUMAIIUs JOCTUTANIACH TTPH HCIIOb-
3oBannM ¢yHKuuu JlopeHma. B atom ciyuae, kak nzBectHo [13], Benuunna ¢pusn-
YEeCKOr0 YUIMPEHUS HAaXOIUTCS KaK pa3HOCTb MEKIY SKCIEPUMEHTAIBHOM M MH-
CTPYMEHTAJIbHOM IIUPUHAMH.
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Puc. 2. Annmpokcumanus npoduineit mudpaknuoHHbx MakcumyMoB 003 (a) u 203 (6)

DKCIEPUMEHT TOKa3aJl, YTO OTPAKEHHS OT CUCTeMBbI mtockocTeit (001) nmeroT
OOJBIIYI0 IIUPUHY. DTO CBUICTEIBCTBYET O MAJIOM TOJIIIMHE PETYJSPHOTO KpU-
CTAJUIMYECKOTO CJIos TIeHKH. PesynpTaT 00paboTku mpodwis pediekca (003)
npuBezieH Ha puc. 2,a. CiioxxHas (opMma JIMHUM SBISAETCS CIEACTBUEM HAJIOKEHUS
OTpaXEHUH OT IJICHKU U MOJUIOKKU. PacueTsl mokasanu, 4To TONIIMHA HEHAPYIIEH-
Horo ciost (mpu obmiedt TommuHe wieHKH ~ 100 nm) cocraBiser nopsiaka 50 nm
(60mBI11as TIIEPOXOBATOCTH MMOBEPXHOCTH).

Ananuz npoduns orpaxenus (203) co cMeImaHHBIMU MHIEKCAMU TO3BOJISIET
OLICHUTH CPEJHME pa3Mephl OJOKOB B IJIOCKOCTH IJIeHKU. Kak BugHO U3 puc. 2,0,
COOTBETCTBYIOIIUI MUK UMEET CYIIECTBEHHO MEHBINYIO MIUPHHY, YTO CBHIETEIb-
CTBYET O OOJBIINX pazMepax 00siacTeil KOrePEHTHOTO PAcCEesIHUSI PEHTTEHOBCKUX
Jdydel B 3TOM HampaBiieHuH. KonndecTBeHHBIE OLIEHKHM JAI0T BEJIWYHHY OJIOKOB,
paBHyto 360 + 30 nm. HyXHO OTMETHUTb, UTO yKa3aHHBIH pazMep OJIOKOB MUHU-
MasibHBIA. Eciii ObI MOXKHO OBIJIO Y4eCTh HaNpPsHKEHHUS BTOPOTO M TPETHETO Poja,
BO3HUKAIOILIME B 3TUX KPUCTAIUTaX BO BpeMs UX pOCTa, TO MIMPUHA JIMHUU ObLIa
Ob1 emie MeHbIne [14]. OTcrona cieayer, 4To UICTUHHBIN pa3Mep KPUCTAILIUTOB Ha
camoM Jniene Oosbie, uem 360 + 30 nm, 1 MOXKET PUOIU3UTHCS K BenuauHe (L),
OLICHEHHOM U3 MarHUTHBIX U3MEPEHUN.

Takum o0pa3oMm, HECMOTpSL Ha TO, UTO B PE3yJbTaT€ MArHUTHBIX U PEHTTEHO-
CTPYKTYPHBIX HCCIIEIOBaHUN Ha HAUIMX IUICHKAX MBI MOJYYWIN Pa3IUYHbIC 3HA-
YEHUs TSI CPETHETO pa3Mepa KPUCTAIUIUTOB TIeHKH (L), 00a OHM HaMHOTO TIpe-
BocxoaaT BenuuuHbl (50-200 nm), u3BecTHblE U3 auTeparypsl [6,7]. Kputnue-
CKUU TOK HalIMX IJICHOK 00bIdHO cocTaBisieT j.(77 K) = 2-3-10° A/cm”, 1.e. coB-
najiaeT ¢ JUTEepaTypHbIMU AaHHBIMU. B To ke Bpems crnaganue j.(7) ¢ yBenude-
HUEM BHEIIHEro MOJIsl B HallleHl MJICHKe HAauMHAeTCs paHbllle, YeM Hab0Janoch B
JPYTUX UCCIEAOBAHUIX. DTO YKa3bIBa€T HA MEHbIIEE KOJIMYECTBO CHUJIBHBIX IICH-
TPOB MUHHMHTA B HAllleW MJIEHKE, YTO MOJTBEP)KIACTCS OOJBIIMM PACCTOSTHUEM
MEXTY JUCIOKALUIMU.
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PECULIARITIES OF THE MAGNETIC-FIELD DEPENDENCE
OF CRITICAL CURRENT OF THE YBayCu3z07_s FILMS PREPARED
BY LASER ABLATION ON SrTiO3 SUBSTRATES

For the YBCO film the results of X-ray diffraction analysis and investigations of mag-
netic-field dependence of critical-current density J.(H) are represented. The films were
grown by the method of laser ablation on SrTiO;3 substrate. The resulted average size of
crystallites constituents of the films is much larger than the known from literature. Possi-
ble reasons of the differences are discussed.

Fig. 1. Dependence of j.(H)/j.(0) on H. Solid lines — results of experimental line fitting by
the formula j.(H)/j{(0) = aln(H*/H); dotted line — fitting by formula (4): / — oo = 0.17,
H*=7068; 2 —a.=0.2, H = 4080

Fig. 2. Approximation of profiles of diffraction maxima 003 (a) and 203 (6)
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PACS: 81.40.Np

E.H. Bbicoukun

NCCNEOOBAHME KOHLEHTPATOPA HAMNPAXEHUN,
MONYYEHHOIO PA3JTMYHBIMKX CTTOCOBAMMU,
NP NOMKE NMPOKATA U3IT'MBEOM

UHCTUTYT dhmaunkm ropHeix npoueccos HAH YkpaunHbl
yn. P. Iltokcembypr, 72, r. JoHeuk, 83114, YkpavHa

Cratbsa noctynuna B pegakumio 17 cpespansa 2005 roga

U3yueno erusanue KoHyeHmMpamopa HaAnpsA’CceHull, NOAYUEHHO20 PATULHLIMU CHOCObAMU
(60asnusanuem 8 NPOKAM HONMCA MPeY2OibHOU (POPpMbl, NPOMOUKOU Ce2MEHMHBIX U KPY-
208bIX HAOPE308, MECHHbBIM INEKMPOKOHMAKIMHBIM ONJAGIeHUeM HOBEPXHOCU NPOKAMA
U 9NEKMPOIPOIUOHHBIM NPONCUSAHUEM V3KUX Wenell) Ha ycunue pazoenenus npoxama
useubom u cmabunuzayuro mpaekmopuu mpewunsl. Ilposedenuvie uccied08anus u aua-
JIU3 NOJYYEHHBIX OAHHBIX NOKA3AAU, YMO Haubdosee d¢hheKkmusHvlll KOHYeHmpamop oopa-
3yemcs 8 pe3yibmame 31eKMpPOKOHMAKMH020 onnasienus npu cuie moxka 200-300 A u
9NeKMPOIPO3UOHHOM Hpodcueanuy npu wupune npopezu 0.1 mm. Cnocobd enedpeHus
HOJICA U Pe3aHUsl ¢ ONMUMATLHBIMU Napamempamy Haopesa obecneuusaem maxice mu-
HUMAIbHOe OMKIOHEHUEe MPAeKmopuu mpewunsl. /i1 npakmuueckol pedaiu3ayuu cno-
€06 gHeOpeHuUs HodCa npedcmasisem OOIbUWULl UHMepec, NOCKOIbKY OH XOPOULO KOMNO-
HYemcsi @ YCMAHOBKAX 018 pa30eleHUs npoKama uzeuoom.

BBenenne

3ajaya KauyeCTBEHHOTO pa3ZeieHHs MpOKaTa M3rUOOM CBOJHUTCS K CO3IAHHIO Ta-
KOTO HAIPSHKEHHOTO COCTOSIHUSI OTHOCUTENIBHO 3aJJaHHOM IUIOCKOCTU Pa3zeNieHMs,
KOTOpOoe OBl OIHO3HAYHO ONPEETII0 TPACKTOPUIO TPELUHBI HA BCEH Tpacce ee cie-
noBaHus. [IpuunHel, 1ecTaOMIM3UpYIOIUE TPAEKTOPUIO TPELIUHBI IIPH Pa3eIeHIN
IpoKaTa U3ruOOM Oe3 HATIOXKEHUS JOTIOTHUTEIBHOTO TOJIS CKUMAIOIINX HarpsiKe-
HUH, 10 HACTOSAIIIEr0 BPEMEHH HE YCTaHOBIICHbI. C LIeJIbI0 BCKPBITHSA 3TUX NPUYMH B
pabote [1] mpoBesneH aHAU3 Pa3IMYHBIX CXEM Pa3[eleHUs MpoKaTa W3rnOOM MpH
CUMMETPUYHOM M aCHMMETPUYHOM Harpy>keHuu. B pe3ynbTare aBTOp HEJOCTAaTOUHO
00OCHOBAaHHO YTBEPXKIAET, YTO B MOMEHT CTapTa TPEIIMHbI BHEITHUE M3rHOAIoIme
Harpy3Ky aBTOMaTH4ECKH CHUMAIOTCS U JaJIbHEHIIIee TPOIBIKEHNE TPEILMHBI OIpe-
JIeTIsIeTC YCIOBUSIMU SHEProoOMeHa MEXIy paspylIaeMbIMUA U J1e(OpMUPYEMBIMU
30HamH. [Ipu 3TOM npHIIeraronye K MOBEpXHOCTH TPEIIMHBI 30HbI HArPY>KaroTcs J10-
NOJTHUTENBHBIMM KacaTe/IbHBIMM HAlPsDKEHUAMH, BEJIMYMHA KOTOPBIX 3aBUCHUT OT
YCJIOBHI HAarpy>k€HUs1 U CKOPOCTH pasrpy3KH Ae(hOpMUPYEMBIX CIIOEB METAILIA.
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I[OHO.HHI/ITCJIBHLIC KaCaTCJIbHBIC HAIIPAKCHHA, BO3HUKAIOMIHNEC OT BOJIH pPas3-
rpy3KH, IO MHEHHUIO aBTOpa [1], M ompeAenstoT XxapakTep TPACKTOPUU TPEUIUHBI.
Takoe mpeacTaBieHUE MEXaHUKH MPOLIECCa Pa3pylICHUs HAXOAUTCS B TITyOOKOM
MIPOTUBOPEYHH C HM3BECTHBIMU paboTtamu [2,3], B KOTOPBIX IMMOKAa3aHO, YTO TIPH
JOCTHKEHUH TPEIIMHON OOJIbIIeH CKOPOCTU MPOUCXOUT BETBICHHUE, B PE3YJIbTa-
T€ Yero TpellMHa MEHSIET CBOE HalpaBJICHHE.

MaTtepuaja u MeTOIHKA IKCIIEPUMEHTA

[Touck Hanbosiee palMOHAIBHBIX CHOCOOOB MOJyYeHHUs KOHIIEHTpaTopa Ha-
NpsHKEHUN U ONTUMM3AIMU €T0 MapaMeTPOB OCYILECTBIISIIN IMyTEM HCCIIEIOBAHUS
psla TEXHOJIOTMYECKH MPUEMJIEMBIX METOJIOB 0O0paOOTKH METAaJlJIOB, TaKUX Kak:
BJIaBJIMBAHKE B MPOKAT HOXA TPEYTOJIBLHON POPMBI, IPOTOYKA CETMEHTHBIX U KPY-
TOBBIX HAJIPE30B, MECTHOE AJIEKTPOKOHTAKTHOE OIUIABICHUE IMOBEPXHOCTH IPOKa-
Ta U 3JIEKTPOIPO3UOHHOE MPOKUTAHKME y3KUX Ienel. [[ns ycTpaHeHus: BIUSHUS
MHEPLHUOHHBIX HATPY30K MIPOU3BOIMIM JJOMKY 00pa3lioB Ha paBHBIE YaCTH.

