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B pabote aHanu3upyoTcs HelInHeitHbie 3PP EKThI, CBI3aHHBIE C BIUSHUEM U30BITOYHOTO 00BbEMa MEX-
KPUCTaJUIMTHBIX TPAHUIL Ha CTPYKTYPY Cerperaluii IpUMECHBIX aTOMOB B MoJiMKpucTauiax. ITokasa-
HO, YTO M30TepMa afacopOIIM MOXET OIUCHIBATh HEOMHOPOTHOCTHU B pAacIpeAeIeHUM aTOMOB IIPUMECH
B IJTOCKOCTHY MEXKPHUCTAINTUTHOM IpaHUIIbl. DTO YKa3bIBaeT Ha CYIIeCTBOBaHME IICHTPOB aIcopOIy Ha
BHYTPEHHUX IpaHULIAX MOJUKpUCTALTOB. [IpMBeneHO MOKA3aTeILCTBO TOTO, YTO M30BITOYHBIN 00beM
MEXKPUCTANTUTHBIX TPAHUII SIBJISIETCS OCHOBHBIM ITApaMETPOM, OIPENEISIONINM BEIMYNHY Cerperaiii
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BBEAEHUE

PazButue I1.A. PeOuHnepom yueHUs1 o0 BAUSIHUU
aICcOpOIIMOHHBIX SIBIICHWI Ha TPOIECChl TUIACTHYEC-
CKOro neopMUpPOBaHUS U pa3pylIeHUs MeTaJLIOB [1]
B 3HAUUTEIBHOI Mepe CTUMYJIMPOBAJIO UHTEPEC K UC-
CJIeIOBAaHUIO MEXaHW3MOB Cerperaiuii MpuMeCHbIX
BJIEMEHTOB Ha MEXKPUCTAIUTHBIX U MeX(ha3HbIX
rpaHuIax MOJUKPUCTAIIMUYECKUX CIUIaBOB. M cnob-
30BaHNE TEOPUM aICOPOLUU HA MEXKKPUCTATUTHBIX
rpaHuIaX MOJUKPUCTAJUIOB [2] COBMECTHO C TeOpU-
SIMU 1e(PEeKTOB KPUCTAJINYECKOI CTPYKTYpHI [3], Teo-
pUeil MEXKPUCTAIUTHBIX TpaHUll [4] 1 pusnYecKoit
TEOpUEN pa3pylIeHUs [5] 3aI0XKUIIO OCHOBY IJISI UIC-
CIIeIOBAaHUST TAKWX CJIOXHBIX SIBICHWH, BIMSIOMMNX Ha
IPOYHOCTH CIUTABOB, KaK XPYITKO-BSI3KUIA TIEPEXO, He-
oOpaTtuMas 1 oOpaTuMasl OTITyCKHas XpyIKOCTb, XJIa/l-
HOJIOMKOCTB U PAI IPYTUX IPOLIECCOB, OMPENEIAIOINX
IUTacTMYECKME CBOMCTBA CIUIaBoB [6, 7].

BwmecTte ¢ TeM cylIecTBYeT psi MPUYUH, IO KOTO-
PBIM COCTOSIHUE TEOPUU aICOPOLIMOHHBIX SIBI€HUI Ha
BHYTPEHHMX MOBEPXHOCTSIX pa3ziesia B MOJIUKPUCTATI-
Jlax B HacTosilliee BpeMsi He COOTBETCTBYET BCEM Tpe-
0OBaHUSM MPUKJIATHBIX UCCIEIOBAHUIA.

Bo-TiepBBIX, OCHOBHAsI MOIENIb COBPEMEHHOM Te-
OpMH aICOPOLIMM HAa MEXKPUCTAINIMTHBIX U MexXda3-
HBIX TPaHUIAX CBOIMTCS K pAaCCMOTPEHUIO cerpera-
LM KaK OMHOPOAHOTIO MO0 XUMUUYECKOMY COCTaBY CJIOS
MOCTOSIHHOM TOJIIIMHBI, 000TAIIEeHHOTO BIOJIb BCEl
mI0cKocTy rpaHunsl [2, 8—11]. OgHako 3Ta Momelb

HAXOOUTCSI B IPOTUBOPEYUU C 6A30BBIMU MOACISIMU
TEOPUU CTPYKTYPhI MEKKPUCTAJIUTHBIX TPAHUILI, CO-
IJIACHO KOTOPBIM I'PAHUILILI UMEIOT TePUOINYCCKYIO
XUMMYECKU HEOTHOPOMHYIO CTPYKTYpY [4].

Bo-BTOpbIX, B OTVIMYME OT BHEIIHUX IPaHULL KpU-
CTaJIJIOB BHYTPEHHME TPaHUIIBEI TeHEPUPYIOT JTOCTa-
TOYHO BBICOKME YPOBHM BHYTPEHHUX HAMPSKCHUIA.
B oGnactu MakCMMaJIbHBIX 3HAYEHUI cerperanuu
npUMecell Ha TaKuX T'paHUIlIaX BeJWYMHa Aedopma-
LU KPUCTAIUIMYECKOM pELIETKM HAMHOTO MPEBLILLIAET
3HauYeHUsI, KOTOpbIE MOXXHO HUCCJIeoBaTh B paMKax Jiu-
HelfHoU Teopuu yrpyroctu. OmHako B OOJbIIMHCTBE
NpUMEHSIEMbIX MOJieJieli CTPYKTYphl cerperauuii Ha
MEXKPUCTAUIMTHBIX TpaHUIIaX cefiuac MCIOJb3YIOT
OLICHKHY MOJIeH HaIPSXKEHUIA, MTOJYYEHHBIE B JIMHEM -
Holi Teopuu [3, 4].

