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PEUEH3UA
Ha kHury npodpeccopa B.U. LLlexTmana u P.A. [lunanAHa
«BBefieHne B peHTreHOBCKYH KpucTannorpaduio»

Mpeanaraemas k usganuio kuura npod. B.II. Hlextmana u P.A. lnnansua «BseaeHue B
PEHTIeHOBCKYIO KpHCTaiorpaduio» npeIHa3HayeHa B KauecTse yueOHOro nocodus mno aHajm-
3y CTPYKTYpbl TBEPABIX Te [UIA CTYAEHTOB, CTAXEPOB, ACMIUPAHTOB M HHKENEPOB, HAYHHBIX
160 MPOU3BOACTBEHHBIX TAGOPATOPHIA. B KHHMre HA HHTEPECHOM (DK THHECKOM MATEpHAIE 110~
Ka3aHO pa3BUTHE MOAXOJO0B CTPYKTYPHOTO aHajlu3a KPUCTAJJIOB, HAYMHas ¢ MEpBOHAYA/IBHBIX
OCHOB KpHcTaanorpaduu 10 MPUHLUIOB CTPOEHUS pa3iooOpa3HbIX COBPEMEHHBIX MaTepHa-
JI0B. ABTOp TIPUBOAMT MHOFOUYHCIICHHbIE HCTOPHYECKHE M OYEHD JIIODOMBITHBIE OTCTYIUICHHS,
KOTOpBIE 3aMETHO MPEMSTCTBYIOT CTATUUHOCTH y4ebHOro MaTepuaa.

Cpeau yueOHOM TUTEPATYPBI, MOCBAILEHHON aHAJIOTHYHBIM BOTIPOCAM, UMEETCH MHOKECTBO
KHUT U OpOLIIOp, KOTOPbIE OCBEAIOT Pa3HOOGpa3Hble BOMPOCHI PEHTTEHOBCKOH KPUCTAILIO-
rpaduu. OaHAKO, HECOMHEHHO, HMEETCS MOTPEOHOCTb B U3AAHUAX, OTPAXKAIOLWINX COCTOTHUC
KpHcTaniorpaduueckoi HayK! U KCIIEpUMEHTAIbHOH TexHUKU. Kpome Toro, B OTE4YEeCTBEHHOH
yuebHoMl UTepaType MPAKTHYECKH OTCYTCTBYIOT MCTOYHHKH, JOCTATOYHO MOJTHO OXBATHIBALO-
IL{MEe ONHOBPEMEHHO H PEHTIeHOANPPAKLIMOHHbIH AHAJIN3 U IKCTIEPUMEHTAJIbHbIE 3a1a49H busu-
yeckoro marepuanoseaenud. [lpeanaraemas KHHUra YCTENIHO BOCIIONHSAET 3TOT NMPoden Kak B
OTEUECTBEHHOM, TAK U 3apyOexHON yuebHOu nuTeparype.

KHH1ra HAlMCaHA XOPOLINM A3bIKOM, COICPKUT MHOTO MHTEPECHBIX MILTIOCTPALINH U HE Tpe-
GyeT IS MOHMMAHMS JKCIIEPMMEHTA OCBOEHHS CMEUMabHbIX KypcoB. Bee, uto HEOOX0aUMO
3HATB UTA YCHELIHOro YTEHHst KHUIH, — ITO MporpaMma obuei pu3uku 11 yHUBEPCHTETA JIn-
60 Texuuueckoro Bys3a. Kuura npod. B.L. Lextmana u P.A. lunansta MHTEpeCHa €LIE U TEM,
YTO B HEH MpUBENEHbI MHOTOUYHCIEHHBIE ACTIEKTbl COBPEMEHHbBIX IKCMEPUMEHTANIBHBIX 3a1ad,
OCBALIEHHBIX CTPYKTYPHBIM MEPECTPOHKAM, PeaTbHOM CTPYKTYpPE H Ha30BbIM NPEBPALLCHUAM.
PaccMOTpeHbl OCOBEHHOCTH YHHKAIIBHBIX MPOGIIeM, CBA3aHHBIX C HOBOH MonuduKauunen yrie-
poaa — GynepeHoM, ¢ Ka4eCTBEHHO HOBBIMU TIOHATUAMH, KOTOPbIE 00BEANHAIOTCA TEPMHHOM
AnepHOAMYECKHMI KPUCTAIUT — MOTMAOMEHHBIE CTPYKTYPbl, MOAYJIMPOBAHHBIE CTPYKTYPBI, KBA-
3UKPUCTAILIBI C CUMMETPHEH NaToro nopsiaka. flpeutaraemMas KHUrA BBOAUT HUTATEIS B MUP
COBPEMEHHOIO CTPYKTYPHOTO alalu3a U MO3BOIISET MO3HAKOMHTLCS C COBPEMEIIBIM J1abopa-
TOPHBIM 060PYI0BAHMEM, TAET HABBIKH UCCIEA0BAHNS CTPYKTYP PA3IMUHbBIX MATCPHAIOB.

[Mo cBoeMy coaep)aHHi0 KHUra sBseTcs 060OUEHHEM OMbITa MHOTOJIETHETO Mpenoaasa-
HUS Kypca JUIS CTYAeHTOB MOCKOBCKOTO (H3HKO-TEXHHYECKOrO HHCTUTYTA, QU3MUECKOro ta-
kynbreta [Toamockosroro duinana MI'Y B Hayunom uentpe B Hepiioroyoske. B kHure usno-
XEeHbl OCHOBbI GU3HKK AMDPAKIMH, COBPEMEHHOH KpHucTaiorpadum u JKCTIEPUMENTAbHbIE
METOJIbl HCCIENOBAHMS CTPYKTYpbl MaTepHaioB. JlaiHoe nocobue cocTabiIseT ocHOBY Ui 00-
fee rayboKOro U3y4eHUst PA3TUUHBIX [J1AB COBPEMEHHOTO CTPYKTYPHOIO aHAIU3A.

[MpencraBaeHHBIA TPYA OKAXETCA MMOJIE3HBIM HE TOJIBKO /I CTYAEHTOB, HO U A4 ¢dbu3mKoB-
JKCIIEPUMEHTATOPOB, UCIIOJIB3YIOWHNX B CBOE paboTe pazHOOOpas3HbIE METObI HCCIIEN0BAHNS
CTpYKTypHoii KpucTamtorpaguu. OH MOXKET TaKXkKe UCTOIb30BATHCA B KA4CCTBE y4ebHOro 10-
COBUS TS CTaXKEePOB-UCCIIEA0BATENEl, aCMUPAHTOB U UIDKEHEPOB, NPEANOJIATAIOIIMX HCIO/Ib-
30BATh B MPAKTHUYECKON AESTEILHOCTH HOBBIE METOJIbl HCCIIEAOBAHNS CTPYKTYPbl KPUCTAIIIOB.

Axadevuux PAH
[0.A. OCUHIIBAH



Beedeiue 6 penmeetogckyio kpucmanrioZpaguio 7

BBEOEHUE

CopepxaHue, Lenu n obvem Kypca

JlaHHbBIH KypC BKIOYAeT B ceGs: OropHble MOHATUSA KpUCTaorpadguu; coOCTBENHO peHTre-
HOCTPYKTYPHBIH aHAH3; KPATKO — BO3MOXHOCTH CHIXPOTPOHHOIO H3/IydeHHs, IMppaKunu
37IEKTPOHOB, SACPHOrO U MATHUTHOIO paccesiHus HEHTPOHOB; COBPEMEHHBIE IKCIEPUMEHTANb-
HbI€E 3a4d4U CTPYKTYPHOTO aHAIN3A; 00630p BEAYLLMX TEHACHLMI (PHU3HYECKOTO MaTepUanoBee-
HUs. O6BEM KHUIHM COOTBETCTBYET KYpCY JIEKLHH MPOLOKUTENBHOCTBIO B OJMH YUeOHBIH ce-
mecTp. DddexTUBHOE 3aKperieline MaTepHaia [peanonaraeT MOoCleayomee BbIOIHEHHE
MPaKTHKYMa W3 MATH 1a00pATOPHBIX PaGOT B COOTBETCTBUU C U3daHneM: «PenTrenoandpakun-
OHHBIE U EKTPOHHO-MHUKPOCKOITMUYECKHE METOABI aHAIN3a aTOMHIO-KPHCTAJUIMYECKOH CTPYK-
TYpbl MaTepUATIOB» (METOAMYECKOE MOCOOME [UTA CTYAEHTOB W AcClMPAHTOB) MO/ peaaxkuueH
[llextmana B.1L. u CyBoposa D.B, UDTT PAH, [Moamockosublit punnan MI'Y um, M.B. Jlo-
morocoBa, YepHorososka, 2000).

BocTpe6oBaHHOCTBL ITOr0 Kypca OINMPEAessieTcss BaXXHON POJIbI0 COBPEMEHHOTO 3HAHHWS O
CTPYKTYpe KOHACHCUPOBAHHBIX CPell TSl CMeLMaIM3alny 1o GU3HKe TBEPAOro TeNa n dpusndec-
KOMY MATEpHAJIOBEIEHHNIO. B KAKOM-TO CMbICIIE aKTUBHOE CTAHOBJIEHHE ITHX CAMOCTOATENbHBIX
pa3aenos PU3KMKHK COBIAMAET MO BPEMEHH — HAYAJIO NPEAbLLYILErO BEKA — C OTKPHITHEM TPSAMO-
ro METOd UCCIIEAOBAHNS ATOMHONH CTPYKTYPbI KPHCTA/LIOB.

Uutepecen kommentapuit M. Jlays*: «Mctopus Gpu3nky 1aeT HAM MPUMEPBI TOTO, KaK JIBE CO-
BEPLUEHHO HE3aBUCUMbIE, PA3BUTBIC PA3TUUHBIMHU LIKOJAMH TEOPHH, HANPUMED BOJIHOBAS TEOPHS
© PEHTreHOBCKHUX JIydeil 1 aTOMHAS TEOPHs KPUCTAILIOB, HEOKUAAHHO CXOAATCS M CBOOOAHO COCH-
HSAIOTCS APYT ¢ Apyrom». M3BecTHO, YTO MOCIEACTBUAMHU ITOIO OTKPBITHS ABHJIMCH U YCTAHOBIIE-
HUE MPUPOMAbI PEHTIEHOBCKUX JTydeil W pasBUTHE (ylIaMEHTAIbHBIX MOHATHH ATOMHOMN CMEKT-
POCKOTHUH, CBA3aHHBIX C MOJIEMbIO CTpoelinsg atoMa. Hain npeaMer B manHom ciryyae cocpenoro-
Yen Ha CTPYKTYpHO# BeTBH. JTa BeTBb M ceifyac IEMOINICTPUPYET TEHAEHUMIO K BHE3AMHBIM 11PO-
pbIBAM M MAPALOKCANIbIBIM 03apeHuaM. bauskue u3BecTHble MPUMEPDI — MPOOIEMATHKA KBA3HK-
PUCTAIIIOB, ArlepUOAMYECKHE KPHCTALTbI C HECOU3MEPUMOH Moayauueit, hyiutepetibl, pasziioo6-
Pa3HbII MUD CIIOXHBIX OKCHIOB CO CBEPXMPOBOAAILIMMHU CBOHCTBaMH. COOTBETCTBENIIO, PACIIM-
PACTCA M BCS COBOKYMHOCTB 3a/1a4 — OT TBEPAOTO Ted, KAK KOHCTPYKLIMOHHOTO MATEPHATTA, K
KpUCTa/lTy, Kak MpuOopy, U K a1emMenTHOH 6ase npolieccopa. ITO HE TOJILKO SABJISCTCS OCHOBAHU-
€M [UTA ONTUMUCTHYECKHX TIPOTHO30B, HO U OMpeessieT He0OX0AMMOCTh AOMOMHEHHA UMEIOLIEH-
cst yueOHO-HAYUHOM JIMTEPATYPbI.