DKCIepUMEHTATLHYIO TIPOBEPKY O paboTe pa3pylIeHUs pealbHBIX MaTepHaJioB
OCYILIECTBIISIM Ha ruApaBindeckoM mnpecce moaenu [ 2430B ycunuem 1.0 MN. B
KaueCTBE HCCIENyeMOro MaTepuana npuMmeHsau cranu 45 u [IX15 auamerpom
33 mm. IIpu BeIOOpe crioco0a HaHECEHHs] KOHIIGHTPATOpa HAMPSIKEHWH M OITH-
MaJbHBIX €ro MapaMeTpPoB PYKOBOJCTBOBAJIUCH MPUUUHON M3MEHEHUSI XapaKTepa
paspyiieHus: o0pa3ioB, BEI3BAHHON PE3KOH JIOKATM3aIMel m1acTuIecKon aedop-
MAIUH 32 CUET MOBBIIICHUS 00bEMHOCTH HAMIPSKEHHOTO COCTOSTHUS [4].

Pe3ynbTaThl 3KCNIEPUMEHTA M UX 00CYyK/AeHHE

Ha nepBom 3tamne uccneqoBany BIUSHUE KOHIIEHTPATOPA, MOTYYEHHOTO BIaB-
JMBaHUEM KIMHOBHJIHOTO HOXKa, U €ro mapaMmerpoB (TIyOuHa BHEIPEHHUs HOXKa,
YIOJI ¥ paJinyc IpH BEPILHUHE), & TAK)KE TBEPJOCTH MaTepHalia Ha YCUINE JIOMKH U
OTKJIOHEHHE TPAEKTOPUU TPEIIMHBI. [ 3TOro MepHble 3aroTOBKH AMAMETPOM
33 mm, pmmuoi 100 mm u3 cranu 45 tBepaocteio HB250 u cranu X155 tBep-
nocteio HB370 u HB230 npenBapuTenbHO Haape3aid NPU3MATHYECKUM HOMXKOM.
VYron npoduns vanpesa 30 u 60°, rimrybuna BHeApeHHs HOXa Jis cTanu 45 — 1.5;
3.0; 6.0 mm, gus cranu HIX15 — 1.5; 2.5; 4.0 mm, paguyc npu Bepumue — 0.1;
0.25; 0.5 mm (puc. 1).

B pe3ynbraTte 00pabOTKH 3KCHEPUMEHTANBHBIX JaHHBIX BBIBE/ICHA IMIHpUYE-
CKasi 3aBUCUMOCTb YCUJIUSI BHEJIPEHUSI HOXKA OT UCCIIEAYEMbIX TapaMeTPOB

P.. = AHYr(0.00040.+0.013)HB, (1)

s

rae AH, o ¥ ¥ — COOTBETCTBEHHO TITyOHMHA, YTOJl paCKPBITHUS U PaInyC HaIpe3a.

W3 smnmpuyeckoit 3aBUCHMOCTH BHJIHO, YTO Ha YCUJIME BHEJPEHUS OKa3bIBAIOT
BIUSHUE BCE HCCIeAyeMble mapaMeTpbl. OnpeaensomuMy SBISIOTCS TIyOrnHa U
YIroJl pacKpbITUs Hajpesa. M3yueHne nmpoyHOCTH M CTOMKOCTH HOXKEH, U3rOTOB-
nenHsIx u3 cranu OI1761 ¢ tBepaocteio HRC60 nokasano, uto mid cranei 45 u
IIX15 ¢ TBepmocTeio HB250 Hanbosee onTUManbHBIMH IO CTOMKOCTH SIBJISIFOTCS
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[=2D napaMmeTpsl Hoxa: yrosu 60-90° u panu-
PR a Ph yc npu Bepunae 0.1 mm npu 2060 muk-

y m .4 v nax; mis cramm 1IX15 TBepmocTbio
A HB370 — yrox 90° u paguyc npu Bep-
- \ 5 muHe 0.1 mm npu 320-350 nuknax.
2 5 Hoxwu ¢ yrmamu 30 u 60° npu HaHece-
> HUM Hajpe3oB Ha cranmu LIIX15 ¢ TBep-
nocteio HB370 nuMeroT HU3KME MpOYHO-
CTHBIe Xapakrepuctuku. Hox c yriom
30° pazpymajncsi mpu OJHOM Harpyxe-
HUH, a Ha HOXE ¢ yriaom 60° Habmoaa-
cs ckon npu 40—-60 muknax. st Hoxka ¢ yriaom 120° Habmromancs U3HOC MO pa-
muycy 1o 0.3 mm npu 120-130 nuxnax.

TakuMm o0pazoM, pe3yJbTaThl UCCIENOBAaHUS MOKa3alu, YTO JUIsl MaTepUasoB,
MOJIBEPraloIIuXCcsl pa3feseHuto, ¢ TBepaoctbio HB250 MoxHO pekoMeH0BaTh
KJIIMHOBUIHBIN HOXK ¢ yriamu 60-90°, nns matepuanoB ¢ TBepaocteio HB370 —
HOX ¢ yriiom 90°.

Hcxons U3 SKCIepUMEeHTAIbHBIX TaHHBIX, BEIMYUHBI OTKJIOHEHUS TPAeKTOPHUU
TPEUIMHBI O U YCHIINS TOMKH P 3aBUCAT OT riyOunbl AH (puc. 2) u yria Hajapes3a
o (puc. 3). Haubospiiee OTKIOHEHHE TPACKTOPHH TPEIIMHBI O XapaKTEPHO IS
Hajapesa ¢ nmapamerpamu » = 0.5 mm; a = 60-90°; AH = 1.0—-6.0 mm. YBenuue-
HUE TTyOMHBI HaJlpe3a HE3HAUUTEIbHO MOBBIIIAET KaYeCTBO MOBEPXHOCTH paspy-
HICHUS, TaK KaK MUHUMAaJIbHOE OTKJIOHEHHE TpelluHbl 11t AH = 6 mm cocTtaBiis-
er 1.3 mm. Ycunue JJOMKU 11 yKazaHHbIX napametpoB P = 0.32 MN, noBepx-
HOCTb M3JIOMa XapaKTePU3yeTCsl HAIMIUEM TITyOOKUX pyOIIOB M CTYIIEHEK CO CTO-
poHBI onopk!I (puc. 4,a).

Puc. 1. Cxema nony4eHus KOHLIEHTPATO-
pa HamnpsDKEHUH BIaBIMBaHUEM HOXa

Puc. 2. 3aBucUMOCTb yCWIHS JOMKH P (—O—) ¥ BeJIMYHMHBI OTKJIOHEHUS TPAEKTOPUH TPELH-
HbI O (—A—) oT riryOuHBI Hazapesa: @ — cranb LIX15: mpu »=0.1 mm / — o = 60°, 2 — 90°,
3—-120°% npu r=0.5 mm 4 — a. = 60°, 5 —90°, 6 — 120°; 6 — cranp 45: npu = 0.1 mm / —
o =30°2-60° 3-90°%npur=0.5mm4—-oa=30°%5-60°6—-90°
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Puc. 3. 3aBucuMoCTh yCHIHS JOMKH P (—O—) ¥ BeJIMYUHBI OTKJIOHEHUS TPACKTOPUH TPEIIH-
HbI O (—A—) OT yriia KoHeHTparopa: a — cranb LIX15: npu »=0.1 mm / — AH = 1.3 mm,
2-23mm,3-44mm;upur=05mm4-AH=13mm, 5 —-2.3 mm, 6 — 4.4 mm; 6 —
cranb 45: mpu 7 = 0.1 mm / — AH=3.0 mm, 2 — 6.0 mm; npu = 0.5 mm 3 — 3.0 mm, 4 —
6.0 mm

OnTtuManbHBIMH MapaMeTpaMH KOHLEHTPATOpa HAMNPSHDKEHUW I cTtaiud 45,
Kak BUJIHO U3 rpadukos, apistorcs » = 0.1-0.25 mm, o = 60-90°, AH = 4—6 mm.
[Ipu ymMeHbIIeHUH TITyOMHBI Haape3a, HaunHas ¢ AH = 4 mm, HabmomaeTcs pes-
KOE€ CHMKEHUE KadeCcTBa IIOBEPXHOCTH pa3JelICHUs], KOTOPOE BBIPAKAETCS B yBe-
JUYEHUU O A0 OOJIbLIOr0 3HAYEHHMSI, B JECSITKH pa3 MPEBBILIAIONIETO AOMYCTUMOE.
[ToBepxHOCTh M37IOMa MpH MaJbIX IITyOMHAX KOHLEHTpaTtopa oT 1 mo 4 mm mo-
M00HA TTOBEPXHOCTH M3JIOMA, TIOJYyYeHHOH mpu Oonbimx paguycax (» = 0.5 mm).
Wznom mpu onTuManbHBIX mMapamerpax (puc. 4,0) XapakTepu3yeTcs HaludueM
MEJKUX pYOIIOB U CTYNEHEK, He MPEBbIIIAOIMUX 1o BenanunHe 0.3 mm.

Taxum obpazom, ais cranu 45 yBenuueHue paauyca Hajapesa 6onee 0.25 mm u
yMEHbIIIEHHE TTyOMHBI Haape3a oT 4 mm XapaKTepU3yIOTCS HU3KUM KaueCTBOM
MIOBEPXHOCTH pa3fesieHus. YTJIbl OKa3bIBAIOT MEHBILIEE BIMSHUE HA BEIMYUHY OT-
KJIOHEHHUS TPEIIMHBI OT IJIOCKOCTU Pa3/elieHus, YeM INTyOuHa KOHLIEHTpaTopa U
paauyc. Ycunue JIOMKU IPU ONPEEIIEHHBIX NTapaMeTpax KOHLEHTpaTopa Hamps-
KEHUI COCTaBIISIET MUHUMAJIbHOE 3HAYCHHUE.