B nonmonHeHue K cKa3aHHOMY OTMETUM, 4TO I10-
BeeHUE aTOMOB MpUMeCcH, 00beM KOTOPHIX HE paBeH
00BEMY aTOMOB OCHOBHOTO 3JIeMEHTA CIlJlaBa, CyIlle-
CTBEHHO 3aBUCHUT OT JIOKaJIbHbIX U3MEHEHUI 0Obema
B KpUCTaJJIM4YeCcKoil pemerke. MI3BeCTHO, YTO MeXK-
KPUCTAJUIMTHBIE TPAHUIIBI CO3IAI0T IIEPUOTUIECKUE
M3MEHEHMsS aTOMHOI INIOTHOCTU M, COOTBETCTBEHHO,
aToMHOro oonsema. B pesyibraTte B MJIOCKOCTHU rpa-
HUIIbI BOBHUKAET CpenHee 3HaUeHue 00bEMHOM nie-
dopmanuu g, > 0 [12]. Ora nepopmanyst IpUBOAUT
K yBeJIUUEeHUIO 00beMa MOJUKpUCTaliia Ha BETUUUHY
OV = nQe,S, tne ng — IIOTHOCTh aTOMOB Ha €Iu-
HUILy TOBEPXHOCTH TPAHULBI, ), — aTOMHBII 00BEM
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Marepuana B OTCYTCTBUM TpaHMIIbl, S — MJjollanb
rpaHulibl. BennuuHy 8V npuHSATO Ha3biBaTh U30bI-
TOYHBIM 00beMOM TpaHulibl. B padore [12] mokazaHo,
YTO B paMKax HeJIMHENHOU Teopuu nedopMaliuii rpa-
HUL co 3HadyeHueM g, = 0 He cyuecTByeT. Cienosa-
TeJIBHO, NpU €, — 0 BeJIMYMHA cerperaluy NpuMecu
Ha MEXKPUCTAJJUTHBIX IPaHUIIAX JOJKHA YMEHb-
maTtbcsl A0 Hyjasd. Takum oOGpa3oM, M3OBITOYHBIN
00beM OKa3bIBAETCS OMHUM M3 OCHOBHBIX IapaMe-
TPOB, OTIPEAENSIOIINX BEIUUMHY aIcoOpOLIUU TTpUMe-
ceil Ha BHYTPEHHUX MOBEPXHOCTSIX MOJUKPUCTAIIIIOB.
BaxxHO TakXXe OTMETUTb, UTO MpobyieMa CyIllecTBO-
BaHUS M30BITOYHOIO 00beMa MOXET OBITh pellleHa
TOJIBKO B paMKaX HEJIMHENHON Teopun aedopManuii
[12, 14].

Llenb paboOTHI COCTOUT B aHAJIU3E BJAUSIHUS U30bI-
TOYHOTO 00BbEMA Ha CTPYKTYPY Cerperauuii Ha Mex-
KPUCTAJIUTHBIX TPAHULIAX.

OBUIME ITOJIOXEHUA TEOPUHN
CET'PETAIM HA MEXKPUCTAJIJIMTHBIX
I'PAHNLAX ITOJIUKPUCTAJIJIOB

CTpyKTypa cerperaiuuii Ha MeXKpUCTATIUTHBIX
TpaHUILIaX ONPENENsIeTCd MUHUMYMOM TE€PMOJUHAMMU -
YeCKOro MOTeHIMaIa CIJaBa B OINpeAe/IeHHBIX BHEIII-
Hux ycioBusix. I1pu nmocrossHHO# TemnepaType Hanbo-
Jiee ynoOHOM 711 aHaM3a sIBJisieTCs CBOOOIHAsI SHEep-
rus F.

Flc} = H{c}-TS{c}, (1)
3nech 1 — abcomotHas temneparypa, H{c} u S{c} —
DHEPTUs W HTpoNUs ciutaBa. @UTYpHBIE CKOOKHU
B BbIpaxkeHuU (1) yka3biBaioT Ha (hyHKIIMOHAJIbHYIO
3aBUCUMOCTb COOTBETCTBYIOIIUX BEJIUUMH OT pacmpe-
JleJIeHUsI KOHLEHTpaluU IIpuMecH ¢ (r) 1o o0beMy
CIUlaBa, I — paJnuyc-BEKTOP MPOCTPAHCTBA, 3aHUMa-
€MOTO CITJIABOM.

Mg mpuMepa pacCMOTPUM 3HEPTUIO TBOMHOTO
ciiaBa 3aMenieHUsT A—B. ATOMBI OCHOBHOTO 3JIe-
MeHTa 0003HAYMM CMMBOJIOM A, aTOMBI IPUMECH WU
JIETUPYIONIETO 3jIeMeHTa — cuMBoJioM B. B aTom ciy-
yae SHEPIUlo CILIaBa MOXHO IIPENCTaBUTh B CIEIYIO-
meM Bune [13]:

)

3nech H, — MOCTOSIHHAA BEJIMYMHA, HE 3aBUCALIAs OT
MOJIOKEHUI aTOMOB, W, — yrpyrast SHeprusi CUCTEMBbI
MEXKPUCTAUIMTHBIX TPAHUII, BO3HUKAIOIIAs 32 CUET
nedopMallOHHBIX TTOJIEH, TEHEPUPYEMBIX TPAaHULIAMH,
Wel — sHeprust ynpyroro B3aMMOJEHCTBUSI aTOMOB
MpuMecH, CBsI3aHHasl ¢ Je(OpMALMOHHBIMU TIOJISIMU,
CYILLECTBYIOILIMMU BOKPYT aTOMOB IMPUMECU U3-3a pas-
JIMYUii aTOMHBIX pa3dmepos [14]. I1pu aHanuze cTpyk-
TYphl cerperaiiii B crjiaBax 3aMelleHUs] BAUSITHUEM
STUX CJIaTaeMBIX MOXHO MpeHeopeub [14].