[To nosoay 3arosioBka AaHHOM KHUTH. Mcronb3osaline CIOBOCOUETAHUS «PEHTIENOBCKaAs
kpuctasiorpadus» (X-ray crystallography**) na nain B3rjisa JOrHYECKH ONPABIANO, BBULY
BLIPAXKEHHOrO B3aUMOINPOHUKHOBEHHUS YKA3aHHBIX BbILIE ONTUYECKUX U CTPYKTYPIIBIX MPHHLIK-
nos. [TocTpoetine ITOM 0OIACTH HAYKH TAKXKe NPEANONATaeT B3BEIUICHHOE pa3Ie/eHHe BIHHMA-
HUS MeXAy NPUHLIMNAMM TEOPHH PACCEesiHHA (C COOTBETCTBYIOIIMMH IKCMEPUMEHTATIbHBIMU

* M. Jlays. Mcropus grsnxi. TUTTIL M., 1956, ctp.13
** Cwm. nanpumep: International tables for X-ray erystallography. vol.1, Kynoch Press. Birmingham. Englund, 1969: sucpssic.
no-suauMomy, B krire R. James. X-ray crystallography. Mcthuen, London. 1929)
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NpHEeMaMH) U KpUCTAUTOrpauUecKMMH MOHATHSAMH — OT KAHOHMYECKOTO ONMUCAHUS 10 peab-
HBIX CTPYKTYPHBIX MpoueccoB. [TocienoBaTenbHOCTD U3TOXKEHHUS B TEKCTE OTNPENEIIETCS TAKXKE
3TOH OUMOAPHOCTHIO.

B nepBoit yacTu cpaBHUTENIBHO JAKOHHYHO M3/IaraloTcs OCHOBBI CTpoeHus Kpuctasios. [Ipu
3TOM HCIOJB3YIOTCS MOAXOIbI CTAHAaPTHOH reOMETPUYECKOM KpUcTanorpaduu; cnenraibHoe
BHUMAHUE YAEIAeTCs TEPMUHOIOIMH U Knacccuukauuu. [1o BO3MOXHOCTH AAOTCS NPUEMBI
AKTHBHOT'O UCITOJIb30BAHUSA MATPUYHOM anreGpsl A1 rpyni CUMMETPHUH, UMeES B BUIY BBIXO/ 32
paMku GopManmpHOTO MepevyuciieHHst CTPYKTYPHBIX KJIACCOB M ONMUCAHUS KPHCTA/LIOB B «boTa-
HU4Yeckoi» cxeme. B rnase 1.6 ycTaHaBIMBaIOTCS MUCXOAHBIE JTIOTHYECKHE CBA3H C OCHOBHBIMH
ypaBHeHUSIMU AU PAKLUIH; Yepe3 NOHATHE 0OPATHOMN PEIleTKH AAI0TCA KOHTYPbI TUdpakLHOH-
HOH Mpo0yieMaTHKH, KaK HAabOpa IKCMEPUMEHTATBHBIX CXEM.

Bropas uyacte — meroauyeckast — gaetr obllee MpeacTaBiIeHHE O NMPUOOPHOM OCHALLEHHUH
PEHTIeHOBCKHX JlabopaTopuit. CrnielnaibHOe BHUMAHUE YIENSAETCS TEXHHKE CUHXPOTPOHHOTO
U3JTy4eHHs, TpUOOPOB CTaHAAPTHOM 31eKTpoHOTrpaduu 1 AubpaKUUK MEATIEHHBIX JJIEKTPOHOB.
KpaTko onucaHbl HCTOYHHKH TEMUIOBbIX HEHTPOHOB AJIS MCCIEOBATENbCKUX 3aaay. B cneuu-
, QJIbHOM NPHJIOKEHUH MPUBEIEH CITUCOK KPYNHEHLINX MUPOBBIX LEHTPOB KOJUIEKTHBHOIO MOJIb-
30BaHUS — CHHXPOTPOHHBIX UCTOYHUKOB M HCCIIEI0BATEIbCKUX PEAKTOPOB.

TpeTbst 4acTh MOCTPOEHA MO TPAAUIIMOHHON CXEME M3JI0XKEHUS OCHOB PEHTTeHOBCKOH aud-
pPaKkLUMOHHOW OMNTHKHU. B mepBbix ueThipex I1aBax BbICTPAMBAETCA CTAHOAPTHAS JIOrHUYecKas
MOC/IEI0BATENBHOCTh — aTOM#HAA aMIUTUTYa, CTPYKTYpHAs aMIUIMTYAa, HHTepepeHLHOoiHas
byukumns Jlays, paznoxkeHnue 37eKTPOHHON MIOCKOCTH B TpexMepHbIi psia Dypbe, NoaXoas! K
pewieHHio obpatHoi 3agaun nudpakunn. Unmoctpupyercs cneundpuka AMdpaKUUOHHBIX 3a-
Jay C HCIOJIb30BAHHEM [e-OpOMHIIEBCKUX BOJH: IEKTPOHOrpadus, KOrepeHTHOE paccesHue
HEHTPOHOB — slepHOe U MarHuTHoe. OCcOOEHHOCTH OTKAa3a OT NMepBoro GOPHOBCKOro MpUOIU-
KeHUs — 3PGHeKTHl THHAMHUYECKOH TEOPHUH — SABIIFIOTCA MPEIMETOM 3aKIIOUHTENbHON I1aBsl 3.5.

B 4eTBepTyIO 4acTh BbLAEIEHBI TUITOBBIC HANPABIICHHS IKCNIEPUMEHTAIBHbIX 3a1a4 AU(paK-
UMOHHOrO aHayin3a. YHCIo NMpUHUMITHAIIBHO UHTEPECHBIX M Pa311000pa3HBIX CTPYKTYPHBIX CH-
TyalHii BecbMa BeJIMKO U TPeOYIOTCS 3aMETHbIE OrPAHUYEHUs, UCXOAS U3 00beMa JaHHOIO 110-
BeCTBOBaHMsA. B 1aHHOM pa3szesie Mbl MBITAJIMCh BbIAEPXKATh «PABHOBECHE» MEXIy BOCTpebo-
BAHHBIMH TPAIULUMOHHBIMH MpUEMaMH aTTECTALMH ATOMHO-CTPYKTYPHBIX XapaKTEPHUCTHK H
HOBBIMH BO3MOXHOCTAMH TMPH UCTIOJIb30BAHUH COBPEMEHHON TEXHUKH.

B KOMIO3ULMH MATOM YaCTH MpPEACTaBIeHO HECKOIbKO XapaKTepHbIX 3alay, CBA3AHHBIX C
fpeobpa30BaHUAMH KPHUCTAUTMUECKOH CTPYKTYPbl B METAIIMYECKUX cucTeMax. CrieluanpHoe
BHUMAHHE yAENEHO aTOMHBIM KOHGMUIypauMsM MOJIMIOMEHHOrO KPUCTasa, BO3HHKAIOIIUM
npu 6e3anddy3roHHBIX MpeBpallieHUsX. 3aKIIOUUTENbHAS IT1aBa BBOINUT B PACCMOTPEHHUE HEOP-
JMHAPHbBIE CTPYKTYPbI — allepHOIUYECKUH KPUCTAILI, KBA3UKPHUCTAILI, (ysinepeH, Kak CyLiecT-
BEHHO HOBbIE HAIMpaBJIeHUs B Pa3BUTHUH KpUCTalIorpaduu.

Knura nocrpoeHa Tak, 4ToObI €€ MOIJIM UCTOJb30BaTh CTYAEHTH!I M aclUpPaHThl B TPOLIECCE
0oOyueHHs, a TaKXKe UHXEHEPbl U Hay4yHblE COTPYIHHUKH CMEXHBIX CIIELHUANIbHOCTEH, HUMEIOLIHE
HEOOXOOUMOCTh MPUMEHUTH B MPAKTHKE Ja60paTOpPHil COBPEMEHHbIE MOAXOAbl CTPYKTYpHOMH
KpHcTamiorpagpum.



Yactb 1
ANEMEHTbI KPUCTANNOIrPA®UU

Masa 1.1

FEOMETPUYECKOE ONMUCAHUE TPAHCNALMOHHOW PELLUETKMW.
NOHATUA U TEPMUHbDI

1.1.1. PeweTka y3noB

Obwue 3amevanus. TIepBUYHBIM MOCTPOEHHEM, KOTOPOE HCMOJIb3YETCs ISl OMUCAHUS KPHC-
Ta/noB (cM. puc. 1.1.1), gpasercst TpexMepHas TpAHCIALMOHHAS pelleTKa y3/710B. B npuHsToM rpa-
(UUYECKOM HCIIOSHEHUH eIMHUYHBIR y3esl pelleTKH, H300paxaeMblil TOUKOM, ABISETCS TeM jie-
MEHTOM, KOTOPbI GECKOHEUHO BOCMIPOM3BOAUTCS Ha Oa3e CETKH KOOPAHMHATHBIX HEKOMIUTAHAP-
HbIX HanpasneHui. I1px 3TOM yMeCTHBIMU KaXKyTCst HECKOJIbKO NpeABapUTEIbHBIX 3aMeyaHHH.

¥Y3en pewerkyd B BHAE TOUKH CIYXUT
JIMUIb CUMBOJIOM, MCIONb3YEMbBIM 15
OMUCAaHUSA TPAHCISILMHU KaK Orepauuu
CHMMETPHH.

C caMoro Ha4aja cneayeT y4ecTb, 4To
B MOJIHOH KpHCTa/iorpaduyeckoi
TPAaKTOBKE MOHSATHE Y3714 TPAHCIALH-
OHHOM PEIUETKH 3aMETHO YyIaJeHO OT
MHTYUTHUBHOrO oOpa3a MareMaruuec-
KOH TOUKH B BHIAE Cepbl HUcUe3aloLe
manoro auametpa. Ecnu ocraBatscs B
paMKax HaDISAHBIX [PEACTABICHUMN,
nobble TOYKH B KOOpAMHATaX KpHC-
TAJUIMYECKOTO MPOCTPaHCTBA —~ 3TO [5 -20]
«OYeHb MaNleHbKHe» QUIYPKH OTHIOND Puc. 1.1.1. TpancnsunonHas pelieTka y3nos

He cepUuuecKoil, a 6onee HU3KOH CUM- B KOOPAMHATHOMN mtockocTH XY

meTpun. Huxe 6yner nokasano, 4to

TOYKA C 3aJaHHBIMM KOOpAMHATAMH MO3ULHMH BHYTPH SUEHKH B OOLLUEM Clydyae COOTBET-
CTBYET aCHMMETPHUYHOMY F€OMETPHUECKOMY 00pa3y.

Hpyrum «npenoctepexxeHuemM» ABsSeTCS HEOOXOHMMMOCTh YETKOIrO pa3iesieHUs TEPMUHOB
«TpaHCIAUMOHHAs (KpUCTAUIMYECKAs) peleTKa» U «KpUCTAJUIMYecKas CTpYKTypa». Buabl
PELUETOK, UX UHUCIIO B IPOCTPAHCTBE 3aaHIOH MEPHOCTH — BCE 3TO OTHOCUTCS K pa3pady 3a-
Jay MateMaTHUYeCKUX TO pasdeny HarisaHoH reomerpuu (intuitive geometry). ATOMHO-
KpHCTaJlIIMuecKasi CTPyKTypa — 3TO KaUeCTBEHHO MHOE MOHATHE U3 001acTH QHU3MKK K XH-
MUK MaTepHanoB. Yucio pacuindpoBaHHBIX CTPYKTYP HACUMTBIBAET AECITKH ThICHY; JIMIIIb
B C/Ty4ae HECKOJIbKMX MPOCTENILIMX IPHUMEPOB [UTsl YUCTBIX 3JIEMEHTOB MOJ0KEHHE BCEX aTO-
MOB B fiUeHKe OKa3bIBaeTCs HAEHTHYHBIM C MO3HMLHSIMHM y3IIOB pelIeTKH. Beenenue nousruit
«CJIOXHast peleTKa», «0a3uc peuleTKH», pEeKOMEHAYEMOe B HEKOTOPBIX MOCOOHSX, HE MO-
XKET CNYXKMTh OCHOBO#M /U1 PALIMOHAIBHOTO aHAJIM3a MHOTOOOPA3HbIX ATOMHBIX CTPYKTYP.