Jus cranu X 15 Hanbonpiiee OTKIIOHEHUE TPEIIMHBI HAOII0JAJIOCh ISl KOH-
LIEHTpaTopa, umeroiiero napamerpel: » = 0.5 mm, a = 120°, AH = 1-5 mm, npu-
yeM yroi Hajpes3a 120° naet nojgokuTeabHbIH 3)(eKT TOITbKO NPH OTHOCUTEIHHO
0OJIBIION TITyOMHE KOHIICHTpATOpa HAIPsHKEHWM U paauyce npu Bepmuae 0.1 mm.
VYcunue JIOMKH 711 yKa3aHHBIX [TapaMETPOB COCTAaBIIIET MAKCUMAIIbHYIO BEJTUUMHY .
Haunbonee ontumanbHbIMU JUIs1 JIOMKHU [TapaMeTpaMu KOHIIEHTPAaTOpa HapsHKeHUN
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Puc. 4. [TorepxHocTh u3noMa cranu 45: a —r = 0.5 mm, o = 60°, AH=1.7 mm; 6 —r =
=0.1 mm, oo = 60°, AH = 6.0 mm

s ctanu LIUX15 sensrores: » = 0.1-0.25 mm, a = 60-90°, AH = 2-5 mm. IIpu-
YeM C POCTOM ITyOMHBI KOHIIGHTPATOPA HANPSHKEHUH, HAYMHAS C 2 MM, BEJIHYH-
Ha OTKJIOHEHHSI TPACKTOPUHU TPEUTUHBI OT IIOCKOCTH Pa3pyLICHHs OCTAETCs MpaK-
THUYECKU TIOCTOSIHHON | KoseOnercst B mpenenax & = £0.3 mm. [ToBepxHOCTh n3-
JIOMa TP ONTHUMATBHBIX MapaMeTpax XapaKTepu3yeTcs HAIMYHeM MajblX 1O Be-
JUYHAHE ¥ TUIOIAIN pyOIlOB M CTYNICHEK. AHAIN3 UCCIICyEMbIX MapaMeTpoOB I0-
Kasall, YTO BEJTMYHUHA OTKIOHEHUS TPACKTOPHUH TPEIIMHBI IPU pa3pyILIEHUH C KOH-
[IEHTPATOPOM, 00pa30BaHHBIM KIIMHOBUIHBIM HOXKOM, CBSI3aHA C PaIUyCcOM, TITy-
OMHOH U YIJIOM HaJipe3a CIeAYoIel IMIUPUIECKON 3aBUCIMOCTBIO:
Yr

S, = E+0.0010c2—0.130c+4 K,, (2)

C

rae K, — k0ooQPHUIHMEeHT KOHIIEHTPALUU UCCIIeyeMOr0 MaTepralia, 3aBUCSIIUNA OT
IUTACTUYHOCTU CTalei (I XpYNKUX CTaleld MMeeT MEHbINue 3HadeHus). s
cranu IIX15 K,,, = 0.65—0.85, nns cranu 45 K, = 1.25—1.35. bonwmme 3HaueHUs
KOd(pPUIIMEHTa UCTIONB3YIOTCA AJsl OONBIIUX CEUYCHUN, MEHbIIUE — IS MajbIX.
3HaueHUS] BBIYMCICHHBIX KOA()(DHIIMEHTOB ONPEeNeNsuld W3 YCIOBHHA pPEabHBIX
BEJIMYMH YCWINHA JIOMKH, MOJYYEHHBIX IJIs UCCIEAYEMbIX NapamMeTpoB HaJpe3a
BJIaBJIMBAHHEM KJIMHOBUIHOTO HOXKA.

TakuMm o0pazom, [Jis CHMMETPUYHO HArpy>KeHHOTo oOpaslia ¢ paBHBIMH pa3-
JeSIEMbIMU JUITMHAMH Ka4eCTBO MOBEPXHOCTH Pa3pyIICHUs 3aBUCHUT OT TTyOWHBI
KOHLIEHTpATOpa U pajnyca NpU BepUIMHE. YTOJ HaJape3a Ha Ka4yeCTBO IMOBEPXHO-
CTH pa3/ieleHusl OONBIIOTO BIMSHUS HE OKa3bIBACT.

DKCIIepUMEHTANIbHBIE JTaHHBIE TO3BOJSIOT MOCTPOUTHh TPadUUYECKYIO 3aBHCH-
MOCTh KO3 PUITMCHTA KOHIICHTPAIIMHM HANIPSDKEHUH MPU Pa3IMYHBIX OTHOMICHUSIX
IyOWHBI HaJIpe3a K paJuycy Ha JHE Hajapesa MpH MCCIEAYEMBIX yriaX pacKpbl-
tusl mocnennero. [Ipu moctpoeHnn rpaduveckoil 3aBUCUMOCTH KO3 GHUIHESHT
KOHLIEHTpAlMU OMNpPEAESsUIA U3 OTHOIIEHUS! BEJIMUMHBI MAKCUMAJIbHON HArpy3ku
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Uit 00pas3rioB 0e3 Haapesa K BETUYHMHE
MaKCHUMaJIbHOM HArpy3Ku AJig 00pasloB ¢
Hazape3amu. U3 rpaguka (puc. 5) BuIHO,
9TO0 KOA(DPHUITUEHT KOHIICHTPAIIMK HaIpsi-
skenuit mst ctanu 1HIX15 BeIme, yeM s
cramu 45. IlpuueM npu OOJBIIUX OTHO-
IMICHUSIX M YIJIaX PAcKpBITUS Hajape3a OT
60 u 90° (xpuBbie [/ u 2) HaOMOmaeTCs
BBICOKAs KOHIICHTpAIMsl  HAMPSHKCHHIA,
npu yrie 120° (kpuBas 3) KOHIICHTpAIIHS
HaIIpSDKEHUN PE3KO MaJaerT.

Jost cranu 45 3HayeHue ko3 duireHTa

10 30 50 KOHIIEHTPAllMM  HANpPsDKEHUH  Topaszo

AHr MEHBIIE TT0 CpaBHEHUIO cO cTaybio [IIX15.
[Ipuyem ¢ pocrom otHoumenuss AH/r Ko-
3O PUITMEHT KOHIICHTPAMK ISl HCCIIe-
IyeMBIX TapaMeTpoOB Haape3a pacTer
OUYeHb MEJUICHHO, YMEHbIIIEHHE yTia pac-
KpBITHUS HaJpe3a emie B OONbIell CTerneHn
CHIXKaeT KOd(PPUIIMEHT KOHIEHTPAIUH.
ITpu yrne 30° (kpuBast /) KOd(pPHUIHEHT
KOHIIEHTPAllUK HWMEET CaMblii HU3KHI
ypoBeHb, ¢ poctoM yria ot 30 mo 90° (kpuBbie 2 u 3) HAOMIOJAETCS HE3HAYU-
TeJIbHOE MOBBILIEHHE 3TOro Koadduimenrta. [locnennee, mo-BuANMOMY, CBSI3aHO
¢ 6oJiee BEICOKMM YIIPOYHEHHEM 30HbBI KOHIIEHTPATOPA.

AHanu3 uccienyeMblX MapaMeTpoB Hajapesa, MoJy4aeMoro METOJ0M BHeJpe-
HUSl KJIMHOBHIHOTO HOXa, MOKa3al, 4TO0 KOA()(DUIIMEHT KOHIICHTPAIIUN HAIpsIKe-
HUH CBsI3aH C paJlycoM, IIIyOMHOM, YIJIOM HaJpe3a U TBEPIOCThIO pa3/eisieMbIX
MaTepHaJIOB CIEAYIOLICH SMIIMPUIECKON 3aBUCUMOCTBIO:

Puc. 5. 3aBucumocTh KO3 PUIIMEHTa KOH-
LEHTpallMK HalpsbkeHUid K. OT OTHOIIIe-
HUS TIIYOWHBI Hajpesa K pamuycy AH/r
it ctamu 45 (—o—) ¢ yriamu o = 30° (1),
60° (2), 90° (3) u craymm LIX15 (-A-) ¢
yrmamu o, = 60° (1), 90° (2), 120° (3)

K =152, ©

I n — MoKa3aTeib cTeneHu (4—15), 3aBUcAmuii OT TBEPAOCTH U yTiia PACKPBITH
Hajapesa (A1 XpYNKUX CTalel n UMEET MEHBIINE 3HAUEHUS).
dopmyra ycuiHs IOMKHU C y4eTOM K03(pQHIeHTa KOHIIEHTPAUU PUMET BUJ

oDy 1
IO

P=0.4 4)

c

[IpoBeneHHbIE UCCIEIOBAHNUS U aHAJIU3 MOJYYEHHBIX PE3yJIbTaTOB MOKa3aH,
4YTO croco0 BHEApPEHUs HOXa IMpH Mapamerpax Hajapesa: yrie 60-90°, paauyce
0.1-0.25 mm wu rnyOune, paBHOU 6—15% cedeHus mpokara, oOecreYnBacT CTa-
OMJIbHYIO TTOBEPXHOCTb pa3pyLICHUs, IJI€ OTKJIOHEHHE TPACKTOPUU TPELIUHBI He
npesbiiiaet 0.3—0.5 mm.
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Jlist miccneoBaHus KOHIIGHTPATOpa, 00Opa30BaHHOTO pe3aHueM, Ha MEPHBIX 3a-
TFOTOBKax pPe3lOM HAHOCWJIM KPYTOBOM M CETMEHTHBIN HaApe3bl C YIiIoM mpoduist
60 u 90°, paguycom Ha gHe Hagpesa » = 0.1-0.5 mm u rmybunoit AH = 1-6 mm.

JloMKy 3aroToBOK MpPOW3BOIWJIM B HECKOJbKO 3TamoB. CHavana paspyliaiu
00pa3Iibl ¢ CECTMEHTHBIMU U KPYTOBBIMU HAIPE3aMHU C PAJUYCOM P BEPIIUHE ¥ =
= 0.1 mm, yriom packpbiTust Hagpesa o = 60 u 90° npu rmyoune AH = 1; 1.5; 2;
2.5; 3; 4; 5; 6 mm. Te xe uccienoBanusi ObUTA TPOBEICHBI I paanyca Ha JTHE
Hazpesa r = 0.25 u 0.5 mm.

AHanmn3 u 00paboTKa 3KCTIEPUMEHTAIBHBIX JAHHBIX 1O BIMSHHIO KPYTOBOTO H
CEerMEHTHOTO HaJIpe30B Ha XapaKTep pa3pylLIeHHs U CPAaBHEHUE 3TUX PE3YJIbTaTOB
C pe3yJbTaTaMu, MOJYYCHHBIMH MPH JIOMKE 3ar0OTOBOK C KOHIIEHTpAaTOpoM, oOpa-
30BaHHBIM BJIaBJIMBaHUWEM HO’Ka, MOKa3aJlH, YTO JaHHbIE KOHUEHTPATOPhl UMEIOT
MPUMEPHO OJHU U TE K€ 3HAYCHUS 10 YCHIIUIO JOMKH U KaueCTBY IMOBEPXHOCTH
pazpywmenust. Jnsa cranm IX15 ¢ tBepaoctsio HB370 ycunne nomku 1j1st Kpyro-
BOrO KOHIEHTpaTopa yMeHbIaeTcss Ha 3—8% IO OTHOIIEHUIO K CErMEHTHOMY
KOHIIEHTPATOpYy M KOHIEHTPATOpy, 0Opa30BaHHOMY BIaBIMBaHHEM HOxka. Kauye-
CTBO TIOBEPXHOCTH PA3pPYIICHUS C KPYTOBBIM KOHIIEHTPATOPOM TAKXKE MOBBIIIACT-
Csl HE3HAUUTEIIBHO.