Hic}=Hy+ W, +WZ +U,.+UZL + W,

JIOMAEB, BACHUJIBEB

YerBepToe ciaraeMoe B BhIpaxXeHHH (2) paBHO
SHEPTUHU JAEKTPOCTATUYECKOTO B3aMMOIEHCTBHS aTO-
MOB IPUMECH (SHEPTHUU CMELICHUS):

2
U, = ’%O_UV(](r— r')e, (r)c, (r')drdr', (3)
rae
Urr—r)=Wy(r-r)+

4

+Wpp(r—r')=2Wp(r—r’) @
— TIOTEHIMAJ SHEPTUH CMEUIEHMS], #; — TUTOTHOCTD aTO-
MOB CIuIaBa B Hee(DOpMUPOBAaHHOM COCTOSIHUM. Bemm-
ynHbl Wiy(r — ') {{, J = A, B} B dopmynax (3), (4) 06o-
3HAYalOT MTOTEHLIMAJIBI B3aUMOIEICTBUS aTOMa copTa
1, Haxopns1Ierocs B TOUKe r o0beMa cruiaBa V' ¢ aToMom
copTa J, HaXonsgII1McsI B TOUKe r' 3Toro oobema. Bepx-
HUI 3HAaK «~» Y HEKOTOPbIX TOTEHIIMAJIOB O3HAYAET, UTO
MpY UX MHTETPUPOBAHUHU 10 00bEMY KPUCTAJUTNIECKOI
peeTKU TOJIKHA OBITh MCKITIOUEHA TOYKA I = I, TI0-
CKOJIbKY OTHOCSIIIMECS K HUM aTOMBI BCeraa HaXOAsATCS
B pa3HbIX y3/ax pemietku. Ciaaraemoe

ud = noijAWAB(r —r')An(r)c, (r')drdr' (5)

paBHO 3HEPIUM 3JIEKTPOCTATUYECKOTO B3auMMOAeii-
CTBUSI MEXKPUCTAIIUTHBIX TPaHUI] C IPUMECHBIMU
aToMaMU CIuiaBa, rue An(r) — U3MeHeHHe aTOMHOM
MJIOTHOCTU, BHOCUMOE TpaHUILIAMU KPUCTAIIUTOB
B MOJINKPUCTAJUI Oe3 yueTa YIpyroi penakcaunu,

AWpR(T) = Wap(r) = W (T). (6)

Beanuuna

Wel = —ng [[ wibix = ¥)e, (An() drdr’ (7)

MIpeACTaBIIsieT COO0M YHEPIUIO YIIPYTOTO B3auMOIeii-
CTBUSI MEXKPUCTAJUIMTHBIX TPAHUIL] C aTOMaMU IIpU-
MecH. 31ech

wgé(r -r')= nnngWAA(r -r")x

X AWpg(r"=r')dr"

®)

— MOTEHLIMaJ YIPYroro B3auMOAEUCTBUS 3JI€MEHTa
HEPEeJaKCUPOBAHHON MEXKPUCTAJIUTHOM I'PaHULIbI
¢ aToMoM TipuMecH, N = 1/(A + 2U), A ¥ | — yrpyrue
monyau Jlsime.

M3MmeHeHne aTOMHON IUIOTHOCTU An(r), BXOHSI-
mee B ¢popmyisl (5), (7), 3aBUCUT OT pacIpeneieHus
00BEMHOI nedhopMaluu €,(r), BHOCUMOI MEXKpHU-
CTAJIMTHBIMU TPaHULIAMU B MOJIUKPUCTAIIL: €AT) =
= (W) — V,)/V(r). 3oeck V(r) — oObeM MONUKPU-
cTajjia B MaJIOil OKPECTHOCTU TOYKU I' B OTCYTCTBUU
yrapyroro mnodjsi, ¥, — o6beM uaeanbHOIl peuIeTKu
Ne2 2024
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Cc TeM Xe KoaudecTBaM aToMoB A. ClemoBaTelbHO:
An(r) = —nygAr).

DHTPONUIO CIUIaBA B MPUOIMKEHNU CPETHETO T10JIsT
yIOOHO MpPeNCcTaBUTh B CJICAYIOIIEM BUIIE:

S{c} =Sy kg [, {e(r)In[e(r)] +

)
+[1 = ¢(r)] + In[1 = c(r)]} dr.
3mech S, — KoHCTaHTa. BeipaxeHue (9) omnpene-
JISIeT KOHDUTYpallMOHHYIO YaCTh SHTPOIUHU CILIaBa,
HamboJiee 3HAYMMYIO IPH U3YYEHNH CTPYKTYPHI allCco-
POLIMOHHBIX CJI0€B Ha MEXKPUCTANIMTHBIX TPAaHULIAX
TTOJIMKPHUCTAIIIOB.

[Tpu 3agaHHOM PacHOJOXEHUU MEXKPUCTAIINT-
HBIX TPaHUI B U30TEPMUUYECKUX YCIOBUSIX PABHOBEC-
Hoe pacnpenenaeHue ¢(r) mo oobeMy NoJUKpUCTaIa
BBIUMCIISIETCS U3 YCIOBUSI TEPMOIUHAMUYECKOIO paB-
HOBecus CIlJIaBa:

SF{c(r)} / dc(r)=0. (10)

B neBoii yactu ypaBHeHusd (10) crout ¢pyHKIIMO-
HaJIbHas IIPOM3BOMHAsI OT cBOOOMHOI sHeprun F{c(r)}

110 BapyaLysIM pacrpeaeieHus] KOHLIEHTPAMOHHOTO
ot ¢(r).

IIpu NMpoU3BOTBHOM PACHOJOXEHUU MEXKPU-
CTaJNIMTHBIX TpaHull ypaBHeHue (10) MoxkeT UMETh
JIOCTaTOYHO CJIOXHBIN BUA. [1o3TOMY IJI MPOCTOTHI
U3JIOKEHUSI PACCMOTPUM HE3aMKHYTYIO TJIOCKYIO
MEXKPUCTAULIMTHYIO TPAHMILY OOIIEro TUIa B HEO-
rpaHUYEeHHOM cIlJ1aBe. Baaiu ot Takoit rpaHULIbI KOH-
LIEHTPAIIMIO TIpUMecH OyaeM CUYMUTAThb paBHOU cpen-
Hell KOHLIEHTpauuu ¢,. B atoM ciydae ypasHenue (10)
npuodOpeTaeT HauboJiee IpocToii BUA [13]:

IR e

dr'{[AWAB(r— ') - wh(r — )l x (1)

__M
T kgT v

xey (r') = U(r — r')Ac(r)}.

