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Beryn

Broponmosx 0GaraTbox pOKIB MOCTIHHHMHA iHTEpec
BUKJIMKAE MOAUQIKalis CTPYKTYpU Ta BIACTUBOCTEH
KpPEMHIIO 3a JIONOMOTOI0 Majlof030BOI0 paiialiifHoro,
30KpeMa, peHTreHiBchkoro BImBYy [1-4]. B ocranxi
POKM IHTEHCHBHO JOCIHI/DKYIOTBCS TaKOX 3MIHH B
CTPYKTYpI Ta Y BJIACTUBOCTAX KPEMHIIO MPH il CITabKuX
MarHiTHuX momiB [5-10]. Bimbmricte  pamiamiiHux
nedekTiB  KpeMHil0 € TapaMarHiTHUMH JAe(eKTaMH.
Mertoro 1aHOl pOOOTH € BUBUCHHS SBUII, SKi BUHUKAIOTh
B KpHUcCTaiax KpEeMHito pu KOMOiHyBaHHI
PEHTTCHIBCHKOTO ONMPOMIiHEHHS Ta MarHiTHoro mosns. Lli
SBHIA TPEICTABISIOTh HAayKOBHH 1HTEpec, MpoTe
(dakTHYHO HE JOCHi/PKeHI B JiTepaTypi. BuBuYeHHs
KOMOIHOBaHOT'O PEHTI€HIBCHKOTO Ta MarHiTHOTO BIUIMBY
Ha KpUCTanu Si € aKTyaJbHUM He JIHIIE 3 HAYKOBOI, ae i
3 MPaKTUYHOI TOYKU 30pY, OCKUIBKH A€ MOXIIMBICTh
JIOCUTh YITKO TPOTHO3YyBaTH MOBEAIHKY (hi3MYHUX
XapaKTepPUCTUK KPUCTANIB KPEMHII0O B yMoBax nii
MarHiTHOro TOJISi Ta  ONPOMiHEHHs, TOOTO B
eKCTPEMaJIbHIX YMOBAaX, B SIKHX 4acCTO €KCIUTYaTYIOThCS
BUTOTOBJICHI Ha OCHOBI KPEMHIIO HalliBIIPOBiIHUKOBI
TIPUIIAJIH.

334

|. MeTonnka ekcriepuMeHTy

B po0oti BuBYaiIHCh 3pa3ku KPEMHiI0, BUPOILEHI 10
Metoay YoxpalbChKOro, sSKi Majyd N-THIT HMPOBIIHOCTI i
Oynu JseroBani ¢ochopoM 0 mUTOMOro omopy p = 4,5
Om-cM. B nmocnmimpkeHHsX Oylin BHKOPUCTaHi ABI TpyNu
3paskiB Si. 3pasku 3 mepiioi IpymH MiIaBaikch il
c1a00IHTEHCUBHOTO PEHTI€HIBCHKOro onpoMiHneHHs PO
(D = 10" P) 1o nouatky marsitHoi 06pobku (MO), To6T0
KOMOiHOBaHa 00poOKa 3MifiCHIOBAJaCh B IMOCIIOBHOCTI
«PO + MO». 3pa3ku [Jpyroi Tpymnud OIPOMiHIOBAIHCH
PEHTIreHIBCHKUMHU ITpOMEeHsIMH Tricist npoenerus MO i,
TaKUM YUHOM, KOMOiHOBaHa 0OpOOKa MpPOBOIWIACH Y
3BOPOTHIH ITOCIIIOBHOCTI, @ came y MOCIi0OBHOCTI THUITY
«MO + PO». MarnitHa o0poOka monsrana B TpUBaJIii
(t =7 ni6) ButpuMmI 3paskiB S B c1aOKOMY MOCTIHHOMY
marditTHomy momi (MII) 3 ingykiiero B = 0,17 Tu. Crnin
3a3HAYMTH, IO TOBEPXHS KPEMHII0 B 000X TpymHax
3pa3KiB MICTHJIAa MIap MPUPOAHOTO OKHCITY (OKHCHY
wiieBky SIO;) ToBmmHOI 5HM. ®aKTHYHO, 3pa3Ku
NpPEeNCTaBIsAd  co0o0  cTpykTypy Ty Si-SiO,.
HocmimkyBani B poboTi 3pasku Si, sAKi OpOHILTH
KOMOIHOBaHI 0OpOOKH, MiaBaJIUCh BUMIpaM IapameTpa
rpatku.  [locriilHa  TpaTkm &  BHUMiploBajach
pentrenorpadiuauM MerogoM (Ha PEHTIEHIBCBKOMY
mudpaxromerpi JIPOH-3) mo BiAGHTTIO Bix IUIOHIMH
(111), (222), (333) CuK, - BumpominioBaHus. Jlis
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peectpanii 1HTEHCHUBHOCTI JU]pakmiiHOI KapTUHH B