HccnenoBaHus KOHIIEHTPATOPA, MOTYUYEHHOTO 3JIEKTPOKOHTAKTHBIM METOJIOM,
MIPOBOAMIIM B 30HE KOHIIEHTpaTopa ¢ MoMolnbio Metaiuiorpaduu. C 3Toil 1enbio
Ha oOpasnax u3 ctanu IX15 B MecTe mpenmnonaraeMoro paspymieHus: JIeKTpo-
JIOM TIPOU3BOJIMIMN 3JIEKTPOKOHTAKTHOE
oIuIaBJeHHe npu cuiie Toka a0 500 A. B
30HE 00pa30BaHUs IEKTPUUECKON TyTu
B TIOTIEPEYHOM HAIMPABICHUH BHIPE3alin
i@, Ha KOTOPOM HCCIIEOBAIN U3MeE-
HEHUE CTPYKTYPHOTO COCTOSIHUSI O]
BO3JCHCTBUEM JJIEKTPUUYECKON  JIyTH.
W3y4eHne 30HbI TEPMUYECKOTO BIUSHUS
MPOBOAMIN Ha MeTaliorpaguueckom
MuKpockorne npu 120-kpaTHOM yBesH-
YyeHUH. MHKPOCTPYKTypa 30HBI TEpMU-
YECKOIo BJIMSIHUA HEOJHOpoJHa (pHc. 6).
HenocpeactBeHHO B MecTe KOHTakTa
ANEKTPUYECKON IyI'M ¢ METauIOM Ipo-
KaTta CTPyKTypa XapaKTepusyercs Tpe-
IIMHAMHA U pakoBuHamu. [lo cTpykTyp-
HOMY COCTOSIHHIO 3TO KpPYHHOUTOJIbYa-
TBI MapTEHCUT. 3a ITON 30HOM ClleyeT
30Ha 0esIoro CJIos, T.€. OECCTPYKTYPHBIN
MapTEHCUT C BBICOKOM TBEPIOCTHIO, 3a-

Puc. 6. MuUKpOCTpYKTYypa 30HBI KOHIICH-
TpaTopa NpH >IEKTPOKOHTAKTHOM oruiap-  16M — 30HA OTIIyCKa M NaJIbIIe — CTPYK-
nenun, x120 Typa OCHOBHOI'O Marepuaia. Paznmuunoe

144



®du3nKa 1 TEXHUKA BbICOKHX AaBjeHnii 2005, tom 15, Ne 3

CTPYKTYPHOE COCTOSIHUE B 30HE BO3JICUCTBUS AJICKTPUUYECCKONM TYTU MOATBEPKIA-
€TCsl U Pa3INYHON MHUKPOTBEPAOCTHIO, U3MEPEHUE KOTOPOU MPOBOJIMIN Ha MHK-
potBepromepe mpu Harpyske 1 N. Takum oOpazom, TEpMUYECKUN KOHIICHTPATOP
CO3JIaeT Pa3INYHOE CTPYKTYPHOE COCTOSIHUE, MAKPO- U MUKPOTPELINHBI, KOTOPBIE U
00€eCTeurBaIOT BEICOKYIO KOHIICHTPAIIMIO HAMIPSHKEHUH B TIPOIIECCE Pa3pyIICHUS.

Jlomka oOpaslia ¢ KOHIEHTPATOPOM, MOJYyUYEHHBIM AJIEKTPOKOHTAKTHBIM OIl-
JIABJICHUEM TIPU PA3UYHBIX 3HAYCHHUSX MMITYJICOB TOKA, IMOKa3asia, YTO OCHOB-
HBIM (DAKTOPOM, OMPEIEINIAIONIUM KauyeCTBO MOBEPXHOCTH pa3pyILIEHUs, SIBISIETCS
MOIIIHOCTh MMITYJIbCA TOKa, KOTOPBIA OMpeesieT JOKAIbHYI 30HY M3MECHECHUS
CTPYKTYpbl MeTalljia, 00yCIOBIMBas PE3Kyl0 KOHIIEHTpaluio HampsbkeHuid. [lo-
BEPXHOCTH HW3JIOMOB TPHU KOHIICHTPATOPE HAMPSIKCHH, TMOTYUYEHHOM JJIEKTPO-
KOHTAKTHBIM CIIOCOOOM, OTJIMYAIOTCS OT MOBEPXHOCTU M3JIOMOB IMPH KOHIIEHTpa-
TOpax, MOJYYEHHBIX BJIABIMBAaHUEM HOXa, Oolee rmagkuM penbedom. [Ipaktuue-
CKH OTCYTCTBYIOT pyO1sl U cTyneHbku. KoadduimeHT koHIieHTpaTopa HanpshKe-
HUH U 3JEKTPOKOHTAKTHOTO CIocoba mMmeeT 0osiee BBICOKHE 3HAYCHUS MO OT-
HOIIICHHIO K crocoOy BHeapenus Hoxa (K. = 1.5-3.4). Jlna xpynkux craneit K.
uMeeT OOoJIbIINE 3HAUYCHUS.

TakuM 00pa3oMm, MEKTPOKOHTAKTHBIN cOc0o0 MOMydeHUs KOHIIEHTpaTopa Ha-
NPSDKEHUN 1O OTHOILIEHHUIO K CHOCO0y BHEAPEHUEM HOXKa XapaKTepU3yeTcs Io-
BBIIICHHOW KOHIIEHTpAlMel HampsDKEHUS U 0oJiee BBICOKUM KadyeCTBOM TOBEpX-
HOCTH pazpymieHus (6 = 0.2 mm).

HccnenoBanu Tak:ke KOHIEHTPATOP, U3TOTOBJICHHBIN 3JIEKTPOIPO3HOHHBIM ME-
TOJOM, KOTOPBIH BBHITIOJNHSJIA B BHJIE y3KuX mienei mmpunor 0.1 mm, riryOuHO#M
1-5 mm. Haape3 HaHOCHUIH 3IEKTPOIPO3UOHHBIM CIIOCOOOM € TIOMOIIBIO TOHKOM
MeIHOW TIacTUHKU TommuHOM 0.1 mm. Jlomka 3aroToBOK C KOHIIEHTPaTOPOM,
MOJyYEHHBIM TAKUM CIOCOOOM, 3HAUUTEIHHO CHHU3WIA YCUIIUE JIOMKHU TP MECHb-
et rmyOuHe Hajape3a B CPaBHEHHUM CO CIIOCOOOM BHeApeHus Hoxka. Koadduim-
€HT KOHIIEHTPALUU HAMPSHKEHUH TIPH AJIEKTPOIPO3UOHHOM CIIOcO0e mMeeT Ooee
BbIcOokHe 3HaueHus: K. = 1.2—4.0 (Oonplue 3HaYeHHs] COOTBETCTBYIOT XPYIKUM
CTaJIsIM).

Takum 00pa3oM, OYEBUIHO, YTO IEKTPOIPO3ZUOHHBIN CITOCOO MOTYyYEHHS] KOH-
[EHTpaTOpa HAMPsLKEHUH 00ecTeynBaeT MUHUMAIBHOE OTKIOHEHUE TPAaeKTOPHUU
TPEIIMHBI 110 CPABHEHHUIO CO CIIOCOOOM BHEAPEHMSI HOXXKAa U pE3aHHEM. Y CUIIHE
JIOMKH 10 CPaBHEHHUIO CO cIIocoO0M BHeApeHHs Hoxa manaeT Ha 20—-30%.

BreiBOABI

AHanu3 crnocoba MojydyeHHUs KOHIEHTpAaTopa HamnpspKeHUH MOoKasajl, uTo CIO-
coObl BHEPEHUS HOXKa U pe3aHus 00ECeUnBalOT IPUMEPHO OJIMHAKOBOE KAayecT-
BO TIOBEPXHOCTH Pa3JIeJIEHUs], YCUINS JIOMKH JJIs1 JJAHHBIX CIIOCOOOB TaKXXe Mpak-
TUYECKH HE UMEIOT Pa3InyMil. DIEKTPOKOHTAKTHBIM CIOCOO MOTyYeHHsI KOHLIEH-
TpaTopa HamnpsKeHUH OTIMYaeTcs OT croco0a BHEAPEHHs HOXa, Pe3aHus U HJIeK-
TPO3PO3MOHHOIO IPOKUTaHUs CBOMMHM NapaMmerpaMu. Eciu s cnocoba nomyde-
HUs KOHLICHTPATOpa METOAOM BHEIPECHHS HOXA WIM PE3aHHUs OCHOBHBIMU I1apa-
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METpaMH SIBJISIOTCS paguyc U MIyOMHA HAApe3a, TO dIEKTPOKOHTAKTHBIA CIOCO0,
MPAaKTHYECKU He M3MEHssl popMy Haapes3a, U3MEHSET CTPYKTYpy Merasuia, oOpa-
3ysl IPU 3TOM OOJBIIOE KOJIMYECTBO MAKPO- U MUKPOTPEIINH, KOTOphIe Ompesae-
JISIIOT BBICOKYIO KOHLIEHTPALIMIO HANpsKEHU. DTO MEHSET XapakTep MOBEpPXHO-
CTH pa3pylICHUs B CTOPOHY IOBBIMICHUS KAY€CTBA MOBEPXHOCTU M CHIXKCHHUS
YCHJIMS JIOMKHU. DJIEKTPOIPO3UOHHBIN KOHIIEHTpATOp MMeeT (popMy y3KOU IIEH,
NPUOIIKAOIEHCS K TPEIIUHE, TTO9TOMY KOHIIEHTpAIlUs HAMPsDKEHUH TOCTUTAeT
HauOOIBIINX 3HAUECHUH.

[TpoBeneHHBIC UCCIICIOBAHKS U aHAJIW3 IMOJYYCHHBIX JAHHBIX IMOKA3ald, YTO
HanbOosiee d(pPeKTUBHBIA KOHIICHTPATOP OOpa3yeTcsi B pe3yjbTaTe AJIEKTPOKOH-
TaKTHOTO oruiaBieHus npu cuie Toka 200-300 A u 3JIeKTPO3PO3MOHHOM MPOKU-
ranuu npu mupuHe npope3u 0.1 mm. CrocoO BHeIpeHUsT HOXKA U pe3aHus C Ta-
pametpamu Hajgpesa: yriaoMm 60-90°, paanycom 0.1-0.25 mm u riryOuHOM, pas-
HOM 6—15% ceueHust mpokara, oOecrieyuBaeT MUHUMAIbHOE OTKIOHEHHUE TPaeK-
TOPUU TPEUTUHBIL.

Mertannorpaduueckue HCCIEIOBaHMUSI 30HBI KOHILIEHTPATOpa IMOKa3ajiu, YTO
IpU JIEKTPOKOHTAKTHOM OIUIABJICHUU OOpa3yeTcss MHOTO MaKpo- U MHUKPOTpe-
II1H, KOTOpPBIE 00YCIIOBIMBAIOT POCT KOA(PPHUITMEHTa KOHIICHTPAIIUHA HAPSHKCHUN
nepen pazpymeHueM. [Ipu BEIMOTHEHHH HaApe3a BAABIMBAHUEM HOXKAa M PE3aHU-
€M TpElIuH He 00pa3yeTcs, YTO CHIDKAET BEIMYHMHY KO3(PHUIIMEHTa KOHIICHTpA-
UK HarpspkeHU. Ho ams mpakThdeckoi peanu3aluy crocod BHEIPEHUs HOXKa
IpeJICTaBIsIeT OONBIINI HHTEPEC, TaK KaK OH XOPOIIO KOMIIOHYETCS] B yCTaHOBKaX
JUTS pa3JeNIeHus TPoKaTa U3ruOoM.
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E.N. Vysotsky

RESEARCH OF STRESS CONCENTRATOR, GOT BY DIFFERENT
WAYS, AT BREAKING OF ROLLED METAL BY BENDING

Influence of the stress concentrator on separation force of the rolled metal bending and
crack path was investigated using the concentrators prepared by the different methods:
indentation of the triangular blade into rolled metal; turning of the segmented and circular
notches; local electrocontact melting of the rolled metal surface; electroerosion burning of
narrow slots. The analysis of the investigation data showed that the most effective con-
centrator forms as a result of the electrocontact flash at 200—-300 A current strength, as
well as electroerosion burning with 0.1 mm slot width. The method of blade insertion and
cutting with notch optimal parameters ensures the minimal crack path deflection. The
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method of the blade indentation is of a great interest since it is arranged well enough into
the facility for the rolled metal separation.