3nech Ac(r) = ¢(r) — ¢, — N30BITOK KOHLEHTPALIUN
B Touke r. [Ipu 3amaHHbIX TOTEHIIMAJIAX MEXATOMHBIX
B3aUMOJENCTBUI U (PUKCUPOBAHHOM pacrpeneieHun
TUIOTHOCTU U30BITOYHOTO 00beMa B CILJIABE 3TO ypaB-
HEHUE MOJIHOCTBIO ONpeaesieT CTPYKTYpY cerperaiuii
MIpHUMeCH Ha JII000! MIOCKOM HEOrpaHUUYEHHOM MeX-
KPUCTAJIUTHOM I'paHUILIC.

AHAJIN3 OCHOBHBIX CBOWCTB
PEIHEHWW YPABHEHUA (11)

YpaBHeHue (11) mpeacraBiaseT coOOil CIOXHOE
MHTETpajlbHOE YpaBHEHNUE OTHOCUTEIbHO (DYHKIMU
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¢(r), onuchIBalolIeii MUKPOCKOTIMYECKYIO CTPYKTYPY
cerperanuii. Mcnonab3oBaHue ero mpu dKCIepUMEH-
TaJbHBIX UCCJIENOBAHUSAX MPAKTUYECKU HEBO3MOXHO,
MOCKOJIBKY B MOJIBIHTETPAJIbHYIO YaCTh 3TOTO YpaBHe-
HUSI BXOJAT PSiJ MOTEHILIMATOB MEKaTOMHBIX B3aUMO-
JIEUCTBUI, KOTOpPbIE, KaK MPaBUJIO, HEU3BECTHDI IJIs
OOJBIIMHCTBA CIUIABOB [14]. MexXnmy TeM ¢ ITOMOIIbIO
ypaBHeHHUS (11) MOXHO MOJIYYUTH PSAI TTOJE3HBIX CO-
OTHOIIICHU, TTO3BOJISIOIINX ITPOBOIUTD IKCIIEPUMEH-
TaJIbHbIE UCCIeIOBaHUs 0€3 UCTIOIb30BaHUsI KOHKPET-
HOTO BUZIa TTOTEHIIMAJTOB MEXAaTOMHbBIX B3aUMOIEN -
CTBUI1 B JIIOOBIX cIuiaBax (CM. HIXE).

OnHako, Mpexie yeM MPUCTYMUTh K pelieHUIo
9TOM 3aja4yu, HeOOXOOAUMO MPOBEPUTH, NCUCTBU-
TeJIbHO JIY XapaKTep pelieHuit ypaBHeHus: (11) coor-
BETCTBYET HabJII0OJaeMbIM B SKCIIEPUMEHTaX 0COOEH-
HOCTSIM CTPYKTYpHI cerperaiuii B criaBax. Jlist aToro
MOXHO MCHOJIb30BaTh JI00YI0 YIOOHYIO I IIPOBe-
JIeHUS pacyeToOB MOJE/b, TTPaBUJIbHO OMUCHIBAIOIIYIO
XapaKTepHbIE 0COOEHHOCTH MOBEAEHUS MTOTEHIIUAIOB
MEXAaTOMHBIX B3aUMOIEMCTBUI B ITpocTpaHCcTBe. st
npuMepa paccMoTpuM moneiab Mopae [13]:

WAA(r) =ean {e_ZBAA(r_rO,AA) _ 2e_BAA(r_r0,AA)}, (12)

Wap(r) = exp {e_ZBAB(r_rO,AB) _ Ze_BAB(r_rO.AB)}. (13)

3mech: e , U e,z — DHEPTETUYECKNE MapaMeTphl,
oIpeaesionmne NyOruHY IMTOTEHIMABHON MBI IIPU
B3aumopeiicteuu nap AA u AB aToMOB, BEeJIMYMHEI
Baa ¥ Bag — 3amatoT paaunychl 3G (HeKTUBHOTO B3au-
MOZIEHCTBYSL B 3THX MAPAX, F sp U 1y zp — NAPAMETPBI,
OIpeeIsIONIe COOTBETCTBYIOIINE paBHOBECHEBIE pac-
CTOSIHUS MEXIy aTOMaMU.

IToreHuuansl (12), (13) uMeOT OCTATOYHO MPO-
CTOI BUJ W YAOOHBI JJIs1 MPOBEACHUSI JIOObIX TPO-
MEXYTOUHBIX OLIEHOK Teopun. BaxkHO OTMETUTH, 4TO
ypaBHeHue (11) nuMeeT yHUBEpCalIbHBIIA XapaKTep 1 He
3aBUCUT OT KOHKPETHOIO BMa MOTEHIIMAIOB MeXa-
TOMHBIX B3auMofeiicTBUil. Ero peieHus 3aBucsT oT
KOHKPETHOI MOIEIN MCITOJIb3YeMBIX TTOTEHIINAJIOB.
OnHako [Jis1 OLIEHKU OCHOBHBIX TEHJICHLIMI B IMOBENe-
HUU cerperauuii BOJIM3u MeXKPUCTAJUIMTHBIX TPaHUIL
BBICOKAasi TOYHOCTD B 3aIaHUM TTIOTEHITNAIOB MEXaTOM -
HbIX B3aUMOJIEMCTBUI HE UMEET CMbICJIA, TOTOMY 4TO,
BO-TIEPBBIX, MOTPEOYET BeChMa CIOXKHBIX 00OCHOBA-
HUI BEIOOpA TTOTEHIINAIOB TSI KOHKPETHBIX CTUIABOB,
YTO He SIBJISIETCS LEIbl0 TaHHOI paboThl, BO-BTOPBIX,
3HAYUTEJBHO YCIIOXHUT OLIEHKU, HE BHOCI HUKAKUX
NPUHLUMUITMATBHBIX U3MEHEHUU B TTOBEeeHEe cerpera-
LM BOJIM3U MEXKPUCTAUIUTHBIX TPAHULL.