B naHHOI rmaBe KpaTKO paccMaTpUBAIOTCA reoMeTpUHueckHe, B 60bLICH CTENEHH TEPMHHO-
JIOTHUYECKHE aCMEKThl OOLIENPUHATOrO OMUCatnsg TPAHCIAUHOHHON pelueTkd. [1pobiemsl pas-
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BEPHYTOr0 0OOOCHOBAHHSA, B KOTOPOM IMOC/IEA0BATENBHO MCIIOJIL3YIOTCS MPUHLMITBI CHMMETPHH,
OyayT npeaMeToOM MOCeAYIOUHX TJI1aB.

Daemenmapnas saueiika. B abCTpakTHOM MOCTAHOBKE Y371l TPEXMEPHOU PELIETKH pACCMATPH-
BAIOTCA K4K BEPUIMHBI Mapajesenuneaos. BoiOpaHHbIA 37eMCHTAPHbIA Mapanienenunesn —
AueilKka — MyTeM TdPaAJIIeIbHbIX EPEHOCOB — MPAHCAAYUI — BOCTIPOU3BO/IKT BCIO PELUCTKY.

dopmabHoe H300pakeHHe KPUCTAILTUYECKON PELIETKH OOLIYHO MOSCHACTCS MOCTPOSHHEM, NPEL-
crasnenHbM Ha puc. 1.1.1. [pu 3ToM 3amaercs HaGop Tpex GA3NCHBIX BEKTOPOB @, b, ¢, KOTOpbIE Ofl-
PEENOT MACIUTabbl U HAMPABIIEHHS TAPAUTETBHBIX EPEHOCOB MIEMEHTAPHON SUCHKH; ITH TPAHC-
ngumy 6e3 OrpaHUYEHHI Pa3MHOXKAIOT HCXOAHBIH y3en, MOMELLEHHbIH B M30paHHOM Havasle KOOpIH-
HaT. BosHuKaroLas npy 3ToM NpOCTPaHCTBeHHAS KOH(HUIYpalUs Y3TOB OMHCHIBACTCS KAK HPUMUNTUG-
HAas TPAHCSIUMOHHAS pelieTka. MacliTabbl 3TOro NoCTpOEHNs 3a1ai0T CKATAPHbBIE XapaKTEPHCTHKH
HCTIO/B3YEMbIX Ga3UCHBIX BEKTOPOB — d, b, ¢, ., B, ¥ — MOCTOsHHbIC (MHAYE «TIEPHOABD HIIH «TapaMe-
TpbI») pelleTKH. BoiGop Ga3HCHbIX BEKTOPOB ONpedesseT XapaKTepHbIH BUA 3IEMEHTapHOro Mapai-
nefenunena st HAMMSIHOTO OTMCAHMS IAHHOR PELLETKH M YHUCIIO YIOB, «IIPHHAIUIEXALLHX» OAHOH
siueiike. Tak, Kaxaas U3 BEPILMH NapasUie/ier1reaa SBisieTcs OOLEN IS BOCbMH COCETHNX SUEEK H,
CTe0BaTEbHO, K OMHOMN NPUMHTHBHOMN SUeHKe MOXKeET ObITb OTHECEH OAMH y3eil. B HENnpHMHUTHBHbIX
STUEHKaX MMEFOTC Y3Tbl B LEHTPax (MapajuiesiorpaMMOB) rpaHei, o B LienTpe (Mapauienenurieaa)
srueitky. Hike OMmMCBIBAIOTCS KOH(PHTYPALMHU Pa3THUHbIX THUITIOB SUYEEK B IPUHATON HOMEHKJIATYpE.

[Mpunsimeie 06031auenus 31eMCNIMAPIBIX NAPALICICAUNCO0E.

P — npuMHTUBHAS sUeiKa, Y3/Ibl TOJIBKO B BEPLIMHAX MAapa/Ule/eNumneld; BEKTOpa Tparics-
LMK TONBKO TPUBHANIBHBIE @, b, ¢; HA OAHY 2JIEMEHTAPHYIO AUEHKY MTPUXOIUTCS OAMH Y3EIl.

p - AByMepHAas NPUMHUTHBHAA PELLETKA.

A — 6GOKOUEHTPUPOBAHHAS sTYeHKa, y3/Ibl PACMONATAIOTCA HE TOJIbKO B BCPLUIMHAX Napaiie-
JIenMMeaa, HO M B LIEHTpax rpaHeil, napauienbHbiX KoopaHHaTHo#H miockoctH Y0Z; co-
XpaHAIOTCS TPHBHAJIbHBIE BEKTOPA a, b, ¢; 100ABIAETCS CrIEUHANBHbBIH BEKTOP TPANCIA-
unu (b + ¢)/2; Ha Oy INEMEHTAPHYIO AYEHKY ITPUXOAUTCS [IBA Y371a.

B kpucTannorpaduyeckux Tabauuax B 3aBUCHMOCTH OT BbIOOpA OCEH KOOPUNHAT UCTIOJTbAY-

I0TCS TakKe 0003HAYEHUS:

B - 6OKOLEHTPHPOBAHHASA, CO CIIEHMATBHBIM BEKTOPOM (a+c)/2.

C - 6a30LEHTPUPOBAHHasi, CO CMIELHATbHBIM BEKTOPOM (a+h)/2.

¢ — AByMepHas LIEHTPHPOBAHHAS PELUETKA.

[ - 06BEMHOLEHTPUPOBAHHAS AUeHKa; JOMOJHUTEIbHBIH Y3€l B LCHTPE Mapasjie/ienuesa;
CreUMaNbHBIH BEKTOP TpaHCHAUMHU (¢ + b + ¢)/2; Ha OHY NEMEHTAPHYIO SYCHKY TPUXO-
IOATCS ABA y3a.

F - rpaHelieHTpUPOBAHHAS AYEHKa; y3/Ibl B UEHTPAX BCEX [PAHEH; TPH CMELIMATbHbLIX BEKTO-
pa TpaHcasuuit (a + b)/12, (a + ¢)/2, (b + ¢)/2; HA oAHY JNEMEHTAPHYIO SUEHKY MPHUXOIAT-
Csl YEThIpE y37a.

1.1.2. OpreHTauMOHHbIe XapaKTepPUCTUKN (MHAUUMPOBaHUE)

Hnoexcwt y3aosbix npsmeix. Tlo3uums y3na B BepluMne suekh 0003HAvaeTCs Kak Habop
«4Ucna Waros» (To eCTh TPEX LEMOUHUCIIEHHbIX TPAHCIALUMA: M, n, p), OTCUXTHIBAEMbIX OT HAYaA-
J1a KOOPAKMHAT. DTH YMCITA JAIOTCH B JBOMHBIX KBAJPATHbIX CKOOKaX Oe3 pa3aeneHust 3amsThl-
MU. PaumMoHaibiyo y310BYIO MPAMYIO BCErIa MOXHO MPOBECTH Yepe3 [1Ba y3/1a — HAMPHMED,
[[140]] u [[620 ]] Ha puc. 1.1.1 — 1 Ha Helt, B MpUHUMITE, OYAET PACTIONOKEHO HEOr pAlIHYEHHOE KO-
NUyecTBO y3108. [/ onpeneneHls HHAEKCOB 3TOrO HAMpPaBiIeH!s HEOOXOMMO TPOU3BECTH M-
paienbHbIHA MepeHOC NAHHOM MPAMOif, 4TOObI BKIIOYUTDL B HEe HYJIEBOH Y3€/ B Hauajle KOop-
auuaT. Terieps koopauHaTsl epsoro y3na [[5 -2 0 ]] onpenensior uuaekcsl [5 -2 0] aanoro ce-
MENHCTBA Y3/0BBIX MOpsMBIX. B 3TUX 0003Ha4yeHHsX XAapPAKTEPHUCTHKA pPAAHYC-BEKTOPA
R = ma + nb + pc, UCXOAALIErO M3 HAYANlA KOOPAMHAT, PUKCHPYETCS B KAYSCTBE HHIACKCOB Ha-
npaseHrs [m n p] B OXMHAPHBIX KBAJAPATHBIX CKOOKAX.

Hepuod udenmuunocmu (nosmopsiemocmu). Kaxnas ysnosast npsaiMas MOXKET paccMaTpH-
BAaTbCA KaK MEPUONMUECKAS OfHOMepHas uenoyka. Ee pasMepuoil XapakTepuHCTHKOM CAyXKHUT
MepHOI MAEHTHYHOCTH Imnp, HIH MOY/b PAIUYC-BEKTOPA ISl IIEPBOTO y311a HA TMHUH U3 Jall-

HOTO CemeiicTBa, Mpoxoasuleii uepes Havasno koopautat: [ = | w—
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MmMeHHO W3MepeHHe NMepHoNOB MACHTHYHOCTH BIOJIb AHArOHAJIBLHBIX HANpaBIeHUH THMA
[110] m [111] no3BoMsET IKCIIEPUMEHTANIBHO PA3IMYUTh LEHTPUPOBAHHYIO HTEMEHTAPHYIO S4eii-
Ky M YCTAHOBHTD THII pewieTKH. [TocTosHHbBIE pelleTKH a, b, ¢ B 3TOI TEPMHUHONOTHH OTpeaens-
IOTCA KaK Mepuonsl HICHTUYHOCTH BOJb KOOpAMHATHBIX ocelt X, Y, Z, To ecTb HanpaBaeHHH
[100], [010], [001]. BenuunHa meproaa MOBTOPAEMOCTH I ., BO3PACTACT NPH YBEUUEHNH HHC-

JIEHHBIX 3HAYEHUI HHIEKCOB y3/I0BOH HPSAMOH.

Hndexce nnockocmeii. PaccMaTpuBaloOTCs CHCTEMBI TUIOCKOCTEH, KOTOPBIE MPOXOIAT Yepe3 y3/ibl
pewerku. [Ipor3BobHas paunoHAIbHAS MTIOCKOCTh MOXET ObITh POBEEHA Yepe3 JIIoObIE TPH y3i1a
B pEIUETKE M COAEPXKHUT B MPUHLMIE HEOTPAHUUYEHHOE KOIUYECTBO y3JI0B. OpUEHTAUMIO Y3IOBOH
IUIOCKOCTH 33Ja€T BEKTOP HOPMaIH, NPOBEACHHBINA U3 HaYaia KOOPAUHAT; JJIMHA OTPe3Ka 3TOi HOp-
MaJTH MEXIY ABYMsl COCEAHUMHU MapajuIeTbHBIMU IUTOCKOCTAMU 33/1a€T d — MEHCIIOCKOCMIIOE paccmo-
snue. Taknm oO6pa3oM, peleTka NMPEACTABIEHa KAaK CHCTEMA MapasUie/IbHBIX Y3IOBBIX IJTOCKOCTEH,
KOTOPBIE PACTIONIONKEHBI HA PABHBIX PACCTOSHUSIX U BKITIOYAIOT BCE y3/1bl peieTkH (puc. 1.1.2a). B ka-
YECTBE XapaKTEPHUCTHK OPHEHTALMH IUIOCKOCTH BBOJATCS 0003HAauYeHHs UHAekcoB Miiepa, ocHO-
BaHHbIE HA [POCTBHIX TEOMETPUUYECKHUX COOTHOUIEHHX B pelieTke. [1ist 3Toro B cucteMe napasuiesisb-
HBIX yIOBBIX TUTOCKOCTEH clefyeT BbIOpaTh IVIOCKOCTb, OMKaRLIYIO K Hayay KOOPAMHAT; Ha KaX-
oM K3 ocell Takast IUTIOCKOCTh OTCEKAET OTPE3OK, KOTOPBIH ABISETCS LENOYUCIIEHHOH oIteit Hasuc-
Horo BekTopa: alh, bik, c/l. TomyveHHble TPU B3aMMHO MPOCTBIX LIETBIX YHUCIIA UCTIONB3YFOTCS KaK MH-
JEKCBI IU1OCKOCTH (/1 k [); OHM XapaKTepHU3yIOT B OCSIX PEIUETKH OPHEHTALMIO JAHHOH CUCTEMBI MTapast-
TENTbHBIX YXIOBbIX TUiockocTed. [TpuMepbt MHANLIMPOBAHUS MpeacTaBieHsl Ha puc. 1.1.2a. Ha atoit
cxeMe ocb Z CYUMTAETCS NEPIEHIUKYIIAPHOM K UTOCKOCTH YepTexka; COOTBETCTBEHHO, [UTS BCEX TUIOC-
KoCTeil, napayuienshblx Z, ungeke [ = 0. bonee o6uumii cmyuad npencraeneH Ha puc. 1.1.26.