Fig. 1. A scheme of stress concentrator initiation by pressing a knife

Fig. 2. Dependence of crushing force P (—o—) and value of crack trajectory deviation o
(—=A-) on cut depth: a — steel IIIX15: for »=0.1 mm / — o= 60°, 2 —90°, 3 — 120°; for r =
=0.5mm4 — o =60° 5-90° 6 — 120° 6 — steel 45: for »r =0.1 mm / — o = 30°, 2 —
60°, 3 —90°; for »=0.5 mm 4 — o = 30°, 5 — 60°, 6 — 90°

Fig. 3. Dependence of crushing force P (—o—) and value of crack trajectory deviation &
(—=A-) on concentrator angle: a — steel IIIX15: for »=0.1 mm / — AH=1.3 mm, 2 — 2.3 mm,
3-44mm; forr=05mm4—-AH=13mm, 5—2.3 mm, 6 — 4.4 mm; 6 — steel 45: for
r=01mm/-AH=3.0mm, 2 - 6.0 mm; for r=0.5 mm 3 — AH=3.0 mm, 4 — 6.0 mm

Fig. 4. Surface of steel 45 fracture: a — = 0.5 mm, o = 60°, AH = 1.7 mm; 6 — r = 0.1 mm,
a=60° AH=6.0 mm

Fig. 5. Dependence of stress concentration factor K. on the ratio of cut depth and radius
AH]r for steel 45 (—o—) with angles oo = 30° (7), 60° (2), 90° (3) and steel IIIX15 (-A-)
with angles a = 60° (1), 90° (2), 120° (3)

Fig. 6. Microstructure of concentrator zone under electric-contact fusion, x120
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Axkanemuk B.I. bapesaxrap —
OCHOBATEJIb HIKOJIbI TEOPHUHM MATHETU3MA
B loH®PTH um. A.A. I'nnkuna HAH Ykpaunsl

Axanemuk Bukrop I'puropseBuu bapbsixtap — 0iuH U3 sIpKUX MpecTaBUTenei
3HAMEHUTON XapbhKOBCKOW IIKOJIBI (DU3UKOB-TEOPETHKOB Mitbn AjexkcaHapoBUYa
Axwuesepa.

B 1972 r. nocne uzbpanus uineHoMm-koppecnonaeHToM AH Ykpaunbsl Buktop
I'puropseBuu Hauan pabortars B JoH®TU. B s3ToM ke romy OH OpraHu3oBal
3/1eCh OT/IEeN TEOPUU MarHeTu3Ma M CBEpPXIPOBOAMMOCTH, Ha 6a3e KOTOPOro B MH-
CTUTYyTE Hauana (POpMHUPOBATHCS IIKOJIA TECOPHU MarHeTH3Ma.

[TosiBnenne B.I'. bapesaxrtapa B Jlon®TH 6buto BnosHe norudnbiM. Tormami-
HUH TUPEKTOp MHCTUTYTa akafeMuK A.A. [ankuH MoHUMAN, 94TO OOIIHUPHBIC IKC-
NepUMEHTaIbHbIE HCCIEAOBAHUS MO0 MarHeTH3My, CBEPXIIPOBOAUMOCTH, (HU3UKE
IIPOYHOCTH U IUNIACTUYHOCTH, THAPOIKCTPY3HH, Pa3BEPHYBILNECH K TOMY BPEMEHU
B JloHerke, TpeGoOBaIM BRICOKOKBAUTH(PUITUPOBAHHON TEOPETUUECKOMN MOACPIKKH.
Buxtop I'puropseBud Kak pa3 OTHOCWICA K TOMY THUIy TEOPETHUKOB, KOTOPBIE C
YI0BOJIbCTBUEM OOINAINCh C IKCIEPUMEHTATOPAaMHU U YCHEIIHO C HUMH COTPY/I-
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Huuanu. Eme Oynyun B XapekoBe, B.I'. Bapbsixtap n A.A. ['aJKUH MHTEHCUBHO
00Ccy»aa BOIPOCHI, CBSI3aHHBIE CO CBOMCTBaMU aHTH(eppoMarHeTHKoB (ADM)
B OKPECTHOCTH CIIMH-TIEPEOPUEHTAIIMOHHBIX (Pa30BbIX nepexoaoB. [lomyyeHHslie k
tomy BpemeHu (1968 r.) B JIon®TU pesynbTaThl HE YKIaIbIBAJIUCh B CTaH/IAPT-
HbIE TIpeacTaBiIeHus O (a3oBbIX nepexonax. B padore B.I'. Bapssxrapa, A.E. bo-
poBuka, B.A. TTomoBa (1969 r.) Obl1a BEIABUHYTA OOIIas U O HEOTHOPOIHOM
(TPOMEXXYTOYHOM) COCTOSIHUM B MarHUTOMOJISIPU30BAHHBIX TeJaX KOHEYHBIX pa3-
MEPOB B OKpeCTHOCTH (ha3oBoro nepexoga 1-ro poaa. 3a muki padbot «OTKphITHE,
TEOPETUUECKOE M SKCIEPUMEHTAJIBHOE MCCIEJO0BAaHUE IMPOMEKXKYTOYHOTO CO-
crosiausi antudeppomaraeTukoB» A.A. INankuny, B.I'. bapesxTtapy u np. Obuia
npucyxiaeHa I'ocynapcTBeHHas mpeMust YKpauHbl B 00JIACTH HAYKH U TEXHHUKH
(1972 1.).

Cpenu nambonee BaxHbIX JNocTmkeHuH mkoisl B.I'. Bapesxrapa B Qusuke
MarHUTHBIX SIBJICHUN CIEAyeT OTMETUTh TaKue, KaK IUKJI paboT, MOCBSILEHHBIH
UCCJIEJOBAaHUIO TEPMOJAMHAMUYECKUX U BBICOKOYACTOTHBIX CBOMCTB MarHETUKOB C
JTIOMEHHOM CTPYKTypou 00brdHOW M munuHapudeckoir popm (LIM). Uccnenona-
st o UM/ 6bputn mannmupoBansl A.A. [ankuaeiM. B 3T0 Bpemsi B HHCTUTYTe
cTajl pa3BopayuBaTbcs KoMmruieke padot mo m3ydenuro [IM/I, a CKTb nmox pyko-
BozacTtBoM B.M. Kypoukuna u I'.®. Temeptu nposoawio Baeapenue [IM/] B npo-
MBIIIEHHOCTb.

K uccrnenoBaHusM 10 MarHUTHBIM JOMEHaM HENOCPEICTBEHHO IPHMBIKAIOT
pabotsl B.I'. Bapesixtapa u ero y4eHHUKOB MO M3yYCHHIO MAarHUTHBIX COJIUTOHOB.
3neck Bukropy I'puropbeBuuy npHHaUIeKUT UJIES aHAIU3a Ta3a JOMEHHBIX CTe-
HOK Ha OCHOBE OOBIYHOW HEPAaBHOBECHOW TEPMOIMHAMHUKH. JTO MO3BOJUIO €MY
coBmectHO ¢ M.B. Bapwsxtapom, B.A. MBanossim u A.JI. Cykcranckum (1981—
1983 rr.) pemmth 3amauy o nud@Ppy3un U BI3KOCTH Ta3a COTUTOHOB THIA KUHKOB,
aKTyaJIbHYIO JUIsl ONMCAaHUS HEUTPOHHBIX SKCIEPUMEHTOB B KBa3HOJHOMEPHBIX
MarHeTUKaXx.

B.I'. bapesixtap u E.Il. CredanoBckuii pazpaboranu (peHOMEHOIOTHYECKYIO
TEOpHI0 00pa30BaHUs UTMHHONIEPHOAMUECKUX MAarHUTHBIX ciupanei. /s onuca-
HUS TAKUX CIIHPAJICH aBTOPHI BBEIM HOBBII OOMEHHO-PENITUBUCTCKAN WHBAPUAHT
JUIsL KPUCTAJLIIOB 0€3 LieHTpa MHBepcuu. Pa3BuTueM 3Toro HampaBiieHUs! HCCIIEN0-
BaHU# cranu nanbHelme pabotsl A.H. bormanoBa, BBITIOJTHEHHBIE B COABTOPCT-
Be ¢ pod. A. Xybeptom (I'epmanms).

Ha nporsbkeHnn MHOrux Jyier Buktop I'puropbeBrd HEOINHOKPATHO BO3Bpa-
niancs K o0Iel Teopuu CIUHOBBIX BOJIH, M 3[IECh €0 HIKOJIE MPUHAJICKUT pe-
IIEHHE MPUHIUINAIBHOTO BOIIPOCA O BO3MOXHOCTU KOHCTPYKTUBHOI'O MPECTAB-
JICHUsI CIIMHOBBIX OINEPATOPOB, TMHAMHUKU M TEPMOJMHAMHMKU CIMHOBBIX CHCTEM
Ha s3bIKe 003€BCKUX M (DEPMHEBCKHUX ONEPaTOPOB, TUHAMUKHU U TEPMOJAUHAMHUKHI
9TUX YacTtull. PakTU4ecKu ObLI pPa3BUT HOBBIM METOJl B TEOPHH CIIMHOBBIX BOJIH.
PesynbraTsl uccnenoBaHuii cucTeMaTH3upoBaHbl B MoHorpaduu: B.I'. bapssxTap,
B.H. Kpusopyuxko, [[.A. S6nonckuii. «@ynkuuu ['prHa B TEOPUH MarHeTU3May
(Kues, HaykoBa nymka, 1984).
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K umcny nambornee BaKHBIX PE3yJNbTATOB CIEAYET OTHECTH U pa3pabOTKy
TEOPUU pacyeTa CIEKTPOB MHOTONOJAPEIIETOYHBIX MarHETUKOB HAa OCHOBE He-
IPUBOJAMMBIX CIIMHOBBIX OIEPaTOpPOB, COOTBETCTBYIOIIMX TOYEYHOW Napamar-
HUTHOM rpymnmne cuMMeTpuu pemietku. [IpenmyiecTsa JaHHOTO MeTo1a Haubo-
Jee 3aMETHbl NPHU PAaCCMOTPEHUHM CJIOKHBIX HEKOJUIMHEAPHBIX MAarHUTHBIX
CTpYyKTYyp. [anpHeiiee pa3BuTHE 3TOT METOJ MOJY4YUJI B MHOTOYUCIIEHHBIX pa-
6orax yuenukoB B.I'. BapesixTapa, HanpuMep Ipu UCCIET0BAaHUN OCOOCHHOCTEH
JTUHAMHUKH MHOTOIOJPEMIETOUYHBIX HU3KOpazMepHbIX ADM ¢ CylecTBEHHO He-
KOoJTMHeapHoi MarHutHo# cTpykTtypoil (B.H. Kpusopyuko, .A. SA6moHckwuii
1985—-1987 rr.). OTOT MK pabOT BHITIOJTHEH B TECHOM COTPYJIHHUYECTBE C IKC-
nepumentatopamu u3 ®TUHT um. b.U. Bepkuna u Uucruryra ¢uszukn HAH
VYkpaunbl 1 oTMeueH ['ocynapcTBeHHON TpemMueil YKpauHbl B 00JaCTH HAYKH H
texHuku 1991 r. B uccnenoBanusax apyrux corpyanukos otaena (B.JI. Cobo-
neB, 1.M. Butebckuii, I'.10. [Tamkesuu, N.JI. JlroGuanckuii, H.M. JlaBpuneHko,
C.B. TapaceHko M [Ip.) CUMMETPUHHBIA METOJ MO3BOJIUI MPOCTHIM CIIOCOOOM
paccyuTarh aKTUBAIMA MarHOHOB B MHOronoapemeToyHbix AOM, npeasioxuThb
KJIACCU(HUKAIIUIO YKCIEPUMEHTAIBHBIX PE3yJbTAaTOB MPH U3YYCHHH ONTHYECKUX
CBOWCTB MarHeTUKOB, UCCIIEIOBATh MAarHUTOYNPYrUe B3aUMOICHCTBUS, HEOIHO-
pOIHBIE MarHUTHBIE 00pa3oBaHMs BUXPEBOW CTPYKTYpHl M T.A. Tak, B 1984 r.
B.I'. Bapesaxrtapom, U.M. Burebckum, FO.I". [Tamkesuuem, B.JI. CoboneBpiM 1
B.B. Tapacenko (MP3, MockBa) Obuta copmyiaupoBaHa obmias Teopus CBs-
3aHHBIX MAarHUTOYNPYTUX KoJieOaHWH B OKPECTHOCTHM MAarHUTHBIX CIHUH-
NEPEOPUEHTAIIMOHHBIX (Da30BbIX mepexonoB. Ee pa3BuTuem sBUIACh MOJENb
OJIOKUPOBKH 3apoJplliieii HOBOM (ha3bl B MarHeTUKax, OOYCIIOBJICHHAs BO3HUK-
HOBEHHMEM BHYTPEHHUX HANpPsDKEHUH Mpu (a30BOM IMEpexojie 3a CUET MAarHUTO-
CTPUKIIUU.