nmudpaxromeTpi JIPOH-3 BUKOPHUCTOBYBABCS
CJICKTPOHHO-00YHCITIOBATIbHIUN KoMIUiekc YEBY - M2,
cnpsokernii 3 EOM Ha  OCHOBI  IIEPCOHAIEHOTO

komm' totepa |BM -486. Cucrema aBTOMaTHYHOIO
yIpaBiiHHA 3a0e3medye poOOoTy MupakTOMEeTpa SK B
HEMepepBHOMY pEeXKHMi 3 BU3HAYEHOIO IIBUJKICTIO
o0epTaHHs JIYUIIBHUKA, TaK 1 B JJUCKPETHOMY PEXHUMI 3
MOKPOKOBUM CKaHYBaHHSM Ta BHU3HAYEHUM 4YacoM
eKCIO3UIliiT B KOXHIM TOdlli BHOPAHOTO KYTOBOT'O
iHTepBally. AmapaTypHa MOXMOKa BUMIpDIOBaHHS KYTIiB
mudpaxuii He nepeBuinyBana 0,005°, miHa nominku
BiUliKy Ha IM(ppoBOMYy Tabiao OJOKa aBTOMATHYHOTO
ympasiiaas BAY-3 cranouts 0,01°.
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Puc.1. KpuBa gudpakuiiiHoro BigOUTTS  Bifn

wromuan (111) qms  BUXiTHUX 3pa3KiB KpeMHiO Ta
3paskiB Si, sKi IPOWILIH Mal"HlTHy 00poOKy Ticist
peHTreHiBchKoi 00po0OKku. 1 — BuximHmil 3pasok Si; 2,
3, 4 — 3pasku S micia KOMOIHOBaHOI OOpPOOKH
«PO+MO». wac marHiTHOI 00p0oOKH tyo =1 moba
(zanexHicth 2); tvo = 4 m06u (3anexHicts 3); tyo =8
16 (3anexHicTs 4).

[1. Pe3yJbTaTu ekcnepuMMeHTy Ta iX

00roBOpeHHs

Ha puc.l mnpencraBiena imoctpamiss omHiel 3
ofiep)kaHuX B poOOTI KpUBUX MU(PAKLIIHHOTO BiIOUTTSI.
Micns 3amnmucy peHTreHorpadivyHux CIEKTpiB
pO3paxoByBaBCsl TapaMeTp TpaTkKd sl KOXKHOTO 3
nocrimkyBanux Binoutris (111), (222), (333). Ha ocHogi
uX pO3paxyHKiB OynyBanach 3aJIeXKHICTh
a~f(cosg-ctgg) (puc.2). Came mo ampoKcHMAIli Ini€l
3aJIeKHOCTI Ha BiCh OpPJIMHAT 1 BU3HAYAJIOCh YTOYHEHE 1
HAMOIIBII JOCTOBIpHE 3HAYECHHS MTApaMeTpa TPATKH.

IIporeneni JIOCIIIDKEHHS 3aCBIIUNIIH, 110
KOMOiHyBaHHS 00poOOK y Oyab-sKiii TOCIIIOBHOCTI
MIPUBOAUTH bi(s) 3MEHIIECHHS BHYTPIILIHIX
MIKpOHAIpyXeHb. By/lo BCTaHOBIEHO TakoX, IO
KOMOIHOBaHI OOpOOKM BHKIHMKAIOTh 3MIHY HE TUIBKH
MIPY)KHOHATIPY)KEHOT0 CTaHy, aje W 3MiHy MapaMmerpy
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Puc. 2. 3anexHicth, M0 BUKOPUCTOBYBAJACh JUIs
PO3paxyHKy Iapamerpa TpaTKH 3pa3KiB KPEMHIIO, sKi
nporu KoMOiHOBaHy 00poOKy «PO+MO».