(6)

(122)

Puc. 1.1.2. [Tpumepbl HHAMUMPOBAHUS KPUCTATIIOIPAGHUUYECKMX TUIOCKOCTEH.
(a) — niockocTh napaenbia ocu 0Z; (6) — obOmii cnyvai

Meacnaockocmiioe paccmosnue. Tlpu 3aIaHHBIX TApaMeTpax PeLIETKH BEMUMHA MEXITIOC-
KOCTHOI'0 PACCTOSIHUS ONPEENSETCS HHACKCAMH TaHHOH cucteMsbl Iockocted. [lns oproro-
HAJIbHBIX PELIETOK 3Ta CBA3b MPEACTABIAETCA OOBIUHO B BUIE KBAAPATHYHONI GOpMBbI:

12 = (hla)* + (kIb)* + (l/c)?
[Tpocreitiieit oka3piBaeTCst 3aBUCHMOCTD U1l KyOHUECKON CHHTOHUMU:
Hd? = (h* + k2 + P)la™
O61wuit BUA, AeHCTBUTENLHBIN s BCEX CUHTOHUIA:
Hd? =[5, h? + 5,k + s, + s,hk + 55kl + s hOIVE,
a*b*c?[1 — cos*(a) — cos*(B) — cos’(y) + 2cos(a)cos(B)cos(y)],
= b cBsinX(a); 5,, = a’c’sin(B); s,, = a*hsin’(y);
= abc 2[cos(oz)cos([%) — cos(y)]: 5,5 = a*bc[cos(B)cos(y) — cos(a)];

s, = ab*c[cos(y)cos(a) — cos(B)].
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Busuo, uto Haubonbuiee 3Hauenre d Bcerna oTBevaeT OAHOM U3 KOOPIMHATHBIX MIOCKOCTEH
tuna {100}; yBeinyeHUe YUCTOBBIX 3HAUEHH UHAEKCOB BO BCEX CITyYasX COOTBETCTBYET yMEHb-
HICHHIO MEXTUTOCKOCTHOIO PACCTOSIHUSA; Pa3IHUMs MEX1y IPUMHUTHUBHBIMH U LIEHTPUPOBAHHBIMHU
peleTKaMu 3[eCh KOJTMYEeCTBEHHO He (PUKCHPYIOTCS. B mpakTHYeckuX 3amavax clielyeT UMETh B
BH/ly BO3MOXHbIE B3aUMOAENCTBUS CUCTEM MH/IEKCOB JUTS Y3JI0BBIX MPSMBIX U ITOCKOCTEH.

3ona naockocmeii. Ecin miiockocTs napasiensHa OAHOM U3 0ced KOOPAUHAT, COOTBETCTBEH-
HBII MHIEKC obpallaerca B Hy/lb. Beenctaue 3Toro, HanpuMep, KOOpAKHaTHas ok Z, TO ecThb
npsimast ¢ uaaekcamu [001], ABASETCA reOMETPUUECKUM MECTOM MePECeUeHH s BCeX MIOCKOCTEN ¢
nHaekcamu (hk0).

MMeercst oblee [T BCEX CHMHIOHMI YCIOBHE MApasUIeNIbHOCTH Y310BOH npsmoit [mnp] u
TIOCKOCTH ¢ MHaekcaMu (hkl): mh + nk + pl/ = 0. COBOKYITHOCTb ILIOCKOCTEH, yIOBIETBOPSIO-
IIMX TOAOOHOMY COOTHOIIEHHIO, 0003HA4AeTC KaK 30Ha MUIOCKOCTEH, a COOTBETCTBYIOLIAS
npaMas [mnp] ABISETCA 0Ccbio 30161,

st mobbix aByx mnockocreit (h,k /) n (h,k,l,) MHOEKCBI OCH 30HBI, KOTOPAs X «obbeauHS-

€T», ONPeNeNATCS W3 CUCTEMbl YPABHEHHUH :
mh, + nk, +pl, =0,

mh, + nk, +p/, =0

kak Habop Tpex B3aWMHO MPOCTBIX YUCEN.

06 unoexcax nopmaau. Tosibko B KOHGUTYpaUUK KyOMUYECKOW PEIIETKY HOPMAJTb K ITOCKO-
ctu (hkl) Bcerma cCOOTBETCTBYET y3710BOM NPAMOM ¢ HHACKCAMHU

m=hn=kp=L

Jns apyrux cuHrouuii B 0611eM cliydae HOpMaib K y3/I0BOH MJIOCKOCTH MOXET He OMHUCKIBA-
TbCA KaK y3110Bas MpsMas C palMOHalbHBIMU HieKkcaMu. B KadecTBe HILTIOCTpAUMH Ha
puc. 1.1.2a MOXHO BUIETDb, YTO HATPABJICHUS JUTA y3I0BOH 1psamMo# [320] n HopManu K MJI0CKO-
cTH (320) CyUECTBEHHO PACXOAATCA. 3/1eCh XKe MOKa3aHO, HATTPUMED, YTO B KOCOYTOJIbHON CHC-
TeMe YMCIEHHOE 3HAYEHHE MEKILTOCKOCTHOIO PACCTOSHUSA d) ) HE COBMA/AET C MapaMeTpom “b*

TEMEHTAPHON STYEHKM.

1.1.3. CucremaTtuka kpucrannorpadum

[eoMeTpHuecKUe XapAKTEPUCTUKH PELIETKH MO3BOJIAIOT MOACHUTH JTOTHUYECKYIO 10CAE10BA-
TEJILHOCTh B KPUCTAILIOTpadHUecKO KIacCHPUKALIMH,

Cuneonust — 7. TlepBUUHON XapaKTEPUCTUKON ABJIAETCA KPUCTAJUIMYECKAst CUCTEMA — CUIONUN.
B npocreiiiieM OfUcaHuy MPUHAUIEXHOCTD K ONpPEAENeHHO! CUCTeME KOHTPOJIMPYIOT CreUHab-
HBIE YITIbI MEX/Y OCIMH KOOPIMHAT H COOTHOLUEHHMS PABEHCTBA MEXIY OTACTbHBIMH ITApAMETPA-
MU JTIEMEHTapHOIt aueiiku. [eoMeTpuyeckue ycrioBus Boibopa sueek B TaOJ. 1.1 onucsiBatOT KOH-
¢urypatuu 6a3ucHbIX BEKTOPOB WISt oaHOMepHbIX (1D), iByMepHbix (2D) u TpexmepHbix (3D) pe-
1eToK. JIJ1s TpeXMEPHbBIX CTPYKTYp 0003HAUAIOTCS CEMb CHHIOHHIA: TPUKITHHHAS, MOHOKIIMHHA,
(opTO)pOMOMUECKas, TETPArOHATbHAS, TPUTOHANIbHAS (pOMOO3ApUYeECKast), TeKCaroHabHAs, Ky-
Huueckas. Husweit «mo paury» okasplBaeTcsl TPMKJIMHHAS CUHTOHMSA, VI KOTOPOH HCKITIOYEHbI
0COObIe COOTHOLLEHUS B pELIETKE. 3aMETHM, UTO B ITOM Clyyae [Jis ©a3MCHBIX BEKTOPOB BO3MOX-
HO Heorpal1yYeHHOe KOJMuecTBO BapuanToB. Hanpumep, Ha cxeme puc. 1.1.1 ormedeHsI pasiny-
Hble MAPANENOrPaMMbl, COBMELIEHHBIE BEPLIMHAMU B HAYajle KOOpAUHAT. Kaxabiid U3 HUX, B
TPUHIIKIE, MOXET CITYXHUTb JJeMEHTapHOM AYEHKON T TPUKIMHHOW MPUMHUTUBHON PELICTKH.
[MoayepKHeM, 4TO 3/1eCh HET OrPaHHUEHHMI 1T YITI0B MEXIy KOOpAMHATHbIMU ocsaMu. [loaTomy
B THIIOTETMYECKOMN CTPYKTYpE aXe pelieTKa ¢ KBaApaTHON 3IEMEHTApHON f4eHKO# (IpH OTCYT-
CTBMH OCel CHMMETPHH) MOXKET NMPUHAANEKATb K TPUKITHHHOW CHHTOHHH.

Toueunsie 2pynnot — 32. C TOUKHM 3peHUst aTOMHOUN CTPYKTYpbI NPEABbIAYLIMHA NPUMED MOKa3bI-
BAET, YTO FEOMETPHUUECKHE YCIIOBUS HE CIEAyeT CUMTATh CAMOAOCTATOYHBIM MPU3HAKOM SIS Bbl-
6opa cuuronuu. OnpenensOUMMH OKa3bIBAIOTCA BO3MOXHbIE MPeoOpa3oBaHUs CUMMETPUH
IS JAHHOH CTPYKTYpbl; GopMa sUelKH JULIb AOKHA OTOOpaxaTh 3TH CBOMCTBA. B Takoi
TPAKTOBKE KaX[Ias CHHTOHHS CTAHOBHTCA OOBbEAMHEHHEM TOUSUHBIX IPYIIM, KAK MHOXECTB KO-
HEUHOrO MOPAIKA C 3aJAHHBIM COYETAHUEM ONepauui CHMMETPUH. B npuseneHHOM nocTpoe-
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HuK Tabn. 1.1 npencrapnena 3ta pyopukauus. [IpuHuMnvanbHas OCHOBA CBOWCTB CHMMETpHYE-
CKHUX npeobpa3oBaHuii B TPAHCIIUMOHHBIX pelieTkax obcyxknaercs B riase 1.2.

Pewemxu bpage (unu mpancasyuoniwie epynnst) — 14. Tlpn onvcanuu BO3MOXHBIX 3JIEMEH-
TAPHBIX AUYEEK CHAYAJld BBIOENIAETCS FeOMETpHYECKasl, HarisaHas cTopoHa. B dopManbHom
NPeNCTaBIEHUH [JI1 TPEXMEPHOTO MPOCTPAHCTBA K TPUMHUTHUBHBIM PELIETKAM B KaX/10H U3 CUH-
roHMi 100aBIIAIOTCA €1IE CEMb LIEHTPUPOBAHHBIX PELIETOK — B MOHOKIIMHHOH, opTopoMOunyec-
KOif, TeTparoHaabHOM M KyOHueckoi cHHrouusx (cM. tabn. 1.1). CooTBeTCTBEHHO, B Clly4ae
JBYMEPHBIX CETOK BO3MOXKHO IMATH IPUMUTHBHBIX 4€eK U JIMUIb OMH ClTydyail LIeHTPUPOBaHHOM
AYEHKH — IS NPAMOYTONBHOM pelerku. B nmocnenoarenbHoM u3noxeHuu ri. 1.3 gana tpak-
TOBKA TPAHCIISILIMOHHBIX pelIeTOK KaK FPYIN CHMMETPHH OECKOHEUHOro MopsIKa.

ITpocmparncmeennsie 2pynnet — 230. 10 00BEIMHSAIONAS CHCTEMA SISl BCEX YPOBHEN CHMMe-
TPUHM KPHUCTAJUTMUECKOM peleTKH U aTOMHON cTpykTypbl. Ha 6a3e 3Tux rpynn 6eckoHe4HOro
nopsiaKa OCHOBAHO MOJIHOE CTAHIAPTHOE OMMCAHUE CTPYKTYpbI KpucTanios. B rnase 1.3 naer-
Cfl CUCTEMATHUYECKOE H3I0XKEHHE OCOOEHHOCTEN TPAHCISLIMOHHBIX M NPOCTPAHCTBEHHBIX IPYIIIL.