[TonsiTE HAyYHOW LIKOJIBI IIPEAIIONAracT MPOJOJDKCHUE U PAa3BUTHE YUEHUKA-
MU uaed yuurend. B 1972-1973 rr. ormen cocTosia u3 3 4YENOBEK: CamMOTO
B.I'. bapesixTapa u nByx kanaunatoB Hayk — E.B. 3apouenuesa u I'.K. Yenyp-
HbIX. B 1974 1. B unctutyTe yxe padoranu B.JI. Cobosnes, E.Il. CredanoBckui,
I.A. Sl6nouckuii, B.I1. Cemunoxenko, a B JIonl'Y — FO.U. T'opober. D10 «xaphb-
KOBCKHME YYEHMKHN», KaHAUJAThl HAyK, IIOCIEI0BABIINE 32 CBOUM yuutenem. Ye-
pe3 roxl B OTAEIIE MOSBISAIOTCS MIEPBBIE ACTIUPAHTHI «JIOHELKOTO MIPOUCXOKACHUD
.M. Bute6ekuii, B.H. Kpusopyuko, }0.B. Menuxos, C.B. Temnos. Uepes 10 ner,
korga Bukrop I'puropbeBuu yesxkan B Kues, B oTene octaBainoch 6 JOKTOPOB U
17 xannunaroB Hayk, a B JJon['Y paGorana rpymnma moa pykKoBOJACTBOM €ro yde-
Huka nokropa F0.U. 'opolriia.

B Hacrosmee Bpems yueHuku Bukropa ['puropseBuya sBISIOTCS BELyLIUMU
YYEHBIMH HMHCTUTYTa, (DOPMHUPYIOT OCHOBHBIE HAIIPABICHHS MCCIIEJOBAHUHN IO
(¢u3uKe MarHUTHBIX SBJICHHH, CBEPXIPOBOJUMOCTH M THAPOIKCTpy3uu. Jlocra-
TOYHO OTMETUTbh, YTO MPHU aKTUBHOMN MOJAEPIKKE €ro OBIBIIEr0 «KUEBCKOTO» JOK-
TopaHTa U HbiHemHero aupekropa JondTH B.H. BaproxuHa B uHCTUTYTE pas-
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BEPHYT KOMIUIEKC HOBBIX (DYHJAMEHTAJIbHBIX MCCIIEJOBAHUN B TaKUX MEPCIHEK-
TUBHBIX HANpaBJICHUSIX, KaK U3yUeHHUE MPUPOAbI THTAHTCKOIO0 MarHUTOCOIPOTHB-
JICHUSI MAHTaHHWUTOB, SABJICHUA MOJICKYJISAPHOIO MArHeTHui3Mma, SaKOHOMepHOCTeﬁ
(dbopMUpOBaHUS CBONCTB MarHUTHBIX HAHOKPUCTANIMYECKUX MATEPHAJIOB U KOM-
MO3UTOB U MHOro€ JApyroe. Mo>XHO ¢ YBEpEHHOCTBIO CKa3aTh, UTO B pe3yJibTare
npeopiBanmst B.I'. bapesxTtapa B Jloneuke aBtoputeT JJoH®TU kak KpymHOTO
[EHTpa 1Mo (U3MKE MAaTHUTHBIX SBICHHUH, CBEPXIPOBOJUMOCTH U THAPOIKCTPY3UU
BBIPOC U YKPETHJIICS.

Hayunas o6mectBenHoCTh JJoHDTU, yueHUKH U PYy3bsi CEPICUHO IMO3/IPaB-
10T Bukropa I'puropbeBuda ¢ 75-1€THEM CO AHS POKIAEHUS, BBIPAXKAKOT CBOIO
MPU3HATEIBLHOCTD U 0JaroJapHOCTh 3a TY POJb, KOTOPYIO OH ChITpal i WHCTH-
TyTa WM JKEJIAlT €My KPENKOro 370pOBbsl M AOJITUX JIET aKTMBHON TBOPYECKOM
JKU3HU BO UMsI pa3BUTHUS HAyKH.

Hupexrop JondTH, ['maBHBIN Hay4YHBIN
TJIaBHBIM PEJaKTOp KypHaa, cotpyanuk Jon®dTH,
I.¢.-M.H., Ipod. 1.¢.-M.H., pod.

B.H. Baproxun B.H. KpuBopyuko
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BO3PACT 3PEJIOCTH

K 40-neTtuio Jlonenkoro pu3nko-TeXHU4eCKOro HHCTUTYTA
uM. A.A. I'anknna HAH Ykpaunsl

B 60-e roas! nponutoro Beka Jlon6acc, BaKHEHIINN TPOMBIIITIEHHBIH PETUOH
VYkpaunsl, 0ypHO pa3BuBaics. Ourymanach ocTpas HE0OX0AUMOCTh B OpraHU3a-
1K QyHIAMEHTAIBHBIX U BMECTE C HUMU NPUKIAJHBIX HAYYHBIX HCCIIEI0BaHUH,
MaKCHUMaJIbHO OPHEHTUPOBAHHBIX Ha YIOBJIETBOPEHHE MOTPEOHOCTEH permoHa.
Jns permenus 3toit 3agaun B 1965 1. 1 Obin co3gan JloHENKui HAY4YHBINA LIEHTP
Axagemuu Hayk YCCP, ogHuM U3 cHCTEMOOOPA3yIOMINX YUPEKIECHUNH KOTOPOTO
ctan Jlonenkuil puznko-rexunyeckuit uHCTUTYT AH YCCP. B pasnblie roas! uH-
ctutyT BosriaBsuik akageMuk AH YCCP A.A. lankun, 1.¢.-m.H. H.M. KostyH,
wi.-kop. D.A. 3aBaackuil. B HacTodIEe BpeMsl AUPEKTOPOM MHCTUTYTA SIBISETCS
n.¢.-m.H., npod. B.H. Baproxus.

C 1994 r. uactutyt HocuT ums akagemuka AH YCCP Anexkcanapa Anexcani-
poBuya ["aikuHa — OCHOBATENS U NEPBOro AUPEKTOPA, Yei BKIAJ B pa3BUTHE (PU-
3uueckoi Hayku B JloHGacce HEBO3MOXKHO INepeoleHuTh. VM jxe Obuia BbIJIBUHY-
Ta UJEs: OCYIIECTBIATh MOATOTOBKY HayudHbIX KaapoB mid Jon®THU, nanpasiss
€ro BeAYIIUX YYCHBIX Ha MPENoaBaTeIbCKyo paboTy — Ha ¢usnueckuii paxyib-
TeT JIOHEKOro rocyHUBEpPCUTETA.

C 1966 r. B pa3Hoe BpeMmsl cTyAeHTaM-(U3UKaM YUTalu OOIIMe U CHelHab-
Hble Kypchl akagemMuku A.A. ankun, B.U. Apxapos, B.I'. bapesxTap, uneHsl-
koppecnonfieHTsl AH YCCP K.b. Tonneiro u 9.A. 3aBajnckuii, JokTopa pusu-
ko-Marematuueckux Hayk FO.A. bparamesckuii, H.M. Kostyn, B.I1. Habepex-
HBIX U Jp. Takoe cOTpyIHHYECTBO OKa3aJOCh BECbMa IUIOJOTBOPHBIM: CErOJHS
muaupytomue no3unuu B JJoHdTU um. A.A. lNankuna HAHY 3anumarot BeIimmyc-
kaukn ¢usdaka Jonl'Y 70-Xx TOHOB: OTUPEKTOpP HMHCTUTYTA, A.(.-M.H., TIpod.
B.H. Baproxun, 3am. gupekrtopa, A.¢.-m.H. B.1. Kamenes, yueHblil cexpeTapb
uHCTUTYTa, K..-M.H. M.}O. Pemmnora, npeacenarens mpodhcor03HOr0 KOMUTETA
UHCTUTYTa U JIOHEUKOH peruoHanbHOM OpraHum3anuu npodcoroza pabOTHHKOB
HAH VYxpaunsl, k.¢.-Mm.H. B.®. J[po6oThKO, 3aBeaylomue HaAy4YHO-HUCCIIECIOBA-
TENbCKUMH OTAENaMH, JOKTopa (u3uKo-MaTemMarnyeckux Hayk B.W. Bambpkos,
T.E. KoncrantunoBa, I'.I'. JleBuenko, lO.I'. IlamxeBuu, C.B. Tapacenko,
B.B. Ya6anenko, B.M. FOpuenko.

B ucropuio MHCTUTYyTa HaBcerja BHECEHbI MMEHA KPYIMHBIX YUYEHBIX, paboTaB-
mux B HeM. Kpome yxke ynmoMsiHyThIX, 3TO 1.T.H., wi.-kop. HAHY Bb.U. bepecues,
JIoKTOpa ¢u3nko-maremaTuueckux Hayk A.A. boprapar, C.Jl. Banrenreiim,
E.B. 3apouennes, E.I1. Credanosckuii, b.5. Cyxapesckuii, B.A. Tenexkun, E.®.
Xomnocos, I'.A. Ilunnanse, noxkropa trexundeckux Hayk B.II. bypsk, B.1. Kypou-
kuH, 10.®. YepHslii u ap.
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3a mepuoa AESITeNbHOCTH MHCTUTYTa B HEM OPraHU30BAJINCh, OKPEIUIM U yC-
HEIIHO MPOJI0JKAIOT paboTaTh HAyUHbIE IIKOJbI, U3BECTHBIE B YKpauHe U 3a py-
OexoM: mKoJja (PU3MKHM BBHICOKHUX JIABICHUH M CIIEKTPOCKOIUHU TBEPABIX Tel (Oc-
HoBarenb — A.A. NankuH); mkona teopun marsetusMma (B.I'. BappsaxTap); mkona
ME30CKOMMYECKUX sIBIEHNH B TBepawnix Tenax (B.M. Apxapom); mikoma Teopun
IUHaMuKH, aedekroB pemerkd U Onodusuku (K.b. Tonmeiro); mkona ¢pusuku
(a30BbIX MPEBpAILEHUH B SKCTpEMaNbHBIX YCIOBHX (D.A. 3aBajcKuii).

HccnenoBanusi, Ha4aThle OCHOBATEISIMU 3TUX HAYUYHBIX LIKOJ, IPOAOIIKAIOTCA
U Pa3BUBAIOTCSA UX YYeHHKaMHu. B o0nactu (u3MKM BBICOKMX JaBICHUH U CHEK-
TPOCKOTIMH TBEPABIX TEJT U3BECTHBI pa0OTHI A.(¢.-M.H., wi.-kop. HAHY JL.T. [{pm-
6an, nokTOpoB (puzuko-maremaTnyeckux Hayk B.H. Baproxuna, B.I1. /IpsikoHOBa,
I'.I". Jleuenko, A./. [IpoxopoBa, TOKTOpOB TexHUUYECKUX HayK B.A. benomenko,
B.3. Cnyckanroxa.

B o6nactu marHeTH3ma ycmemHo paboTaroT AOKTopa (DU3MKO-MaTeMaTH-
yecknx Hayk A.M. bornanos, B.H. KpuBopyuxo, W.JI. Jlro6ganckuit, FO.I'. [1am-
keBu4, C.B. Tapacenko.