rpatku. Ilpu 1bOMy 3MiHM TapaMeTpa TpaTKH Maiu
MiClle JIMIIE y TOMY BHIIQJIKY, KOJH pPEHTTeHiBChKa
00poOka mepedyBajia MarHiTHIH 00poOIli, TOOTO, MpH
KOMOiHyBaHHI 00po0OK y mocmigoBHOCTI «PO+MO».
[lapameTp rpaTku, SKUH 10 KOMOIHOBaHOI 0OpPOOKH
CKJIaziaB BelM4yuHy a = 5,4266, micis noaBiitHOT 00po0Ku
«PO+MO» 3poctaB 10 3HaueHHs a= 54387. B toii xe
yac, y BHIIQJKY, KOJIM MarHiTHa oOpoOka IepemyBaia
pEeHTreHiBChbKi  00poOIli, TOOTO Tpu 00poOwi, sKa
MIPOBOIMIIACH Y TOCHiNOBHOCTI «MO+PO» 3MiHIOBaIUCH
JIUIIE BHYTPIIIHI HANpyKeHHs, a 3MIH Yy BeIHYMHI
rapameTpa TpaTKH He CIOCTePIraioch.

Edexr  3menmienHs  (penakcamii) — IpyXHHX
HaIpy)KeHb MPH 000X THUMaX KOMOIHOBaHUX OOPOOOK i
eekT 30UIbIICHHS MapaMerpa IpaTku TpH  o0poOI
«PO+MO», Ha Haml MOV, TOB'SI3aHUAN 3 MPOIIECAMH,
SIKi TIPOTIKAIOTh SIK B MOHOKPUCTAIIYHIA MaTpHIi, TaK i B
NPUPOJHIA OKHCHIH TUIIBLI, NpPUTaAMaHHIH MOBEPXHI

KpEMHilo.
Posrisinemo 111 nporecu it BUNIaaKy KoMOiHOBaHOT
00pobku  «MO +PO».  3rizHo 3 iCHYIOUMMH