IToaToMy 471 CrJIaBOB Ha OCHOBE Xeje3a Obuin
BBIOpaHbI 3HAUEHUs: ey, = 0.6687 107" Ik, B, =
=1.3885 - 10" M~ m 7y 4, = 2.845-10"" m [13]. TToTen-
LIMaJIbl B3aUMOAEICTBYSI IJIs1 pa3HOMMEHHBIX aTOMOB
B CIUTaBaX B OOJBITMHCTBE CIIy4aeB MO0 HEU3BECTHBI
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Puc. 1. Ilepuoguyeckasd aToMHasl CTPYKTypa
crieliMabHOM rpaHulbl GG, MEXIY KPUCTAITUTAaMU
K, n K, B mpocToii Kyon4ecKkoil pemeTke TOIIINHON
H,. TpaHuLa IeXUT B KOOPAUHATHOM miockoctH yOz,
ochb Ox HallpaBjieHa NepIeHANKYISIPHO TpaHulIe.

COBCEM, JIMOO M3BECTHBI C OOJBIIUMU MOTPEILIHO-
ctamu. [ToaToMy IIpM MX BEIOOpE MOXHO OTpaHU-
YUTHCS JUIIL OOIUMU (UUYECKUMU MTPEATION0XKe-
HUSMH. A UMEHHO, OYIeM CUUTaTh, YTO aTOMBI MPU-
MeCH UMEIOT OOJIBIINIA pa3Mep, YeM y aTOMOB XeJe3a,
3TO COOTBETCTBYET TOMY, UTO 7y op > Fo ap ¥ Bap > Baa-
N3 3KkcnepuMMeHTOB U3BECTHO, UTO pacrpeaele-
HUEe KOHLIEHTPAallMU TaKMX aTOMOB B 00bEME CILIaBa
“MeeT Ha TpaHuIIaX BUI CTYIIEHUS KOJOKOJI000pas-
HOM popMbI [2].

7151 mpoBeneHNs pacueToOB PACCMOTPUM ILIIOCKYIO
CreluagbHy0 IpaHuIly HaKJIOHA B MPOCTOM KyOuye-
CKOW pelIeTKe, B IMPSIMOYroJbHOM J€KApPTOBOM CHU-
cTeMe KoopauHart {x, y, z}. Pacnojioxum ee B ILIO-
ckoctu {z, 0, y}, OPTOrOHAJIILHO IJIOCKOCTU PUCYHKA
(puc. 1). B aT0i1 cucTeMe KoopauHAT paguyc BEKTOpP I
yIOOHO MPEeNCTaBUTh B BUIIE:

r=p-+y, (14)
31eCh p = {X, g} — panuyc-BEKTOp, JEXKalIUi B ILJIO-
ckoctu {x, 0, z}, oproroHanbpHoi1 ocu Oy, IIOCKOCTU
PUMCYHKA Y TUIOCKOCTU MEXKPUCTAJUIMTHOMN TPaHUIIbI.
Ha puc. 1 cxemaTuuHO 1mokaszaHa aTOMHasl CTPYKTypa
OIIHOTO M3 BUAOB MEXKPUCTAIUTHON rpaHuIlbl. U3
HEro BUIHO, YTO M3MEHEHUS aTOMHOM IUIOTHOCTHU
A, (r) Boonb rpanunsl GG, U, CIeI0BATENBHO, BEIIU-
yrHa 00BeMHOI Aedopmanun €4r) = €,(p +y), BXo-
nsieid B ypaBHeHue (11), 3aBUCAT OT IIEPEMEHHOM y.
DTO0 03HAYaeT, YTO paclpeneaeHue npumecu c(r) B Je-
BoOI1 yacTu ypaBHeHUs (11) Takke OymeT 3aBUCETh OT

JIOMAEB, BACUJIBEB

TepeMeHHOI y, T.e. OymeT HEOTHOPOMIHBIM HE TOJIBKO
B Iu1ockocTu {x, 0, z}, HO U B IUIOCKOCTU T'paHUIIbI

{z, 0, y}:
(15)

IToaToMmy aHanu3 peleHuit ypasHeHus (11) yno6Ho
MIPOBOIUTH B ABa dTara. Ha rmepBom srarre cienyeT 3a-
(huxkcupoBaTh 3HaUeHNE KOOpAMHATHI y. Torma pacmpe-
JieIeHe KOHIEHTPALMU TTPUMECH OYIET ONpeaeasiThCs
pacCcTosTHUEM BHOJIb OCHU X OT rpaHullbl (puc. 2) [13].
Ha BTOopoM aTane cienyet 3adhMKCMpoBaTh 3HaYECHUE
KoopauHathl x. Toraa pacnpeneieHrue KOHLICHTPauU
npuMecHu OyIeT OMNpeneasiTbCsl pacCTOSIHUEM BIOJb
OCH Y, Jiexallleil B IIOCKOCTU I'PaHUIIbI.

Ilepebupast B 3TOM Ciiy4yae pa3Hble 3HAYCHUS X,
MOXKHO MOCTPOUTh 0O0bEMHOE HEOMHOPOIHOE pacmpe-
JeJieHre TIPUMECH B MPOCTPAHCTBE BOJM3U I'PAHUIIBI
(puc. 2). INonyyeHHbIe pe3ybTaThl MTOKA3BIBAIOT, UTO
pacripeaeseHue NpuMeCcH BIOJb MEXKPUCTAUIMTHBIX
TrpaHMI HEOMHOPOIHO 1 COOTBETCTBYET HEOTHOPOIHO-
CTSIM B MEPUOANUYECKON aTOMHOU CTPYKTYpe TPaHMUIIL.
DTO 03HAYaeT, YTO amCcOPOIIMS MPUMECH Ha MEXKPH-
CTAJUTUTHBIX TPAaHUIIAX HOCUT U30MpaTEIbHBIN XapaK-
Tep: T.€. Ha MEXKPUCTALIATHBIX TPaHUIIAX MOTYT CY-
1IECTBOBATh LIEHTPHI aICOPOIIMM, pa3HbIe IJIST aTOMOB
MIPYMECH Pa3TMYHOTIO XMMUYECKOI0 COCTaBa.