Tabnuua 1.1. Kpucranauueckue cucremol. Ipynnbl cumverpun. Peuserkn Bpase

I | | | | y Cucrema KOOPAHHAT | I
HCIto
Cumson CHHIOHUS Kpucrannorpaduueckue np. Venosus Buibopa | Usmepsiembic | Peluetka
rpyniel rpynn IEMEHTAPHON napameTpsl bpase
AUEHKHN pPELLCTKH
1D - - l.m 2 HeT a -
n KOCOYTosibHas 1,2 2 HCT a b,y nip
0 NIpAMOYrosibHas n, 2mm 7 y=90° a, b (())f
2D t ‘ KBAApPATHAS 4, 4mm 3 Ya::()go a p
h reKCAroHabHas 3,6, 3m, 6mm 5 yz 77%0 a hp
a TPUKIAMHHAS 1.1 2 HET B, i & aP
: apfy
b — ocobas ocb a b cp mpP
a=y= 90° mS
. (mC, mA)
n MOHOKJIMHHAA 2,m, 2Im 13 ¢ —beoBun Sk -y mP
a=f=90° mS
: (mA, mB)
oP
oS
0 opTopombuueckast 222, mm2, mmm 59 a=B=y=90° a b c (0C.04,0B)
ol
ofF
4, -4, a=b tP
t TeTPAroHaNbHAS 4/m, 422, 4mm, 68 =B =y =90° a, c B
iD 42m, dmmm a=pg=y=
23, m3, &=k = cP
¢ KyOuueckas 432, 43m, 36 =B =y =90° a cl
nm3m =p=p= cF
18 a=b a,.c hpP
a=p=90
y=120°
3.3 reKCAroHasbHbIE
h TPHUIOHATBHASA 51 - ocH
32, 3m, 3m 7 u=h=c a4 IR
a=p=y
poMOolIpHUECc-KHE
ocu
6, -6, 6/m, a=
h reKCArOHaNbHAs 622, 6mm, 62m, 27 a=pg=90° a, ¢ hpP
6/mmm y =120°
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nasa 1.2
TOYEYHbLIE N'PYNNbI

1.2.1. CummeTpuyeckue npeobpasoBaHUsA

Obuue 3ameqarius. TTocTosIHHOE UCTIOTBE30BAHKUE TTPHHLIMITOB CHMMETPHH SIBIISETCS OTIIMUHTEILHON
0COOEHHOCTBIO KPUCTAUTOTPA(GHH KAK MEXIHCLMIUTMHAPHOTO Hay4HOro Hanpassienus. Hecomuenno,
4TO NMPOGECCHOHATIBHOE [IPUMEHEHUE ITHX TPUHLIMIIOB MPOSBISETC HAMISAHO B BECbMA JAPEBHEM M-
POBOM OIBITE B OONACTH KOHCT-
PYKLIMM COOPY>KEHHIA M MTPEIMETOB
MCKYCCTBA — CUMMETDPHS 3/1aHUS,
CKYJILITTYPbI, KOJIOHHAIbI, GOpIIO-

(6) pa... OT™MeTuM, 4TO 3TO OTHIOb
¢ : He ObLTH JMLLb MHTYHTHBHbIE MTPO-
—————————— +---1 sABJEHHUSA MPOCTEHILMX BHAOB 3¢p-

KaIbHON cMMMeTpuH. B kauecrse
XapaKTepHOro «ObITOBOro» TMpH-
Mepa Ha puc. 1.2.1 npeacrasneHa
pACTIPOCTpAHEHHAS! KOHCTPYKLHUS
45-rpaaycHOro [Mmapkera, HMelo-

_______ + - - -

- - - — -

Puc. 1.2.1. (a) Cxema napketa, (6) [AByMepHas rpynna cumMmer- @asi JOCTATOYHO BBICOKHUH YpO-
pHH p2gg BeHb CUMMETPHH [IBYMEpPHOW Iie-
PHUOIHMYECKOR CTPYKTYPbL.

Hns xpucrasuiorpaduueckux HccieAoBaHUR pa3paboTka npodiieM CUMMETPHHM CTajla
KJI0OYEBO B repBblil %e nepuoa passutus. Hauunas c 'oiirenca u [arou, B padortax bpase,
denoposra, llendnuca, Feccens, Kiopu, lN'aponuua, bapnoy B XIX Beke v nanee B pabortax
XX Beka 3TO HanpaslieHue obecneunno GpopmupoBaHue 6onbuIol obnactu 3HaHUg. HbiHe
MMEETCS OCTATOYHO pa3BeTBICHHAS CUCTEMA MOHATHI M aHAJIMTHUECKUX METOO0B C 1ocJe-
AYIOIIMM BbIXO/IOM Ha HepapXUYecKHe CBA3H, 000OUIEHHYI0O CUMMMETPHUIO M NMPOCTPAHCTBA
BLICOKO# MepHOCTH. M bl By1eM MCIIONB30BaTh A LeJel Kypca Ty MPUHLUMITHATBHYIO YaCThb
KpHUcTamtorpadgum, KoTopas HeoOX0AuMa IS JIOTUKHU U3I0KEHUS U NTPAKTHYECKOTO UCIIOJTb-
30BAHUS. ,

OcHOBOM MOAX0A4 MPH 3TOM CIIY)XUT MpeIcTaBlIeHUe KpUCTalula B TEPMHUHAX TEOPHUH JHC-
KPETHBLIX MPABUIbHBIX TOUYEUHBIX CUCTeM. ['eoMeTpuueckasi TpaKTOBKa KPUCTANTMYECKOH pe-
IIETKH B MEPBUYHOMN HATAAAHON Gopme Oblia maHa Bbilue. 11 KOHKPETHOIO OCBOEHHUS CTPYK-
TypHO# KpucTasmiorpaduu HEOOXOAMMO MPUMEHEHHUE OCHOBHBIX MOHATHH U aHAJIMTUYECKOTO
annapara ajaredpbl rpynn CHMMETPHH.

TTosoponinsie ocu. BBOIUTCS onpenieNieHUE: cusMerpuyeckoe npeobpazosaiiiie - ITo TAKoE IMHeHoe
npeoOpa3oBaHue NMpeIMeTa, KOTOPOe COBMELLAET ero ¢ camuM coboit. B kpucrauie Touka M(x,y,z
npeobpasyercs B Touky M*(x* y* =%), obnanaroliyro Toi e IUIOTHOCTBIO 3IEKTPOHOB. [lepButiibl-
MU 2/IEMEHTAMH, C KOTOPBIX MOJIE3HO HAYATh PACCMOTPEHHE, SBJISIOTCS MOBOPOTHBIE OCH WIM OCH
cuMmMeTpun. TTpocTeriiMM HArfsSaHbIM MPUMEPOM MOXET CITYXKUTh MUPAMHIA C KBAAPATHBIM OCHO-
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BaHHeM. BbicoTa MMpamubl, BOCCTAaBIeHHAs W3 LIEHTpa K BepLIMHE, eCTh 3/IeMEHT CHMMETPHH — MOBO-
POTHAsS OCh YETBEPTOTO MOPSIKA. ITOT TEPMUH O3HAYAET, YTO TPH MOJHOM [MOBOPOTE BOKPYT 3TOM
OCH NPENMET COBMELIIAETCS caM ¢ co0Oit YeThIpe pasa; MHaye roBopsl, JUTs JAaHHOH OCH 3/IEMEHTapHbIN
nosopoT a = 90°. J1a KpUCTa/UTMUYEeCKOH PELIeTKU TOKA3yeMbl MPEACTABICHHbIE HYKE MOJIOXEHHUS:
a) IloBopoTHas och ABNIETCS pallMOHATBHON Y3JI0BOH NMPAMOH U MEPNEHAUKYIIPHA OIHOMN

M3 Y3JIOBBIX MIIOCKOCTEI.

b) DneMeHTapHbIi MOBOPOT NOJKEH ObITH TAKMM, 4TOOBI 2c0s(a) = #(11es10e).

Jloka3zaTenbCcTBO :

PaccMoTpuM (pparMeHT y310BO PeLLIETKH HA ITIOCKOCTH B! A'
(puc. 1.2.2). Yepe3s xoHupb! oTpeska AB neprneHaukynspHo : '
YepTEXKY MPOXOIST OCU CUMMEMPUU N — HOPSOKA, T.€. OCH C | |
yriioM nosopota 360/n. Npoussens asa paza yeMeHTapHbIe | |
NIGBOPOTHI, NOTy4YaeM u3 Touek A u B toukn B* u A* | xo- o
TOpblE TaKXe HO/DKHBI ObITh y3amu peltieTkd. Torma
A*B* = tAB, rne t — uenoe unciio. [danbliie 3aMicbiBaeM

A*B* = AB + 2ABcos(180 — a) = AB(1 + 2cosa);

Toraa l+2cosa=t.

A B

Puc. 1.2.2. [IciicTBre OCH CHMMETPUH
C 3IEMEHTAPHBIM MOBOPOTOM O

Ortcrona CJIEAYIOT BO3MOXHBIC 3HAYCHUSA 3IJICMCH-

TapHbIX YIJIOB

cos(a) 0
a [90°]
[Topsinok ocu 4

Husgepcuonnvie ocu. HazoseM uHBepcueit
TAKOM BUJ CHMMETPHH, IIPU KOTOPOM Kax/1as
TOUKA (X, y, z) CBSI3aHa C IKBUBAJIEHTHOW TOY-
KOH (—x, —y, —Z) 4epe3 CICLHUATBHYIO Ofepa-
LIHIO «OTPAXKEHUE B UEHTpe cuMMeTpum». Ha
3TOH Oa3e U KPUCTATUTHYECKMX TET BO3ZMOX-
Ha KOMOHMHALMSA [OBOPOTHOM OCH C LIEBHTPOM
CUMMETPHH, PACIIOIOXKEHHBIM Ha 3TOH OCH.
Tak BBOAATCS HMHBEPCHOHHO-MOBOPOTHBIE
WK MHBEPCHUOHHBIE ocH (cM. puc. 1.2.3):

1 ueHTp MHBEpPCHH — B POPMATLHOM OFIH-
CaHHUHW NOBOPOT Ha 360°+UHBepCUS;

2 mnoBopoT Ha 180°+umnBepcus; ITa ore-
pauusi IKBUBAJICHTHA NEHCTBUIO TITOC-

KOCTH 3¢PKAJIbHOIO OTPAXKEHWA m = 2;

+1/2 +1
[60°], [120°] [180°]
6,3 2
2 7
e
M ‘ol
.~ ot
/ t v\ 1/
/ v\ 1/
£ Wi/
// Xl
/.
7 7
/ VAL
/I/ M4 I/II ‘S\.
‘/ ":4___‘_;::)
MZ M2
G

(a) ()

Puc. 1.2.3. UuBepcHonHbIe ocH:
BTOPOro Nopsiaxa (4), 4erseproro nopsaka (6)

noBopoT Ha 120°+uHBEpPCHUS; OHBIH HAOOP 3TUX OMEpaLMi IKBUBAJIEHTEH CYMMapHOMY

JOEUCTBHIO 371eMeHTOB 3=3+1;
noBopotT Ha 90°+unsepcus;

N B

NEUCTBUIO AIEMEHTOB 6=3+m.

NMoBOpOT Ha 60°+uHBEpCHS; MOJHBIK HAOOP 3THX oNepaLUil IKBUBAJIEHTEH CyMMapHOMY

OTMETHM KA4YeCTBEHHOE OTIHUYHE OT [TOBOPOTHBIX ocel — aeicTBUE HHBepCI/lOHHOﬁ OCH HE
MOXET ObIThb NpeacTaBJIC€HO (bPI'}H‘{CCKH pCaJIN3yEMbBIM IMOBOPOTOM.