HccenenoBanne ME30CKONMYECKUX SIBICHUI B TBEPABIX TelaxX MPOBOIAT I.(.-M.H.
T.E. Koncrantunona, n.1.1. B.I1. Ilamenko, a.¢.-m.H. 3.A. CaMoiiieHko.

B obnactu Teopun 1uHaAMMKH, 1€(EKTOB peIIeTKH U OMO(MU3NKU MPOAOKAIOT
pabotaTh nokTopa (uzmko-mMatemaTndecknx Hayk C.B. becnanosa, E.B. Tpouir-
kas, B.M. Illaramnos.

N3yyaror (a3oBble MpeBpallieHHs] B Pa3IUYHBIX MaTepHaiax, HaXOAALIUXCS B
HKCTPEMANIbHBIX YCIOBHUAX, JOKTOpa (hu3uko-marematnyecknx Hayk B.M. Baib-
koB, }O./l. 3aBopotHeB, B.1. KameHnes.

JluHaMMYHO pa3BUBAIOTCS W HOBBIE HAIPABIICHUS HCCIEN0BATEIbCKON Jes-
TEJIBHOCTHU: (PU3MKA TBEPAOrO Teja B HKCTPEMAJIbHBIX YCIOBUAX; (U3MKA U TeX-
HOJIOTHUSI MEPCHEKTUBHBIX KOHCTPYKLUMOHHBIX M (YHKIMOHAJIbHBIX MaTepUasOB;
¢u3uKa HAHOCTPYKTYPHBIX CUCTEM U HAHOMATEPHAJIOB.

Pe3ynbTaThl McclenoBaHUN COTPYIHMKOB MHCTUTYTA, KaK (pyHIaMeHTallb-
Hble, TaK M NPUKJIATHbIC, MOJTYYUIU NPU3HAHHE HAYYHOW OOIIECTBEHHOCTH
YKpauHbl 1 MHOTHX 3apyOexHbIX yueHbIX. OHM oTMedeHBl ceMbio ['ocynap-
CTBEHHBIMM NpPEMUSIMU YKpauHbl B 00JJaCTHM HAayKHd U TEXHUKH, TpeMs Ipe-
musimu HAH Vkpauns! um. K./[. CunensHukoBa, npemusimu um. b.1. Bepku-
Ha, ['.B. KypatomoBa u np.

ITo pe3ynpraTam HMCCIENOBAaHUN COTPYAHMKOB MHCTUTYTa TOJBKO 3a IOCIEA-
Hue 15 ner manucanwl 25 moHorpadwmii. Exxeromno my6mukyercst cBoie 200 Ha-
YUYHBIX CTaTe B BEIYIIMX OTCYECTBEHHBIX M 3apyOeKHBIX HAYUYHBIX MEPHUOINYEC-
CKHX M3JaHMSIX.

Joun®TU HAH YkpauHsl TOJIep)KUBAET OOIIMPHBIE BHEITHEIKOHOMHUYECKHE
U HAy4YHO-IIPOHM3BOJCTBEHHBIE CBSI3U C JCCATKaMHU 3apyOeKHBIX HHCTUTYTOB M
(GbupM, TIPOMBITIUICHHBIX TPEINPHUATHNA, B YaCTHOCTH ¢ MoJgoBoil — B objacTu
IIPUBAJIKOBOM apMaTypsl I IPOKATHBIX cTaHOB; lIIBelinapuel — 1o MmIeHOYHBIM
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naturkaMm marautHoro noisi; CILIA — B o6iacTu TEXHOJIOIMM HAaHOMAaTEpUAJOB;
['epmanueii — mo kpuoreHHomy obopynoBanuto; Mcmanueit — mo ycrpoiicTBam
BBICOKOT'O JaBJICHUS.

B nocnennue roasl nposoasrcs padotsl no rpantam INTAS, NATO, CRDF,
npoekTtaMm, ¢uHancupyembiM HTIY. Pa3zButne HOBOrO moaxoma B ¢hopmupoBa-
HUHM HAaHOCTPYKTYPHOTO COCTOSIHHSI MaTEpHAJIOB C TIOMOIIbIO BHICOKHUX JIaBICHUH
MOJTYYNJIO TIOAJEPKKY B BUJIE KOHTPAKTOB C TAKUMHU U3BECTHBIMH B MUpPE OpraHH-
3anusamMu, kak Jloc-Amamocckas HanmoHanbHas saboparopust (CLHA), dupma
«General Electric» (CILIA) u ap.

BcnenctBue pacuimpeHrs TeMaTUKH UCCIIEOBAHUM OT MHCTUTYTa OTACIUINCH
Y CTaJId CaMOCTOSATEIbHBIMUA OpPraHU3alUAMHU psl noxapasaeneHuil. Tak, B 1966 r.
Ha 0a3e XMMHUYECKOTO CEKTOpa ObUT OCHOBaH MHCTHUTYT (PU3MKO-OpraHMYECKOU
xumun U yraexumun HAH Yikpaunsl. B 1973 r. Ocoboe KOHCTpYKTOpCcKoe Oropo
MHCTHUTYTa OBLIO peoprann3oBaHo B HayuHo-Hccaen0BaTeNbCKU HHCTUTYT KOM-
IUIEKCHOW aBTOMAaTH3allMd MUHHUCTEPCTBA TMPOMBIIUICHHOCTH W CPEJICTB CBSI3U
CCCP. B 1987 r. u3 CneniuaabHOro KOHCTPYKTOPCKOTO OI0OPO MHCTUTYTA OTJIEINIHU-
muck B OKb «Jlyu» Munuctepcta obmero mamuuoctpoenus CCCP moapasze-
JIeHUs1, KOTOPBIE 3aHUMAIUCh KOCMUYecKUMU npobiiemamu. B 2002 r. oTaeneHue
(bU3UKO-TEXHUYECKUX TOPHBIX MpobieM ObUIo peoprannzoBaHo B MHCTUTYT Qu-
3uKH ropHbIX npoueccoB HAH Ykpaunsl.

Jnst moBbIeHUst ypoBHS U 3G (HEKTUBHOCTH MPOBOJIUMBIX UCCIIEIOBAaHUI B UH-
CTUTYTE€ OCYILIECTBIISIIACh ONTHUMM3AIMS yIPaBICHUYECKONH CTPYKTYphl M YHUCIICH-
HOCTH COTpPYIHHKOB. B 15 HayuHBIX OTAenax, CHEIHaIbHOM HAay4YHO-TEXHU-
YEeCKOM OTJEJICHWH U BO BCIIOMOTATENbHBIX MOJpa3AefieHusiX ceifuac pabortaer
6omsee 500 yenoBek, U3 KOTOphIX 0Kojo 40 mokTopoB U cBbimie 100 kaHAMIATOB
HayK.

WHCTUTYT Ha TPOTSHKEHUW TIOCIEAHUX TSATH JIET MPOBOJUT AKTUBHYIO €S-
TEJIbHOCTh, HAIPABJICHHYIO Ha JalibHEHIee yKperuieHue Hay4HO-KaJpoBOTO IO-
TEeHIMala U 00ecreyeHre CHCTEMaTHYeCKOro MOMOJHEHHS KaJApOB MOJIOIBIMHU
crenuanucTaMu. B nepByro ouepenp 3TO OCYIIECTBISAETCS 3a CUET CTYACHTOB BY-
30B, B KOTOPBIX BEAyIIME YYCHbIE HHCTUTYTA MPEMOAAOT U BBIMOIHIIOT HAyYHO-
UCCIIEIOBATEILCKUE PAaOOTHI.

Kpome Toro, HHCTUTYT UMEET COBMECTHBIC Hay4YHbIC MOAPA3ACICHUS C YHH-
BepcuteTamu JlonOacca: ¢punuan Ha mpaBax COBMECTHOM mabopatopuu ¢ Jlyran-
CKHMM HAaIlMOHAJIbHBIM IEJarornyeckuM yHuBepcuteToM uM. Tapaca llleBuenko;
(U3UKO-TEXHOJOTHUUECKOE OTAeJeHWE Ha TpaBax ¢uiuana Quszmdeckoro ¢a-
KyJbTeTa JJOHEIIKOTO HAIMOHAIBHOTO YHUBEpCUTETa; Gumman kadeaps «O0pa-
00TKa METaJIOB JAaBieHHEM» JIOHENKOTo HAI[MOHAIBHOTO TEXHUYECKOTO YHH-
BEpPCUTETA.

[Tpu uHCTUTYTE ACUCTBYIOT JOKTOPAHTYpa U aCHUPAHTYPA, a TAKKE CHEIHATH-
3UPOBAHHBIN yUEHBIM COBET IO 3alUTe JAOKTOPCKUX U KaHAMJATCKUX AHMCcepTa-
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nui. M3naercs HaydHbId )KypHaAI «DHU3MKa U TEXHHUKA BBICOKMX JABJIICHUI», pac-
MPOCTPAHSAIOIIUINCS B YKpauHe U 3a pyOeKoM.

40 et — 3TO BO3PACT 3pPEIOCTH KakK JJIs YEJIOBEKa, TaK M JJII OpraHU3allHH.
K cBoemy 1o6unero JloHenkuii pU3NKO-TeXHUUYECKUH MHCTUTYT UM. A.A. ['an-
kuHa HAH YkpauHbl npuxoauT BO BCEOPYKHUHM HAKOIUIEHHOTO OIbITa, HO HE
yTpaTUB MOJOJIOTO 3a70pa U onTUMHU3Ma. B HEM chopMUPOBATUCH U3BECTHBIC
Hay4HbI€ IIKOJBI U POXKAAIOTCS HOBBIE, €CTh MJEU U T€, KOMY HUX PEAIU30BbI-
BaTh. B mocnenHue roasl HaOMroAaeTcs MPUTOK HAyYHOH MOJIOJEKHU — 3aJ0T
Oynyuiero unctutyta. [leno, nauaroe 40 net Hazan akagemukoM A.A. Namku-
HBIM, MPOJIOIKAETCS.
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KYPHAJI
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHU»
OBBABJIAET O HIOAIIMCKE
HA 2006 'O/,

B xypHane myOnukyroTcs paboThl B 00JacTH (PU3UKH, MEXaHUKH U TEXHUKH,
BCKPBIBAIOIIME POJbh BBICOKOTO JABJICHUS KaK HMHCTPYMEHTA I W3YyYeHUS W
dbopMupoBaHUs PUINIECKUX U MEXAHUIECKUX CBOWCTB MaTteprasioB. OcoOblif MH-
TEepec NPEICTABISAIOT (YHIAMEHTAIBHBIC WCCICIOBAHUS, YCTaHABIUBAIOIINE
B3aMMOCBSI3M MHUKPO- U MaKpPOCBOWCTB, a TaK)K€ OCHOBAHHBIE HA ATOM IPHUKJIAJ-
HBIE Pa3pa0OTKHU MO0 MPUMEHEHHUIO BHICOKHX JABIICHHUH JJISI CO3/IaHUSI MAaTEPHAITIOB
C 3a/IaHHBIMHU XapaKTEPUCTUKAMH.

Crarby, HalpaBIlIsieMble B PENAKIMIO, HE JTOJDKHBI OBITh OMYyOJIMKOBAHBI HITH
NpeHa3HAYCHBI IS OIyOJIMKOBaHMS B APYTUX U3AaTEIbCTBAX.

TemaTuka xypHaJa

— DJIEKTPOHHBIE U KHHETUYECKHUE CBOMCTBA TBEP/IbIX TEI.

— @Ou3nKa MarHUTHEIX SIBIICHHH.

— dDa3oBbIE NIEPEXOMBL.

— CHeKkTpoCcKonus TBEPABIX TEN.