OCHOBHOI1 BbIBOJ, KOTOPBIii MOXHO clelaTh U3
aHaJiu3a pelleHui, MpeacTaBIeHHbIX Ha pUC. 2, CO-
CTOUT B TOM, 4TO ypaBHeHue (11) mpu mocratouHOo
MPaBIOTIOAO0OHBIX TIPEATIONIOKEHUSIX O XapaKTepe Me-
JKATOMHBIX B3aUMOJEUCTBUNA B CIIABAX MOXET OIU-
ChIBaTh (POPMY CTPYKTYpPHI cerperanuii npumMecu Ha
MEXKPUCTALIMTHBIX IPAHULIAX, BIIOJIHE COTIACyIOILy-
10CS C U3BECTHBIMU 3KCIIEPUMEHTaJbHBIMU HabJII0/1e-
HUsMHU [2].

HoBoe, 4To ymamoch MONYyYUTH MPU TPOBEIE-
HUHU pacyeToOB C MOMOIIbIO YypaBHeHus (11), cocTout
B TOM, UTO CTPYKTypa cerperauuii B MIOCKOCTH rpa-
HMIIBI OKa3bIBaeTCs TaKKe HEOMHOPOIHOM: OHA MOXKET
WUCITBITHIBATh MEPUOANYECKUE U3MEHEHNSI B COOTBET-
CTBUU C TIEPHUOAOM aTOMHOM CTPYKTYPbI TPaHULIBI (CO-
BMeCTHO puc. 1 u puc. 3).

c(r) = c(p, y)-

MOJEJIb MEXXKPUCTAJUIMUTHOM
CEIPETALIMN KAK ITPUMECHOTI'O
CJIOA IMTOCTOAHHOM TOJIINHDBI

Pemenus ypaBHenus (11), mokazaHHbIE Ha puc. 2,
WMEIOT ONpenesIeHHbIe HETOCTATKN ¢ TOYKHU 3pCHMUS
¢u3uku. 3 rpadmkoB BUAHO, YTO aTOMBI IIPUMECH
B cerperamyum COCpemoTOYeHb B TOHKOM OJHOPO.I -
HOM cJIO€, IIMPHUHA KOTOPOTO OKA3bIBAETCS MEHBIIIE
CPEIHETO pasMepa aToMa MPUMECH Fy 4p . DTO O3HA-
4yaeT, YTO MOJIEb HE YYUTHIBAET PEabHBIX Pa3MEPOB
aToMoB. leJo B TOM, UTO LIMPUHA CJIOSI, 3aHUMAae-
MOro aToMaMHu, He MOXeT ObITb MEHbIlIe pa3Mepa
3THX aTOMOB.

Ne2 2024

KOJITOUJTHBIM )KYPHAL oM 86



3ABUCHUMOCTDb CTPYKTVYPbI CETPETALIMM OT U3BLITOYHOI'O OBFbEMA

(a)
c(x)

X/r,

—1.0 —0.5 0.0 0.5 1.0
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(6)
c(x)

0.8

0.6
0.4

0.2

X/r,

—1.0 —0.5 0.0 0.5 1.0

Puc. 2. 3aBUCUMOCTb pacripefesieHHs] aTOMOB IPUMECH OT PACCTOSTHUSI X IO MOBEPXHOCTU MEKKPUCTAJIINT-
HOI rpaHULIbl HAKJIOHA B IBOMHOM CIlJIaBe Ha OCHOBE XeJie3a JUIsl pa3IMYHbIX 3HAYEeHU KOHUEHTpaLUUU Mpu-
MecH ¢, B 00beMe KpUcTaummToB: a) 1 — ¢y =107,2 — ¢y =103 — ¢, = 1072, 4 — ¢, = 107, r; = 1y ,p; 6) MeTON
OIIpeneIeHUs TOJNLIMHEI cllos cerperaunn Hgus pemieHus ypasHeHus (11). [TosscHeHnd B Tekcre.

OTMeTUM TakKXe, YTO pelreHus ypaBHeHus (11)
OYeHb YYBCTBUTEJbHBI K TOUYHOCTHU ONpEIeICHUS
MOTEHIIUAJIOB MEXAaTOMHBIX B3aUMOACUCTBUNA, MO-
CKOJIbKY 3aBUCST OT UX PA3HOCTU, U MPU MaJIbIX U3ME-
HEeHMSIX TTapaMeTPOB 3TUX MMOTEHIIMAI0B (popMa JTMHUU
cerperammm MOXeT CYIIIeCTBEHHO M3MEHUThCS. DTO
CYLLIECTBEHHO 3aTPYIHAET NMPOBEACHME IKCIIEPUMEH -
TaJIbHOI TIPOBEPKU TEOPUU.

W3 rpaduka, npeacraBaeHHOro Ha puc. 20, BUAHO,
4TO CpeHee 3HaYeHUe IMPUHBI CJIOs cerperauuu H
C IOCTATOYHOI CTEMEeHbIO TOYHOCTU MOXKHO CUUTATh
MOCTOSTHHOM 1 PaBHOM IIMPUHE /1 MUK KOHLIEHTPALUKX
MMPUMECH, BBIYMCIEHHOM Ha MOJOBHHE €TI0 BHICOTHI
(puc. 20). IToaTomy, ecnn 3HaYeHUE BEIUYMHBI H
ornpeneseHo U3 ypaBHeHus1 (11), To 1yist cpaBHEHMSI Te-
OpPUU C BKCIIEPUMEHTOM JOCTATOYHO C TTIOMOIILIO 3TOTO
YpaBHEHMS TIOJTYIUTh U30TEPMY aICcOPOITUH B TIPUOITH-
SKEHUM CJIOST TIOCTOSTHHOM IIMPUHBI.