”TaK, HMECTCHA HepBOHal{aHbelﬁ peeCTp IJIEMEHTOB U onepauuﬁ CHMMETPHH, KOTOPLIC HE
npoTyuBOpEUaAT Komburypauun Tpal{CHﬂuMOHHOﬁ pELICTKN H, CJICAOBATEIBHO, BO3MOXHBI B

KPUCTAJITMUECKOH CTPYKTYype:

Ocu

—i] —

Lleurp Musepenu

[TirockocTs C.HMMCTPHH m
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[pu nanbHeileM pacMOTPeHNK LEeJecoo0pasHO MCIMOb30BATh HE TOJBKO JTOFUKY I€OMET-
PUUYECKOH (HATTIAAHOW) TPAKTOBKH, HO U anredpanvyeckue pueMbl TCOPUH TPy,

1.2.2. Anre6pa rpynn cnMmeTpun '

Csooka onpedeaenuti onst abcmpakmibix epynn. VI3BECTHBI YEThIPE IPYNIOBbIE aKCHOMBI, KO-
TOpbIE HOJKHBI ObITH AEHCTBUTEIIBHBI [Tt MHOXKECTBA {G}, Ha3bIBAEMOTO IPYIIION.

1) CyuiecTBoBaHHE ONepalMi YMHOXEHUS §x8~8,EG, ecin g, g €G.
2) AccolMaTUBHOCTb YMHOXEHHA ; (gixg/.)xnggix(g/xgk).

3) CyuiecTBOBaHHE €IMHUYHOIO YIEMEHTA exg =g xe=g, rie e€q.

4) CyutecTBOBaHHE OOPATHOIO JIEMEHTA g,.xglf‘=e, rae g,f'EG.

COBOKYITHOCTb 27IEMEHTOB IPYIIbI 3aMUCHIBATCA KaK {€, g, &x..-. &, 1 =C.

YUCo 3IEMEHTOB TPYIIIbl —N — HA3BIBAETCS IMOPAIKOM IPYMIbL; CYIUECTBYIOT IPYNMbI KakK
KOHEUYHBIX MTOPSAAKOB, TaK U GECKOHEUHBIE.

Abeaesa 2pynna: 3MeMeHTbl KOMMYTHPYIOT U O€3pa3inyHa MOC/IEN0BATENBHOCTD BbIMTOJIHE-
HUs ONEPALUH YMHOKCHUS g Xg =g Xg;.

Lluknuyeckas rpymna: eCjid BCe IEMEHTbl MOXHO MOJIYYHTh BO3BEACHHEM B CTCNIEHb ONHO-
ro anemenTa (renepatopa) rpynmst G = {g, g°,..., g" = e}.

Tabnuua yMHOXKEHUs rpynnbl (keadpam K»au) UCNONb3yeTCs IS aHAIIN3A COCTABA IPYL.ITbI

€ g g L)
e e & 8 &
8 & & 88, 882
g & £8& & &&

g & &8 &:8: &

Moarpynny HCG xapakTepusyeT 1esioe 4ucro —~ uHaeke noarpynnet 1=n/h, rae h — nopsiaok
rpynnsl H. YMHOXeHHE 0HOTO /IEMENTA Ha BCE 3JIEMEHTBI rpyIiibl g§;,G=G Ha3bIBAETCA CABUT
1o rpynre, ecii g G, OBpaTHBIH MEMEHT A1 NPOU3BEACHHUS (AB)'=B'A-..

Daemenm cumMmMempuu, Kak YUKIU4ecKas epynna epawyeiu.

Kaxablit u3 nepevncIeHHbIX BbILIe 3JIEMEHTOB CHMMETPHU MOXHO PACCMATPUBATH KAK Ieo-
METPUUECKHIl CUMBOJI OMNpeAeNIeHHOH IPYIIbl, M30MOPPHON HEKOTOPOi aDCTPAKTHOM rpymnre.
J1ng ux onucanus 6yaeM UCNOIb30BaTh 0603HaYEHHs ONEPALIHH, KOTOPbIC NPUHATBI 10 MEXAY-
HAPOIHBIM CTAHAApTaM KpUCTA/TOrpaduueckod HOMEHKIATypbl. EMHHHUHBIM 3JIEMEHTOM B
COCTABE KPUCTAILTOrpaduyecKuX TPy BCEra CIYXHUT OCh | — 3TO OnepaTop OTOXASCTBICHHS,
MM TpUBHAJbHOE BpauleHue Ha 360°. Kaxaplit U3 571€EMEHTOB rpynribl UMeEeT 0603HaYeHHUE CO-
OTBETCTBYIOLIEr0 OMEpaTopa MOBOPOTA. PAacCMOTPUM HEKOTOpbIE CHUTYyalMH BO3pACTaloOLIeH
CITO’KHOCTH JUTA UMKJIMYECKUX KPHUCTATOrpapHuUECKUX rpyrl.

a) INpocreiiiueit apnsercs rpynna 1, To ecThb HU3LIAS TPy TPUKITHHHONH CHHIOHHH,

b) Janee creayeT abcTpakTHas rpyrma BTOPOro nopsaaxa {e, A}; 34ecb JO/KHO OEHCTBO-
BaTh onpeaensiowiee cooTHoluenue A’=e, win A=A"!. TakoMy yClIOBUIO C OUEBHIHOCTBIO
YIOBJIETBOPSIOT TP IEMEHTA CUMMETPHH! 1={1, 1}; 2={1, 2}; m={1, m}. Mnaue roso-
p#i, UIMeeTCs TPH TPYIIIbI BPALLEHHH, KOTOpbIE W30MOP(HbBI OAHON aBGCTPAKTHO# rpynre.
Eciut o6patuthes K Tab. 1.1, BUAHO, YTO IPYMNIbl KPUCTALIOrpahuuecKn He PaBHOLICH-
Hbl, TTOCKOIIbKY Pa3HECEHBI MO ABYM CHHTOHUAM — TPUK/IMHHON U MOHOKIIMHHOHM.

¢) Eauucreennas xkpucramtorpaduueckas rpynna TPETbero nopsaka — 3To UUKIHYecKas
rpynna 3={1, 3, 3*=3"'} TpuronanbHo# CHHrOHMH. 30€Ch ACHCTBYET OUYEBUAHOE COOTHO-
menue: A'=e B popme 3*=1.

d) ABCTpaKTHAs LIMKIMUECKas rPYINa YeTBepToro nopsaka {e, A, A%, A™'} peanusyercs B aByx
rpynnax TeTparoHajIbHON CHHIOHHUH: 4 U 4, pie BBIMOMHAIOTCA YCIOBUS ThMa 4°=2, 43=4-1,
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e) Llukanyeckoil rpynie uecToro nopsaka H30MopgHBI: B reKCaroHaJIbHON CHHTOHUU I10-
BOPOTHAs OCh 6 M MHBEPCHOHHAS OCh 6; B TPMTOHATBHOM CHHIOHUM — MHBEPCHOHHAS OCh
3, KOTOpasi UMeeT COCTaB: §={l, 3,311, 3, 3.

Unmoctpauueit cnyxar crepeorpaduueckue npoekuuu s oceit Baomis [001) na puc. 1.2.4.

1 1

wl

3 =(3)
@’=@"

i

3)'=3 3)'=@)"

@’=2

~
(98]
N’
il
—l

1, (6)=m

Ay -2 =5 =1
6. (6) ©), ©)=(@)
Puc. 1.2.4. [leficTBus HHBEPCHOHHbIX Oceil B cTepeorpaduyeckoi npoexkimm

OTMETUM, YTO B IPUHATOH TEPMHUHOIOTHH:

— 3JIEMEHT CHMMETPHH €CTh 00pa3 LIMKJIMYECKOH IPYINbI HOBOPOTA;

— onepalys CHMMETPHH eCTh 37IEMEHT TOUEYHOH TPYIIbI CHUMMETPHH;

~ MPOU3BEAEHUEM TEMEHTOB I'PYIINbI HA3bIBAEM IOCIEI0BATEIHLHOE BBITIONIHEHUE OTIEPAIIHH.

Mampuya nosopoma. [lpu nocneaywmeM pacCMOTPEHNH TOUCYHBIX IPYIII B MOJJHOM 00be-
Me UesiecooOpa3Ho MepeiTH K MaTPUYHOMY OIMHCAHHUIO OMepauuil. ITO MO3BOJISET UCTOIB30-
BATb HE TOJILKO HATJISAHbBIE IOCTPOEHHS, HO U CTAHJAPTHLIE ajrebpanueckie Npoueaypsl s
AKTUBHOTO aHaJIM3a CPyill.

B 2TO# TEPMUHOJIOTHH KAXKIOMY U3 MEPEUUCICHHBIX paHee IeMEeHTAPHBIX MTOBOPOTOB COMO-
CTABJISIETCS OTEPaTOP JIMHEHHOTO Mpeodpa3oBaHUs — KBaApaTHAA MaTpULa pa3MepHOCTH (3 x 3):

C, C, Cg,
Czl sz sz = (Cik )
G, C, C,

3/1ECh IEMEHTBI MaTpHLbI — Harnpasstouue Kocunycsl C, = cos(X’ X, ); npeobpasosanue yc-
TanaBauBaeT cBA3b ucxoanoi X, X,X; u nosoi X’ X’ X', cucrem xoopaunat. B npunsaTo#

KTaccMUKalUMK MATPHLIA TOBOPOTA — 3TO YHUMADHAS, 8CLYECMBEHIAS = OPMO2OHANbHASL MAMPU-
ya. Anredpanyeckre NpU3HAKK JAHHOH KATETOpUU ~
a) TpaHCIIOHHMPOBAHHAsl MaTpHLA KAK OOPATHBIN INEMEHT

c,, ¢, C, c, ¢, C¢C, 1 00
C, C, Culx{C, C, C,|=(0 1 0f
Cyy Gy Gy Cy €, €y 0 01

b) B3aHMO3aBHCHMOCTb MATPHUYHBIX JIEMEHTOB

Gy 265 65 =1

C,C, +C,CHr+CCr =0
WIIM B COKpPALLIEHHON 3aITHCH

S C,-Cy =8, tae 8,20 (i=)), 8,=1 (i=));

2-445
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C) IeTepMHHAHT NpUHUMaeT ABa 3nauenus det(C,)=|C, |=1.

B 3T0i1 3anKucH MOXHO 3aUKCHPOBATDL pa3ieieHHe onepalti CHMMETPHH:
|C, |=+1: uncroe Bpauenue (onepaurs NEpBOro poa; KOHIPYIHTHAS);
|C,,|=—1: npucyTcTBUME HHBEPCHH (ONEPaLIUs BTOPOTrO POAa, JHAHTHOMOPdHas).

HeiicTBue onepaTopa TMHEHHOro MpeoOpa3oBaHts HA TOYKY (X, V, Z) OMUCBLIBAETCA KaK pe-
3yJIbTAaT YMHOXEHHs (ClIeBa) KBaIpaTHOH MaTPHIIbI HA MATPHILLY-CTOJIOELL:

(C OR=R*
THpumepor mampuy:
IToBopoTHas och 2 BAOB Z:
-1 0 0\/x -X
0 -1 Oljy|=|=-y]| IC,I=+L
0 0 1)\z z

[ToBopoTHas ock 4 BAOND z:
0- 1 0\/x y
-1 0 0f}y|=|-x| |C,]=+1L
0 01

™
]

TT10CKOCTE CUMMETPUM M TMEPISHIUKYIISIPHO Z:
1 0 0\/x X
01 O0f|lyl=|y| ICI=-1
0 0 -1){:z -z

DddekT nepeMHOKEHHUS [IBYX MATPULL O3HAYAECT MOCIEIOBATENBLHOE JIEHCTBHE IBYX ONepa-
LM [OBOPOTA, KOTOPOE IKBUBAICHTHO ACHCTBUIO PE3YJILTHPYIOLIEH MATpHLIBI — [POU3BEIe-
uust. Hanpumep, 3armuch riponssenenus 1x2=m npearoaraer, 4To BbIIOIHUB 2, a 3aTeM 1, 1o-
nydyuM npeobpaszosanuve m. MHade roesops,

1x2xR=mxR.