— ®Ou3KKa TPOYHOCTH U IIACTUYHOCTH.

— OU3NYECKOEe MaTEpUATIOBEICHHE.

— Ob6paboTka MaTepHUaIoB IaBICHHEM, MHTCHCUBHBIC TUTACTUYCCKUE
nedopmariiu.

— AnmapaTypa BbICOKOTO JaBJICHUS, TEXHUKA YKCIIEPUMEHTA,
TEXHOJIOTHYECKOE 000pyI0BaHHE.

Kpome pabot mo ¢usuke u TeXHUKE BBHICOKMX JABJICHUN XKypHal IyOIHKyeT
pe3ysIbTaThl UCCIEIOBAHUH M3 CMEXHBIX OOJIACTEH NMPH TOM YCIOBUH, YTO OHHU
MOTYT OBbITh UCTIOJIB30BAHBI B TPOPMINPYIOLIEH 001aCTH.

IIpaBuna oopMieHHd 11 ABTOPOB KypHAaJIa
«®U3UKA U TEXHUKA BBICOKHX JIABJIEHUI»

Pepakuus xypHama IpocUT aBTOPOB NpPH MOATOTOBKE CTaTel PyKOBOJCTBO-
BaThCsI M3JI0KEHHBIMH HIDKE TpaBUiIaMu. Matepuainsl, opopmileHHbIE 6e3 coOio-
JIEHHS NOCIEIHUX, K PACCMOTPEHHUIO HE IPUHUMAIOTCH.

B xypHane myOnuKyIoTCs CTaTbil Ha PyCCKOM, YKPAUHCKOM U aHTJIMICKOM SI3bIKaX.

B penakiuro HarmpaisiroTes 2 3K3eMIUIIpa pyKOIMCH (BKJIIOUYasi BCE €€ IEMEH-
Th1), HaOpaHHOH B porpamMmme Word 7-if unu 97-ii Bepcuit mpudrom tuna Times
pasmepom 14 m.T. yepe3 1,5 uHTEpBasia HA OTHOM CTOpOHE JcTa hopmarta A-4.

ITonsa: neBoe — He MeHee 3, BepXHee U HUXKHee — 2, mpaBoe — 1,5 cM. Bee crpa-
HUIIBI HEOOXOMMO POHYMEPOBATh.
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Pyxomnuck 1omkHa ObITh BEIUMTAHA U TTOANKCAaHA aBTOPOM (COaBTOPAMHU).

HeoOxonumo mpenocTaBieHue JIEKTPOHHOW BEPCUU CTAThU Ha JHUCKETE JINOO
nepeava 1o dMEKTPOHHOM moyre:

E-mail: pashinska@mail.ru.

KoMmiekTHOCTH pyKONUCH

Pykonuch nomkHa coep:kaTh TEKCT CTaTbH, aHHOTAIIUIO, CIIUCOK JIUTEPaTypHl,
HOJPUCYHOUYHBIEC HAIITUCH, KOMIUIEKT PUCYHKOB, CBEJICHUS 00 aBTOpPax.

1. Tekcr craTbu. Ha nepBoii cTpaHulle yKa3blBatoTCS:

— KJIaccU(pUKAIMOHHBIN nHeKC 1o cucteme PACS;

— MHUIHAIBI U (PaMUIIMHN aBTOPOB;

— Ha3BaHUE CTAThH,

— TIOJTHBIN MTOYTOBBIN a/Ipec YUPEKIACHHsI, B KOTOPOM BBIMIOJIHEHA padoTa.

Haszsanue ctaThil JODKHO OBITH KPaTKUM, HO MH(opMaTuBHBIM. He momycTu-
MO TIpUMEHEHHWE B HEM COKpallleHWuH, Kpome cambix obOmenpuuatbix (BTCII,
'K, AMP u np.). Ucnons3yemble aBTOpamMu ab0peBUATypbl HEOOXOAMMO pac-
mu@poBaTh NpU NEPBOM UX YIOMUHAHUU.

Pasmepnocmu ¢duszuueckux BenuumH (B cucreme CH) mo Bceil pykomucu
JOJKHBI ObITh HA AHTJIMMCKOM Si3bIKE. B ecATHYHBIX 4HClax Mepen AeCAThIMU
CJIEZlyeT CTaBUTh TOUKY.

2. Tabauubl J0KHBI ObITh HamedaTaHbl Ha OTHEIbHBIX CTPAHULIAX U MUMETh
3aroyoBku. O0s3aTeNbHO YKa3aHUE eIMHHI U3MEPEHUS BEJINYHH.

3. @opMmyJibl KellaTeabHO HaOupaTh B pelakTope ypaBHEHMH. Bce mHIEKCHI
JIOJDKHBI OBITh HAa AHTJIMHCKOM s3BbIKE. DKCIIOHEHTY ciexyeT o0O3HayaTh Kak
«exXp», a He KaK «€» B CTEINEHHU.

4. UnarocTpanmu TODKHBI ObITh M3TOTOBJICHBI aKKypaTHO Ha Oenoil Oymare
win Kanbke. POTOCHUMKHU MPUHUMAIOTCS TOJBKO UYETKHE U KOHTpacTHble. Ha
00opoTe pUCYHKa ClleAyeT yKa3aTh (MSATKMM KapaHJalloM) ero HoMmep, (haMuiIuu
aBTOPOB M Ha3BaHUE CTATbU, IPU HEOOXOJUMOCTU MOMETUTH «BEPX» U «HU3». B
AIIEKTPOHHON BEPCUH BCE PUCYHKH TpeOyeTcs MpeJoCTaBUTh B YepHO-OEIOoM Ba-
puaHTe, oTIeabHBIME (ainamu B crienytonux popmarax: BMP, PCX, TIF, JPG,
Origin, Corel Draw, Corel PhotoPaint, Adobe PhotoShop. Pucynoxk, nomerae-
MbI{ Ha BCIO IIMPUHY CTPaHUIIbI, JOJKEH UMETh pa3Mep Mo ropu3oHTanu 14 cwm,
Ha > cTpaHunbl — 7 cM. s pucyHkoB B pacTtpoBbix (bitmap) ¢opmarax, T.e.
BMP, PCX, TIF, JPG, Corel PhotoPaint, Adobe PhotoShop, nomyctumoe paspe-
menue — He Menee 300 dpi. IIpu sTOoM B (aitne pasmep u300pakeHHs MO TOpPU-
30HTAJIN, BKJIIOYas IOAIKCHU II0 OCIM, JOJDKEH OBITh He MeHee 800 mukcenei mis
pUCYHKa Ha /> IUpUHBI cTpaHulbl U 1600 nukceneil — Ha BCIO LIMPUHY.

5. AuHoranusi (He 6onee 15 cTpok) AOMKHA COMEPKATh 1ETb PabOThI, METOJ
ee JIOCTH)KEHUS, OCHOBHBIC Pe3yNbTaThl. B penakuunio mpeacTaBisieTcs TeKCT aH-
HOTaluU (C yKazaHHMEM aBTOPOB M Ha3BaHMs CTaTbH) HAa PYCCKOM M aHIJIHICKOM
sI3pIKax (Ha OTAEIbHBIX CTPAHUIIAX).
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6. Crincok JuTepaTyphbl MPUBOAUTCS B KOHIIE CTATHH B TOPSAKE YIIOMUHAHUS
B TeKCcTe. B OubimorpadguaeckomM onmMcaHu yKa3bIBAIOTCS MHUIHAIIBI U (DaMIITUN
BCEX aBTOPOB, a Jajee:

a) Ul KHUTH — Ha3BaHWs KHUTH, W3JAaTelIbCTBA M Topoja, TOx H3IaHus (B
KPYTJIBIX CKOOKaX):

A.®D. Hoghghe, Duzuka xpuctamios, [ 13, Mocksa (1929).

0) nns cTaThU B JKypHale — Ha3BaHHWE, TOM, HOMEp KypHaia, HOMEp MepBO
CTPaHMIIBI CTAThU, TOJT U3IaHUsI (B KPYTJIBIX CKOOKaX):

V.V. Kabanov, J. Demsar, B. Podobnik, D. Mihailvic, Phys. Rev. B59, 1497
(1999).

7. IlonpucyHoYHbIE MOAMUCH TaK K€, KaK U aHHOTAIINH, IPECTABIISIFOTCS Ha
JIBYX SI3bIKAX.

8. CBenennsi 00 aBTOpax HEOOXOIUMO MPECTABUTH HA OTIEIHHON CTPAHHMIIE,
IJie YKa3bIBAIOTCS:

— TIOJTHBIC UMS1, OTYECTBO U (haMUIIHSI AaBTOPOB;

— cIy>ke0HBIC M IOMAITHUE ajipeca U TenedOHbI aBTOPOB;

— E-mail u anpec Internet.

Cnenyer yka3aTh, C KEM U3 aBTOPOB TPEANOYTUTEIHHO MOIICPKUBATH CBS3b
npu paboTe HaJ| CTaThEH.

CogoKkynHoCmb HA36AHUSL CIMAMbU, AHHOMAYUU, PUCYHKO8 U NOOPUCYHOYHBIX
noonucetl 00IHCHA 0A8aMb ACHOE npedcmasienue o Cymu pabomal.

Obpawaem enumanue aémopos Ha 1o, 4to, HaunHas ¢ 2002 r., xxkypuan OTB/]
pedepupyercs u uHAEKCUpyeTcs pedepaTuBHbIM KypHaiaoM Chemical Abstracts,
YKpauHCKUM ATEHTCTBOM IO 3aIUTE aBTOPCKUX IMpaB, Y KPAMHCKUM DJIEKTPOH-
HBIM XypHaioM «Jlxepeno». AHHOTamu kaxaoro Beimycka @TB/] Ha pycckoM u
AHTJIMICKOM $SI3bIKaX pa3MEIIAlOTCsl COOTBETCTBYIOIMMHU (pupmamu B Internet, uto
JIeJIaeT )KypHaJl JOCTYIIHBIM JJIsl aHIJI0A3BIYHBIX CIIELIHAIUCTOB.
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NH®OPMALIUA O NIOAIIUCKE
HA JKYPHAJ «®PU3UKA U TEXHUKA BLICOKUX JIABJIEHUI»

Kypnan «Pusnka 1 TeXHHKa BBICOKMX JaBJIEHUI» BKIIO4YeH B KaTanor nepuo-
nuueckux u3naHuil Ykpaunsl Ha 2005 rox (moxamucHoit muaekc 74528). Kpome
TOTO, OJMUCATHCS HA KypPHAI MOYXXHO HETIOCPEIACTBEHHO B PEIAKIMU KypHaJa.

Kypnan BeixoauT pa3 B 3 mecsinia (4 Homepa B rof).

CTouMocTh NOANUCKH (0€3 yueTa CTOMMOCTH MePeChlIKH), TPH.:

— st GU3MYECKUX JTUI] Ha 3 Mmecsama — 20

Ha 6 mecsies — 40

Ha 12 mecsres — 80
— JUIS1 FOpUIMYECKUX Jull  Ha 3 mecsia — 40

Ha 6 MmecsieB — 80

Ha 12 mecsueB — 160
st obopmiteHUsT TOANMUCKH B PENAKIIMA HEOOXOJWMO B €€ aJapec BBICIATh
UChMO-33aKa3 Ha MOAMKCKY C YKa3aHHEM OAaHKOBCKHUX PEKBH3UTOB M TOYHOTO

azpeca.

AJlpec peJaKIMU )KypPHAaJa:

Yxpauna, 83114, r. loneux, yi. P. JlrokcemOypr, 72

3a JONOTHUTENBHOM HH(pOpMAIHEH clieayeT oOpamaTbes

no tenepony (0622) 55-42-02.
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