Hist aT0TO0 MOMNarast ¢(x, y) = ¢,(y), eciu nepeMeH-
Hasl X HaXOOWTCS BHYTPU MHTepBana [—H /2, Hg /2],
u cuntag c(x, y) = c,, €CIU NepeMeHHas y HaXOOUTCs
BHE BTOr0 MHTepBaja, MpoBeIeM UHTEeTpUpPOBaHUE
ypaBHeHUs (11) mo mepeMeHHOM x € [—oo,0]. B pe-
3yJABTaTe TTOTYIHM:

cg(y) CO _
1“{1 - cg(y)}_ ln{l - co} -

AG(y) = p(y)of2p —

(A+2u)H _
—ngﬁoot(l + B) + 2le{Cg - CO},

_AG()
kT °

(16)

7)

3nech p(y) — (pyHKILIMS pacripeneaeHus JaBJIeHUs BIOIb
MEXKPUCTAINIUTHON TPAaHULIBI; €, — WU3OBITOUHBII
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Puc. 3. CrpykTypa aacopOLMOHHOIO CJI0s B ILJIO-
CKOCTHM MEXKPUCTAJUIUTHOMN TpaHMIIbI.

00beM IpaHUIlbl; O U 3 — KO3hGUITMEHTH TIPUMecC-
HOTO M BAKaHCHOHHOTO paclliupeHus: oobema criaBa
COOTBETCTBEHHO; U,, — SHEPTUS CMEIIEHUS Ha | aToM;
¢, — CcpelHee 3HAauYeHUE KOHUEHTpalUuu NpUMECU

&
B cioe H.

CPABHEHUE TEOPUUN C DKCITEPUMEHTOM

Breipaxenus (16), (17) omnpenensioT ypaBHEHUE
M30TEePMBI aIcOPOIINH, OIPEaeIIoNIeil HEOMHOPOI -
HYIO CTPYKTYpPY ceTrperanuy IMIpUMecH B TNIOCKOCTHU
CUMMETPUIHON MEXKPUCTAUIMTHOM TpaHUIIBI Ha-
KJIOHa. AHAJIOTMYHOE BBIpaXXeHHE, TIOJYyIeHHOE B PsIe
TEPMOOIUHAMUYECKUX MOIEJIeii, B KOTOPBIX HE YUUTHI-
BaeTCs aTOMHAsI CTPYKTypa TPaHUIl, UMeeT CISIYIO-
muii Bun [2, 7—11]:
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26
kT’

Cg _ ) _
In 1_Eg ln{l—co}_ (18)

rne AG — MOCTOsIHHAS BeJIMUMHA, paBHAsl SHEPTUU Ce-
rperauuu [M66ca; ¢, — BBeACHHOE paHee cpeliHee 3Ha-
YyeHHe KOHIIEHTpaluu IIpuMecH B ciioe. @opMaabHO
ypaBHeHUe (18) MMeeT TOJBKO BHEIIHEE CXOIACTBO
¢ u3otepmoii (16), 31ech cieayeT y9ecThb, 4YTO B TEPMO-
JIMHaAMUYecKux Moaensix Tumna (18) cerperauus mnpu-
MeCU OJHOPOAHA BAOJIb ITOBEPXHOCTU MEXKKPUCTAII-
JIUTHOM TPaHULIBI.

B cBs13u ¢ 3TUM HEOOXOIMMO OTMETUTH, UYTO OOJTb-
IIWHCTBO UMEIOIIMXCSI B HACTOSIIIEe BpeMsl SKCIEepH-
MEHTaJIbHBIX JAHHBIX T10 cerperamusiMm aTOMOB TIpU-
MeCcH Ha MEXKPUCTA/UIUTHBIX TPAHULIAX MOJyYEHbI
UMeHHO 11 ypaBHeHust (18) u BenuunH AG [2]. Ips-
Mast 9KCIIepMMeHTaIbHas MpoBepKa ypaBHeHM (16),
(17) noka He TPOBOAMJIACH U3-3a 3HAYMTEIbHBIX TPY/I-
HOCTEM, CBI3aHHBIX C aHAJM30M HEOTHOPOMNHOCTEM
XUMMUYECKOTO COCTaBa CIJIABOB B MJIOCKOCTU MEXKKPU-
CTAJIUTHBIX TpaHull. OMHAKO KOCBEHHOE CpaBHEHUE
MNpeACcTaBIEHHON TEOPUU C BKCIIEPUMEHTOM MOXHO
MPOBECTHU C INOCTATOYHO BBHICOKOI TOUHOCTHIO, MO-
CKOJIBKY ypaBHeHUA (16), (17) MO3BOJISIOT TTOTYIUTh
BbIpaxeHue (18) U COOTBETCTBYIOLLME MY IKCIEPHU-
MEHTaJIbHbIe 3HaUeHUsT AG.

Mg aToro ¢ momombio dopmyi (16), (17) MoxHO
paccuMTaTh HECOTHOPOMTHOE paclipenesieHe KOHIIeH-
TPALMK IIPUMECH C,(X) B TIOCKOCTH BBIOPaHHOI rpa-
HUIIbl. YCPEIHUB 3TO paclipelesieHre 1o TUIoIaan
TpaHMIIbl, MOJYYUM CpelHee 3HaueHUe KOHLEHTpa-
LIMM aTOMOB IIpUMeECU B cerperauuu c,. IloncraBuB
NOJTyYeHHOE 3HaYeHNUE ¢, B popmyiy (18), MOXHO BbI-
YUCIUTh TEOPETUIECKOE 3HAaUeHUE BeTUYMHBI AG, cO-
OTBETCTBYIOIIee 3adaHHONM TeMIlepaType, 3HaUYeHHUIO
€y U CTPYKTYPHBIM IapaMeTpaM MeXKPUCTAIJIMTHOMN
rpaHuLbl. COOTBETCTBME MEXIY BBIYMCICHHBIM 3Ha-
YyeHHeM BeIUYMHBI AG 1 €T0 U3MEePEeHHBIM 3HaUeHUEM
MOXET CIYXUTb OCHOBOM IJISI 9KCHEPUMEHTAIbHOM
MPOBEPKHU MPENTIOXKEHHON TEOpUMU.