MozenpHUMH ysiBieHHsaMu [11, 12], marHiTHa 06poOKa B
cnabkomy MII Moxe MPUBOAUTH A0 PO3Many XiMiYHHX
3B'S3KIB Y KOMILIEKCaX TOYKOBUX Ne]eKTiB, 30KkpeMa, B
kBasiMonekynax Si-O-Si Ta B OKCHIHHMX KOMILIEKCAax
(SiOy-npenumitarax). Tum camum, MII npuBOAUTH 110
JUCOITiallii MOBEPXHEBOI MPUPOTHOI OKMCHOI IUTIBKH Ta
0 3MEHIICHHS TOB'SI3aHMX 3 HASBHICTIO IUIIBKH
HApYXeHb Yy TOBepxHeBHX mmiapax Si. Omxke, mpu
00pob1i «MO+PO» nonepenus aist MO pyiHye MITiBKY 1
NPUBOAMTH IO peJakcamii MiKpoHampyxeHb. Ha Ham
TIOTJISIII, peJlaKcallisi HalpyKeHb BiI0YBAa€ThCs HE JIUILE
3a paXyHOK pPYWHYBaHHS JDKepeia MIKpPOHANpPYKEeHb —
OKHCHOI IUTIBKM, aje W 3a paxyHOK BHKJIMKaHOoi MO
Moaudikarii peansHoi ctpyktypu Si. Bimomo [6], 1o
MarHiTHe I0J€ CTHMYJIIO€ MiKAe(peKTHI peakuii, B
pe3yapTaTi  SKMX ~IPOTIKAE€ TPOIeC 3B’ sA3yBaHHS
yTBOpeHUX mpH posmnaai SiOx-IperumiTaTiB i30150BaHUX
BaKaHCii Ta MDKBY3JIOBHX aTOMIB KHCHIO Y <HOBI»
KOMIUIEKCH, a caMe KHCHEBO-BAaKaHCIHI KOMIUIEKCH
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turty O-V, siki onepkainu Ha3By A-TIOAIOHUX Ne(eKTiB.
CTUMyIbOBaHUH MAarHiTHOIO Mi€0 MEpexij i30JIb0BaHUX
BaKaHCil y 3B s3aHUI y KOMIUIEKCH CTaH MPHBOIUTDH 10
3MEHILIEHHS]  30H  CTHCHEHHS, ICHYBaHHA  SIKMX
00yMOBJIEHE TIPOIECOM YTBOPEHHSI Ta PyXy BaKaHCIH.
3a3HayeHU Mpolec CTPYKTYpHUX II€PETBOPEHB, SIKi
BUKJIMKAHI €0 MAarHiTHOro TMoOJs, NPUBOAUTH MO
3MEHILIEHHS] BHYTPILIHIX MIKpOHANPYXXEeHb B KpHCTajax
kpemHito.  [lepemiyeHi  mpouecd,  CTUMYNIbOBaHI
MAarHiTHOI0O OOpOOKOIO, TPUBOASTH N0 HIBEIIOBAHHS
MIKpPOHAIPYXKEeHb ICHYIOUMX SIK Ha TPaHUIi CTPYKTypH
Si-SiIO,, Tak i MiKpoHAmpyXeHb, ICHYIOYHX B
MOHOKPHCTAJIIUHIM KpeMmHieBiH Matpumi. Ha Ham
TOTJISA, dis mociiayrouoro micists MO peHTreHiBChKOTO
OIPOMIHEHHS HA KPUCTAIH Si, MOAiOHO 10 MarHiTHOI il
TaKOX TOBMHHA MPHUBOJUTH JIO 3MEHILIEHHS BHYTPIIIHIX
HanpyxkeHb. JlificHo, sk Bimomo, PO BHKIHKaEe MOSBY
MEePBUHHUX Ta BTOPMHHUX pamiauiiinux negekris (PJI),
30kpema, A- Ta E-nedexTiB, TOOTO KOMIUIEKCIB THUIY
«kuceHb-Bakaucis» (O - V), «pochop-akancis» (P - V).
Iinkom iMOBipHO, 11O YTBOpeHHs1 BTOpuHHUX PJ] Ta
3B's3yBaHHS BakaHcidi y kommiekcu P-V0O, O-V B
pe3yapTaTi  Ail  PEHTTCHIBCHKOIO ONPOMIHGHHS Ha
KPEMHIHl  CYNpOBOIDKYETHCS ~ 3HIDKEHHSIM B IHX
KpHCTajax BHYTpIIIHIX HampyxeHb. OTxe, 00yMOBIeHa
€0 PEHTreHIBCHKOTO  ONPOMIHEHHsSI  pelakcaris
BHYTPIIIHIX HampykeHb B KPEMHii TakoXX IIOB’si3aHa 3
CTPYKTYpHOI  pejakcaifi€elo  (MOSBOK  BTOPHHHHX
pamiamifiaux aeheKTis).

He BukiroueHo, mo y BUMNAAKy, KOJNH MOJBiiHa
(xomGiHOBaHa) 0OpPOOKA 3MIHCHIOETHCS Y MOCIIIOBHOCTI
«MO+PO», mocmigytoua miciast MO PO numie crabimizye
CTPYKTYpy, sika yrBopwiacs mpu aii MII, 30kpema,
crabinizye Meractabimpi A-momiOHi gedpexktu (O -V
KOMIUTeKCH). MixkmedekTHi peakiiii Mix A-momiOHUMHU
neeKTaMH 1 BaKaHCIAMHU Ta Peakilii MK A-TodiOHUMHU
neeKTaMu 1 MKBY3JIOBUMH aTOMaMH KHCHIO, sIKi, 5K i
BakaHcii, € nepBUHHUMU PJl, IpUBOASATH A0 yTBOPEHHS
OuTbIl CcTabLMBHUX KoMIUIekciB Tumy O -V, O-Vj,
O;-V, O3-V i 1.n. MoXHa TPUIYCTHTH, IO HOaHI
KOMIUIEKCH € MOTYXHUMHU CTPYKTYPHUMH YTBOPEHHIMH,
SKi CHPUYMHIOIOTH TOSBY HANpyXEHb CTHUCHEHHS.
HampyxeHHsT CTUCHEHHS KOMIICHCYIOTh HANpyXEeHHS
po3Tsary, siKi  OOYMOBJIEHI ~ HPOLIECOM  IEPEXony
130JIbOBaHMX BaKaHCI y 3B's3aHHUI CTaH i YTBOPEHHSIM
koMmIuiekciB. KommeHcarisi  MiKpoHampykeHb 1 €
MPUYMHOIO TOro, mo Tpu 00podui Tumy «PO+MO»
3MiHa MapameTpa rpaTKH He CIOCTePiraeThesl.