Pacwugpposia mampuyst nogopoma.

B 3TO# CHUMBOJIMKE BITOJIHE AOCTYMHBI MPUEMbI AHAIH3a OCHOBHBIX 0COOEHHOCTEN OPTOro-
HAJILHOM MATPHLbI B KOHKPETHOM 3anuch. Huske MpUBOAATCS HEKOTOPBIE XapaKTEPIIbIE HPHMe-
pbl pacliMppoOBKH CBOHCTB MATPULBI MOBOPOTA. Tak, oueBUIHBIM 00pa30M BOCCTAHABIIMBACT-
CSl MOPSAAOK JTAHHOTO IEMEHTA CHMMETPUH. JUTS 3TOro MpPOBOAMTCH BO3BEAEHHUE MATPHUILLI B
CTEMNEHb, TO €CTh MOCAEA0BATEILHOE BBIMIOJIHEHHE TAHHOH onepaluu nnosopoTa. Ha onpenenen-
HOM LUAre, COOTBETCTBYIOIIEM MOPS/IKY LUMKIMUYECKON IPYNIbl (ZNOPALKY OCH), pe3yJIbTATOM
cepHM Mpeodpa3oBaHU OKa3bIBAETCS €AMHHUYHAS MATPHULA, WIIK OMEPATOP OTOXKIAECTBIIEHHA.
Jlanee asi MOJydeHHs OTBETa TPeOyeTCs JIMIIb BOCIPON3BECTH AEHCTBHE MATPHILbI 1A TPOOHBIH
BEKTOP U YCTAHOBUTH AETEPMUHANT.

0 01 1 00
a) [lana matpuua |0 1 0|; Bo3BedaeHue B crenensb (2) naer {0 1 0
1 00 0 0 1

0 0 1\/x z

[Iposepka aeicteus: |0 1 Ol y|=|y

1 0 O){z X

HerepMuHauT |Cij|:—1

OTBeT: JHaroHajabHas MIOCKOCTh CHMMETpuU kKyba, nunaekcs! (1 0 -1).
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0 0 1
b) Jana matpua | 0 -1 0];
-1 0 0
-1 0 0
BO3BeACHHE B cTenensb (2) maetr | 0 1 O |, T.e ock 2 Baons 0Y;
0 0 -1
0 0 -1
BO3BeleHHE B cTeneHb(3) maeT |0 -1 0 | — oOpaTHBIN MIEMEHT U1 UCXOAHOH MaTpH-
1 0 O

uel. CrenoBaTenpbHO, JaHHASA UUKINYECKas TPYIINa UMeeT NopsaoK 4.
0 0 1\/ «x z

[Tposepka nevictBus: | 0 -1 0| -y |=|-y
-1 0 O} z -Xx

Aerepmunant |C|=-1

OTBeT: MHBEPCHOHHAS OCh 4 BAO/b ¥, Harpasierue [010].

1.2.3. Kpucrtannorpacdmueckue rpynnbl KOHeYHOro nopsigka

Oobwue 3ameuanus. VItax, B npeasinyiieM naparpacde npeacrabieHsl 10 HUKIHYECKHX
rpyni, KaXaA0# U3 KOTOPBIX COMOCTABISAETCS eIMHCTBEHHbIH T€HEPATOP — OJIHA U3 OCEM CUM-
MeTpuu. Ml BHIEIH, YTO OTOOP «JIETMTHUMHBIX» MTOPAAKOB OCEl CUMMETPHH IUIS KPHCTAII-
Jla KOHTPOJIMPYETCS COXPAHEHHEM JabHErO NOPAAKA B TPEXMEPHOH TPAHCISLUHOHHOH pe-
weTke. OOwKi Habop KpUcTAITOrpadUUECKUX TPYNI TOMHKEH BKIIOYATH U HELIMKINYECKHE
TpYIIibl KOHEYHBIX TTOPAAKOB, OCHOBAHHbIE HA COYETAHUSX U3BECTHBIX reHepaTopos. IToct-
poeHHEe TaKHMX IPYII BIIOJIHE JOCTYMHO MPHEMaM MaTpPUUYHOH anreOpbl, OQHAKO TEMephb B
KOMOMHATOPHBIX BapHaHTaX BCTYMAIOT B JeHCTBHE KAYeCTBEHHO HOBBIE OTPAHMYEHHS.
31€ech rmaBHbLIM CTAHOBUTCH TpebOoBaHHE, YTOObI HTOTOM B3aHMOMAEHCTBHS TEHEPATOPOB M
UX NMPOU3BOIHBIX OBLJI0 KOHEYHOE MHOXECTBO 3JIEMCHTOB I'DYIIILI. 3To0 O3HA4aeT, 4To MpHU
anrebpaunyeckoit nposepke kBaapaT Kanu nomxen 6b1Th 3aMkuyT. Hanpumep, eciu nepece-
KalTCs [BE MOBOPOTHBIE OCU, MPOU3BOJILHBIA yIro/l UX MEpeceyeHus CO3OACT JIMUIb CHUTya-
LUHMI0 HEOTPAHMYEHHOTO Pa3MHOXEHHUS BCE HOBBIX oceil. TakuM 06pa3oM, KOHTPOJIHUPYIO-
MM (GaKTOPOM CTAHOBSATCS ClELHaTbHbIE B3aUMHBIE YIJIBI IepeceyeHus OCei, NpU KOTo-
pbIX 0OecreYeHo reHepupOBaHHE OrPAHHUYEHHOr0 YHCia neMeHToB rpynnsl. Huxe npuse-
HEHBI BCE B3AUMHbIE YIIIbI, KOTOPbIE BOZMOXHBI MEXy OCIMH CHMMETPHH B KpUCTAJLIIOrpa-
(UYECKHUX TOUYEYHBIX IPYIINAX:

222 60° 90° 120°
£33 70°32' 109°28'
444 90°
£32 35°16' 90°
L42 45° 90°
462 90°
443 54° 44'

OTMeTHM KeCcTKHE OrpaHHYEHHS Ha BO3MOXXHOCTb HEOPTOTOHAIBHBIX KOMOUHALIUM pa3HO-
MMEHHBIX OCEH: [UTSl TIOPSAKOB BbIILE 2 MIOKA3aH JIULLb €AMHCTBEHHbIH TAKOH BAPHAHT B KybHye-
cko# cunronuu. CyLIECTBEHHO, YTO BHE KpHCTA/LIOrpaduueckoil CHMMeETpUK MOA0OHBIA (eHo-
MEH pean3yeTcs TONbLKO Ha 6ase coyeTaHus oceit 5-ro v 3-ro MOpsAKOB B IPyIIax HKOCA3APH-
ueCKoH CHHroHMH. Hroke 6yneT nokazaHo, YTO MMEHHO 3TH TPYIIIBI XapaKTePU3YIOT CTPYKTYPY
KBa3HKPUCTAIIJIOB, TMILEHHBIX TPAHCIALUHOHHONH CHMMETPHH.

o
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Cs00Hble danible 0 Mmodeunsix epynnax. B TpexMepHbIX TPAHCIILMOHHBIX CHCTEMAX BO3MOX-
HBI 32 TOYEUHBIE IPYMIIbI, UM U30MOPQHBI B COBOKYMHOCTH 18 aGCTpaKTHBIX I'pyNI, KOTOPBIE
nepeyrciieHsl B Ta0s. 1.2 BMecTe ¢ OnpenensoiMi COOTHOLLEHUSIMM.

O cumsonuxe 2pynn. B HaydyHOU NUTEpaType UCIIOJIB30BAIUCH pa3InyHble 0003HAYEHUS TO-
YEYHBIX TPYIIT; B TOM YHCIIE YaCTO MOXHO BCTPETUTh CHMBOJIMKY, OCHOBAHHYIO Ha YMCIIE OCEH
CUMETPHH B I'PyIIIE:

C —oxana ocb, D u T — aBe ocu, O - Tpu ocH.

B cTpyKTypHOM aHaju3e ONTUMATbHON ABISETCS CTaHAAPTHAs MEXAYHapoaHas CHC-
TeMa, B OCHOBE KOTOPOM OMUCaHHAasl BbIIlIe CUMBOJIMKA 3JIEMEHTOB CUMMeTpuu. B 0603Ha-
YEHHUAX KaXIOW Ipynmnbl MPUBEASHB! OCTATOYHbIE FEHEPATOPBI: T€ ONEPATOPbI, KOTOPbIE
NyTeM MaTPUUYHbBIX OMEpalHid MO3BOJIST BOCCTAHOBUTH BCe ieMeHThl rpynnsl. [1o pacno-
JIOKEHHUIO CHMBOIA MOJXHO y3HATh — BIOJIb KAaKOW y3JI0BOH MPAMOU NpOXOOUT HAaHHAS
0Cb CUMMETpHH (MJIU KaKOH MpsAMOii eprneHAHKYIsipHa JaHHAS MIOCKOCTh CHMMETPHH).
B xaxx1o# U3 cMHroHuit 006ycIoBIeHa TOTHYECKas MOCIEAOBATENbHOCTh BAXHBIX HallpaB-
JTEHU:

MOHOK/THHHAS [010] TPUTOHATIBHAS [111j110]
opTopombuueckas [100][010][001] rexcaroHasjibHas [001]{100][110]
TeTparoHasabHas [001][100][110] KyOuueckas [100][111]{110]

HNmMeHHo 3TH 0003HAYEHUS UCTTONIBL3YIOTCS B ITOCTpoeHun Tada. 1.1 u 1.2,

Kpamxue 3amevanus:

a) O mepmunoaocuu. B Kaxxn0i CMHTOHUM TOUCUHAs rpymnmna, odiaanarouas seicuiel (1o 1no-
psiIKy) cMMMETpHei, o0o3HavaeTcs, Kak rojgodapudeckas. Kaxxaad u3 3Tux rpynm ssis-
€TCS LIEHTPOCHMMETPUYHOM.

b) O moueunbix epynnax Kybudeckoi cunzonuy. B MHTYUTUBHOM IpeacTaBienuu gpurypa Ky-
6a (Onmaromapst KBaJJpATHBIM I'PAHSIM) BCErla XapaKTepu3yeTcs Tpemsi OCAMH YETBEPTOTO
nopsaka. Kpucramtorpaduueckuit noaxon gaeT 6ojiee CTPOryro rpagaluio:; HeoOXoam-
MBIM H JIOCTATOYHBIM MPU3HAKOM KyOUUYECKOH CHMMETPHH ABJISIOTCS YETBIPE OCH 3-10 Mo-
psiaKa BOJb NPOCTPAHCTBEHHBIX AHaroHasneil Kkyba; ocu 4-ro nopsjka Baoib pebep Ky-
BUUECKOHR AUEHKH XapaKTEePU3YIOT JIMLIL TPH U3 NSATH TOYEUHBIX FPYNN KyOU4eCKOH cui-
rouuu. [y Hu3mux rpynm — 23 1 m3 — Bj1osib pedep OpHEHTHPOBAHbBL OCH 2-TO MOpsIKa.
D10 PopMabHOE OMUCAHHE HE MPOTUBOPEUHT HATIAAHON peaM3allii: MPOCTERLIYIO MO-
HeNb C TOH e CUMMETPUE MOXKHO U3FOTOBHUTD, €CIIY HAUIEKAIHUM 00pa30M 3alITPHXO-
BaTh I'paHH Kybda.