Pacuersl BeMuMHbI AG IO MTPEIIOKEHHOMY Me-
Tomy OBLITV MPOBENEHBI IJIST IBOMHBIX CTUTABOB Ha OC-
HOBeE XeJie3a C pPa3InYHbIMU JIETUPYIOIIMU 3JEMEH-
TaMU 3aMeleHUs, JJIsT KOTOPBIX MMEIOTCS HamesKHO
YCTaHOBJIEHHBIE 3KCIIEpUMEHTaJIbHbIe JaHHbIE [2].
st mpuMepa ObLIM pacCMOTPEHBI Cerperauuu 3je-
MeHTOB P, S, Sn u Ni Ha CUMMETPUYHOII rpaHULIE Ha-
KJIOHA C yIJIOM pa3opueHTaluu Kpuctautos K1 u K2
0 = m/6.

[Ipy Mcnonb30BaHUM MpeajgaraecMoro merona
pacueTa IJIs DBOMHBIX CIIJIaBOB keje3a mpu 1 =
= 1000 K 6pu1n mosgydyeHbl TEOPETUYECKUE 3HAYE-
Hust: AGy, = —12.5 K/Ixx/Monb u AG, = —40.8 KIIx/
MOJIb. DKCIEPUMEHTAIbHBIE NTaHHBIE, IIPUBEACH-
Hble B pabote [2], maioT AG,; = —12 KIx/Monb
u AG, = —38 KJI>X/MOJIb COOTBETCTBEHHO. AHAJIOTUY-

JIOMAEB, BACHUJIBEB

HBIIA pacueT BeIMYUHBI AG 1151 cerperauuii 2JieMeHTOB
S'u Sn B cIlIaBax C XKeJIe30M [1aeT TEOPETUUECKUE 3Ha-
yeHus:: AGg = —46.5 K[Ix/mMonb u AGg, = —56.3 KJIx/
MOJIb. OKCHEPUMEHTaJbHblE 3HAYEHUS PaBHBI:
AG¢ = =51 KIIx/mMomb u AGg, = —58 KIIxx/Momb co-
OTBETCTBEHHO [2].

[TonydeHHbIe pe3yabTaThl MO3BOJSIOT YTBEPKAATD,
YTO ypaBHEHME M30TepMBbI agcopouuu (16) xopoio
coracyeTcs ¢ MMEIOIIMMMUCS 3KCIIepUMEHTATbHBIMU
JAHHBIMU ¥ C OCHOBHBIMU (DU3NYSCKUMU TTPEACTaB-
JIEHUSIMU 00 afcopOLMU MTPUMECHBIX aTOMOB Ha MEX-
KPUCTAJIMTHBIX TPAHUIIAX.

BJIMAHUE N3BbITOYHOI'O OBbEMA
HA CTPYKTYPY CET'PETALIM

PaccmorpuM BiMsiHME M30BITOYHOIO 0ObeMa rpa-
HULBI €, HA CTPYKTYPY CETPEraliuy MpUMecHU U OOLINiA
B M30TEPMBI aacopOIM Ha MEXKPUCTAJUTUTHBIX
rpaHuuax. ABHbINA BUI GYHKIUY €,(r) B KOOPAMHATAX
(x, y, ) mpencraBuM B Bune psina Oypbe:

4
e )=g+ X am<e>sin(%’"y), (19

m>0

311eCh O — yrojl HaKJIOHA KpUCTALIUTOB; [ = a/sin(6/2) —
MEePUO CTPYKTYPhI TPaHUIIBI 10 OCH y; @ — TlapaMeTp
KPUCTAINTINYECKOM pellIeTKU. AMIUIUTYAA

4asin{21'tmsin2 (6/2)}

an() =~ (2mm)? H ,sin(6)sin (6/2) ’

(20)

snech H, ~ a — reomeTpuyeckast TOJIIMHA TPAHULIBI.
JlokanbHble U3MEHEHUs 00beMa JOJKHBI IPUBOIUTH
K U3MEHEHUIM JaBJIeHUs B 00beMe cyiosl. B HelmuHeli-
HOIM TEOPUU CBSI3b JABJIEHUS C 00BbEMHOM nedopma-
el MoXeT OBITh MPEACTaBIcHa B CIEAYIOIIEM BHIIE
[12, 13]:

p(y) = —Ko{e(y) + 2%7 ()} @

3nech Y — nocrosiHHas [proHaiizena. B ycioBusix Mexa-
HUYECKOTO paBHOBECHUS IPAHUIIBI CyMMapHOe JaBie-
HUE 10 TIepUOAY TPAHULILI TOJKHO OBITh pABHO HYJIIO
[12]. DTo maet yciioBHue, HajlaraeMoe Ha KO3 dUIm-
€HThI pasjoxeHus Pypobe:

& =% Y, 4 (0). (22)

m>0

N3 BeipaxeHuit (19)—(22) Haxomum, 4TO MpU
€, — 0 BemmuuHsl {a,,(0), e Ay), p(y)} — 0. B aToM ciy-
yae ypaBHeHue (16) uMeeT peleHue ¢, (¥)= ¢, naxe
npu u,, = 0.

TakuMm oOpa3oM, cerperauusi IIpuMecu Ha MexX-
KPUCTAJUTMTHOM TpaHMIle McUYe3aeT Ipru oOpallieHuN
B HYJIb U30BITOYHOTO 00beMa TPaHUIIHL.
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