MoxHa TIPUITYCTUTH TakoX, 0[O Hpu o0poOr
«PO+MO» mneBHa uacThHa nepBuHHMX PJ[, a came
YacTHHA BakKaHCI 1 MIKBY3JIOBUX aTOMIB aHIrlIIOE B
mporieci pekoMmOiHaIi MiX Cco0OK Ta B MpoIeci IX
B3a€MOIii 3 MAarHITOAKTHBOBAHOIO MOBepXHEI0 Si. B cuiny
uiei oocraBunu mpu o0podui «MO + PO» 3a paxyHOK
inTeHcugikamii MbkIeeKTHUX peaxuiii MiX
neppuHHuMH P/ 1 A-momiOHuMHU medekTaMu, a TaKOX
Mix nepBuHHMMHU PJ] 1 moBepxuero, BropunHi P/l He
BCTHUTaIOTh YTBOPIOBATHUCH, 200 XK 1X KUIBKICTh HACTIIBKH
Mania, [I0 BOHAa HE IO3HAYAa€ThCS HA 3MiHI Iapamerpa

TpaTKH.
[IpoTuiexxHa CUTYyallisi BUHUKAE Y BUMIAAKY 0OpOOKHU
«PO +MO». Sk yke 3a3Ha4aioch, KOMOIHYBaHHS
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00pobox y mociimoBHOCTI «PO + MO» BHKIHKAEe HE
JIMIIe 3MiHY MIKpOHAIpYXKeHb, aje i 3MiHy mapamerpa
rpaTKM B TIIPOTHBary KOMOIHYBaHHIO OOpOOKH Y
nocnigoBHocti  «MO + PO».  Po3risiHeMo  MexaHizm
BIUIUBY KOMOiHOBaHOi 00poOku «PO + MO» Ttpoxu
neranbHime. Bimomo [13], 1m0 KOMIIEKCH TOYKOBUX
nebdekris (BropunHi PJI), siki 3'SBISIOTECS B KpHCTaNax
S B pesyaprari il paniaimii, (OpMYIOTh CTaHUd 3
MAarHiTHAUM BIOPSIKYBaHHSM KOOIIEPATUBHOI'O THITY.
MarniTHe BIOpsSAKyBaHHS BTOpuHHHX PJl B KpemHii
MOX€ TPHUBOIUTH IO HACTYITHHX HACTiJKiB. B Hammx
eKCIIEpUMEHTAJIbHUX  yMOBaX, TOOTO B  yMOBax
koMGiHoBaHoi 00poOku Tumy «PO +MO», MO, ska
3aiicHIOETECS mmicisa PO, He BUKIMKAE CIIH-3aJIEXHOrO
nocnabieHHss 1 po3magy  XIMIYHMX — 3B'S3KIB Y
MarHiTOBIOPsAAKOBaHUX KomIuiekcax PJI. Omke, MO, 1o
MpoBOIUThCsA Tmicns PO, NpUBOAWTH A0 AMCOIMIiAMii
wriiBku SiO,, aje He 3JaTHA MPUBECTH Hi 10 pO3Magy
XIMIYHMX 3B’sA3KIB B KoMIniekcax PJI, HiI 10
MiKAehekTHHX peakiid Mik PO 1 A-nomiOHuMH
nedexramu. B cuity uporo npu noagsiiiHili 00poOIi TUIY
«PO + MO» Bcrurarots yreoputuch Bropunni P (O -
V, P-V), ski, BiacHe, i JOMiHYIOTh B KpucTaiax S.

MoxHa TNPUIYCTUTH, IO HACTIIAKOM YTBOPCHHS
BTOpUHHUX PJ[ € J0CHTh ICTOTHE 3MCHIICHHS
KOHIICHTpAIlii 130JJbOBAaHUX BaKaHCIH 1, BIJMOBIIHO,

IHTEHCHBHA peJaKcallisi BHYTPIIIHIX MiKpPOHAIIPYXKEHb.
IcroTHE 3MeHIIEHHS] BHYTPINIHIX MiKpOHANpPYKEHb HPHU
00po6mi «PO + MO» 1 BUKIHKaE 3MiHy (3pOCTaHHS)
napamerpa rpaTtku. He BuKIIoueHo, 1110, B IPOTHBAry 10
00pobku THIy «PO + MO», npu 06podui «MO + PO»
KOHLICHTpALisl BAKAHCIH 3MEHIIYEThCS HE TaK CYTTEBO.

TakuM 4nHOM, TIpH 000X BapiaHTaX KOMOIHOBaHHMX
00po0OK Mae Miclie 3MEHIIeHHsT MiKpOHAINpYKeHb, SKe
BiOyBaeThCsl, TMO-TIeplle, 3a PpaxyHOK pyHHamil
npupoHoi okucHoi wiiBky B MII, no-apyre, 3a paxyHOK
3MiHH CTPYKTypu KpuctaniB S. [Ipu 1poMy, y BUNAAKY
KOMOiHOBaHOI 00poOku «MO + PO» B  cTpyKTypi
JMIOMIHYIOTh ¢TabiTbHI komIuiekcH O - Vo, O - V3, O, -V,
O;-V, sxi He BIUIMBAIOTH Ha NapaMmerp TpaTku. Y
BUNAJKy TMOABIHHOI 00poOku «PO+MO» nOMiHYIOTH
BropunHi PJI, came A- ta E-nedexru, T00TO KOMILIEKCH
O-V, P-V, axi i npuBomiTh [0 3MiHH MNapamerpy
TpaTKH.

Ha ocranok 3a3naummo HactynHe. Bimomo, mio
HalikopoTima MixkaromHa Bimgange (d) abo goBXHHA
BaJICHTHOTO 3B’S3KYy, IIOB'S3aHA 3 EHEPri€l0 PEIIiTKH

(TemtoTorO aTomizarlii) (AH%,00) 00epHEHO
MIPOMOPIIHHUM 3B’ I3KOM:
k 330 .
DH° (mna C, Si,Ge), (D

amow — e = e

ne d — HalKOpOTIIIa MiXKaTOMHA BificTaHb (ab0 JTOBXKUHA
BAJICHTHOT'O 3B’ 13KY); K, M — KOHCTaHTH.

Buxomsun 3 oJepkaHMX B Hammi  poOOTI
PE3YABTATIB, IO CTOCYIOTHCS 3MIHH MapaMeTpa IPaTKU
npu  KOMOiHyBaHHI  OOpOOOK y  TOCIIJIOBHOCTI

«PO + MO», MOXXHa MIPUITYCTUTH, 1110 B TAKOMY BapiaHTi
KOMOIHOBaHMX OOpPOOOK EHEeprisi pPEeUITKH KPEMHIiIo
3MEHIIYETHCS y TIOPIBHSIHHI 3 BUXIAHUM (KOHTPOJIBHHM)
3HAYEHHsSM eHeprii pemnitku. B mporuBary  no
3a3HAYEHOr0 BapiaHTy, NpH KOMOiHYBaHHI 00poOOK Y
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TIOCITi IOBHOCTI «MO + PO» eHepris pemiTKu IHTEHCHBHOTO  PEHTTEHIBCBKOIO  ONPOMIHEHHS  Ta
3aJIMIIAETECI HE3MIHHOIO 110 BiJHOIIEHHIO O BUXITHUX CTabKOro  MAarHiTHOO  IOJS  CIPUYMHIOE  3MIHY
3HAYEHD. BHYTPIIIHIX MIKpO HAIpPYKCHb Ta IapaMeTpy TPaTKH

KPHCTAJIB KPEMHIIO.
2. BcraHoBieHO 3aeXHICTh BHSBIEHHX 3MIH BiJ
BucHoBKH HOCITiIOBHOCTI KOMOIHYBaHHs 00pOGOK.
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Change of internal pressure and lattice parameter in silicon crystals stimulated by the combined action of X-ray
and a magnetic field are reved ed. The fixed changes can be connected with course of structura relaxation processes.
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