Tabnuua 1.2. Toueunble TPYNIIbLE CHMMETPHH

Uapaaog ‘pruna OnpeaensouiMe COOTHOIUEHUS A0CTPAKTHOH IpyIbl
CpyIibI (CHHTOHHS)

1 I(Tpuki) A=¢

2 1 (Tpuxn), 2(MoH), nM(MOH) Al=¢

3 3(tpur) Al=¢

4 4(rerp), 4 (TeTp) At=¢

4 2/m(mon), mm2(opt), 222(opT) A2=B2=(AB)2=¢

6 6(rexc), 6 (rekc), 3 (Tpur) A6 = ¢

6 32(tpur), 3m(Tpur) A’=B = (AB) =¢

8 mmm(opt) A2=B2=C2=(AB) =(AC)2=(BC)2=¢

8 4/m(retp) A*=B2=ABAB =¢

8 4mm(terp), 422(tetp), 4 2m(TeTp) A‘=BX=(ABR=¢

12 6/m(rexc) A6=RB2= ABAB=¢

12 3 /m(tpur), 6 m2(rexc), 6mm(rexc), 622(rekc) Ab=B2=(AB)=¢

12 23(ky0) A’=B2=(AB)=¢

16 4/mmm(teTp) A2=B2=C2=(AB) =(AC)2=(BC)*=¢

24 432(ky6), 4 Im(xy6) At=B2=(AB)=e¢

24 m3(xy0b) A'=B2= (A2BAB)2 = ¢

24 6/mmm(rekc) A2=B2=C2=(AB)2=(AC) 2 =(BC)t =¢

48 m 3 m(ky6) At=Be=(AB)2=¢
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Opbumst 2pynn: 3KEUBAICHIILLIC ROUYUU MOYCK. 2

[Tpn omucaHuM CTPYKTYPbI BaXKHBIMH Xapak- Y
TEPUCTUKAMH SBIIAIOTCS KOHGUIYPALMU, BO3HH- xyzQ) Oz
Karoulde MpH BO3IEHCTBUH COBOKYITHOCTH 3lle-
MEHTOB IPYIBI HAa TOYKY HIIM Ha TIIOCKOCT. Pe- 0y0 7
3yJAbTaThl TAKOTO PA3MHOXEHUS, KOTOpble 060- Pl

m
3HA4alTCH TEPMHUHOM — OpOHUTA, COOTBETCTBYIOT Dx0z /
NpeaCTaBJIEHHUIO TPYIIIBI B BUAE MPOCTPAHCTBEH- >

0 »
HbIX QUTYP. (@) /o / X

PaccMoTpum npocTeiilnyo WLTIOCTpAiHio Ha
puc. 1.2.5 nns rpynnsl MOHOKJIWHHOW CUHTOHUH CP 0y0

2/m {1, 2, m, 1}. Bo3aeicTBue Bcex JJEMEHTOB
Py HA TOYKY € IPOU3BOJIbHBIMU 3HAUCHUAMU

205 x9z
KoopauHat (x,y,Z) CO31aeT OpOUTY KPATHOCTH 92 O O
4 (= nopsiaAKy rpyInel), UMEHYEMYIO Kak obiias
MO3ULUHUA H3 YETbIpEX 3KBHUBAJCHTHBIX TOUYEK. Puc. 1.2.5. Op6utsl Touek ans rpynnsi 2/m

CuctemMa 4acTHOH MO3ULIMM BO3HHUKAET, €CITH HC-

XOAHYIO TOUKY PACITOIOXKHUTD Ha 3JieMeHTe (MepeceyeHun 3IeMEeHTOB) CUMMETPHUH; JIEHCT-
BHE JAHHOIO IEMEHTA KCKJIIOYAeTCq, KPATHOCTh MO3ULIMK COKPALIAETCs BIBOE, BUETBEPO,
U T.1. DparMeHT JaHHBIX W3 CMIPAaBOYHHUKA JUIS rpynnsl P2/m npusenen B tabn. 1.3 kak
npuMep CTAHJAPTHOTO OMUCAHHUS 3KBUBAJICHTHBIX NMO3ULUWHA. 3nech 1tu¢pa B Hayane CTpo-
k1 0003HAYaeT KPATHOCTh MO3MULUMHK; OYKBBI B CKOOKaX ecTh aipaBUTHAS HyMEpaLHsi CTPOK
no Yaikody; ganee ykazaHa CUMMETpUS TOYKH B JAHHOUN MO3UUHUU U 3aTEM KOOPAHUHATHI
TOYEK NMPEACTABIICHHA.

Tabauua 1.3. @parmMeHT NaHHLIX H3 CNIPABOYHHKA A4a rpynubl P2/m

4 (o) 1 X,V 23 =X, Vo =I5 X, =Y, i =X, —p, =2
2 (m) m x,0,2,-x,0, —

2 (1) 2 0,y,0,0,-y,0

1 (a) 2/m 0,0,0

KOOp}II/IHaTbI TOYEK B 3KBHUBAJICHTHBIX IMMO3MUHUAX CIIYXAT OCHOBOM MMpHU KPpAaTKOM CTAaH-
JapTHOM OMHCAHHUM aTOMHOM CTPYKTYpbl H1000# cinoxHocTH. KpoMe Toro, 3to npeacras-
JIEHWEe IOMyCKaeT B KaXXJAOM CJydae eCTeCTBEHHYI TPAKTOBKY CTPYKTYPbI: ONpeaeIeHHOM
IKBUBAJIEHTHON MO3MLHH € JAHHON CUMMETpHEH MOJIOXKEeHUS COMOCTaBSIOTCS aTOMBI O1-
HOTO copTa.

PaccMOTpuM runmoTeTHUYecKHil MpuUMep: MyCTh COEAMHEHHUE C MPOU3BOJIBHOH XMMHYECKOM
dopmynoit DF,G, cCOTEPX)HT 1€BATb ATOMOB B 3JIEMEHTAPHOM 4YEHKE TPyl 2/m. ANpHOpPHbIE

NPEANOIIOKEHHS, KOTOPbIE MOXHO cenaTh Ha 6a3e Tabnuubl: atombl D pacnonararorcst B of1-
HOKpPaTHO 1no3uuuu (a); aToMsl F 3aHUMAIOT OHY U3 IBYKPATHBIX MO3ULIMHA, KOTOPYIO HYXHO
onpenenuts. Jng wecrtu aromos anemenra G cneayeT NPeAIoIoXUThL BAPUAHTBI — TMO0 obas
no3uuus (o) + oaHa U3 IBYKpaATHBIX, JIMOO TPH ABYKPATHBIX MO3HULIMH; B JIIOOOM ClIyHae aTOMbI
3TOrO 3AEMEHTA B CTPYKTYPE OKa3bIBAIOTCS pa3fefieHbl 10 CBOHCTBAM, MOCKOJbKY MO3ULIMH, B
KOTOPbIX OHM HAXOAATCA, pa3jInyaroTCsl IO CHMMETPHH.

Opbumesl epynn: npocmeie hopmsl nrockocmeil.

[TpumeHenne COBOKYMHOCTH onepaluif CHMMETPUM TPYNbl K y3JOBOH MIOCKOCTH pe-
IIETKH reHepupyeT Habop IKBUBANIEHTHBIX IPaHEl HEKOTOPOH PUryphl — 3AMKHYTOTO MU
HE3aMKHYTOr0 MHOTOrpaHHMKA. DTa ¢urypa asisercs opOuToil naHHOHN rpynmsl U 060-
3HAYAETCA KAK 3aKpbimas WA OMKpblmas, npocmas opma. AHaNTOTHIHO TOYEYHBIM OpOH-
Tam, npoctas popma {# k /} obluero THna BO3HUKAET MPHU BO3AECHCTBUH IIEMEHTOB CUMMe-
TPHUM HA MIOCKOCTH C MPOU3BONBLHBIMU HHAekcaMU. YHucao rpaHei 3Toi npocTtol hopMsl
COBMAAAET C MOPSAKOM TPYMIbl U HATISAAHO oTOoOpa)xkaeT ypoBeHb CHMMETPHU: HAIIPUMED,
B MOHOKJIMHHOW CHHTOHMH OTKPBITBIH YeThIpEXTPAHHUK — poMOUuUueckas npu3Ma JUIs Ipyr-
nbl 2/m , B KyOUUECKOH CHHTOHHUM — 3aMKHYTHII 48-TpaHHUK MJIS BBICIUEH CUMMETPUH m3m
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Tabnuua 1.4. NMpumeps onucanns npoctbix Gopm B MexkayHapoaHbix Tabanuax

2im Cx
Unique axis b Unique axis ¢
4 ed 1 Rhombic prism (hk1) (-hk-1) (-h-k-l) (h-kl) (hk1) (-h-kil) (-h-k-l) (hk-l}
Rectangle through origin (o)
2 b m  Pinacoid or parallelohedron (h.Ol) (-h0.-1) (hk,0) (-h-k.0)
Line segment through origin (m)
2. a 2 Pinacoid or parallelohedron (0.1,0) (0,-1,0) (0.0.1) (0.0,-1)
Line segment through origin (i)
m3 Ty

24 d 1 Didodecahedron or diploid (k) (-h-kl) (-hk-1) (h-k-1)
or dyakisdodecahedron (Lhk) (L-h-k) (--hk) (-Lh-k)
Cube & octahedron & (kdh) (-kd-h) (k-l-h} (-k.-Lh)
pentagon-dodecahedron (1)

(-h-k-1) (hk-l) (h-k1) (-hk1)
(-L-h-k) (-Lhk) (Lh-k) (1-hk)
(-k-L-h) (k-Lh) (-kLh) (kt-h)
Tetragon-trioctahedron
or trapezohedron
or deltoid-icositetrahedron
(forlh|<|!]) (i) (-h-ht) (-hh-l) (h-h-l)
Cube & octahedron & . (Livh) (L-h-h) (-L-hh) (-Lh.-h)
rhomb-dodecahedron (hih) (<hd-h) (h-l-h) (-h-Lh)
(for|x|<[z})
(-h-h.-1) (Wh-1) (h-h1) (-h.h1)
Trigon-trioctahedron (-L-h-h) (-Lhh) (Lh-h) (L-hh)
or trisoctahedron (h-l-h) (h-Lh) (-hih) (hi-h)
(for|h|>|!])
Cube truncated by octahedron
(for|x1<1=1)

12 ¢ m. Pentagon-dodecahedron (O0.k1) (0.-k1) (0.k-1) (0-k-1)
or dihexahedron (LOK) (10.-k) (-1.0.k) (-10,-k)
or pyritohedron (k10) (-k1LO) (k-0 (-k.-1.0)
Irregular icosahedron
( = pentagon-dodecahedron
+ octahedron ) (j)

Rhomb-dodecahedron (0.1.1)(0-1.1) (0.1,-1) (0.-1.-1)
Cuboctahedron (LO1) (1.0.-1) (-1,0.1) (-1.0,-1)
(11.0) (-1.1,0) (1.-1.0) (-1.-1.0)

8 b 3 Octahedron (1.1,1) (-1.-1.1) (-1.1.-1) (1.-1.-1)
Cube (i) (-1.-1-1) (1.1.-1) (L-1.1) (-1.L.1)

6 a 2m. Cube or hexahedron (1.0.0) (-1,0.0)

Octahedron (e) (0.1.0) (0.-1.0)
(0.0.1) (0.0.-1)

23T

12 ¢ 1 Pentagon-tritetrahedron (hkd) (-h-k 1) (-hk-1) (h-k.-l)
or tetartoid (Lhk) (1L-h-k) (-L-hk) (-Lh-k)
or tetrahedral pentagon-dodecahedtron (kih) (-ki-h) (k-L-h) (-k-Lh)
Snub tetrahedron ( = pentagon-tritetrahedron-

+ two terahedra ) (f)

Trigon-tritetrahedron

or tristetrahedron ( for | A | <|/])

Tetrahedron truncated by tetrahedron

(forix|<|z|) (hhl) (-h-h1) (-hh-1) (h-h-1)
(Livhy (L-h-h) (-L-hh) (-Lh-h)

Tetragon-tritetrahedron (hlh) (-hi-h) (h-l-h) (-h,-Lh)

or deltohedron

or deltoid-dodecahedron ( for | A | > |/])

Cube & two tetrahedra ( for | x| <|z|)

Pentagon-dodecahedron . (0.k1) (0.-k1) (0.k-1) (0-k-1)

or dihexahedron (LOk) (10-k) (-LOK) (-10.-k)

or pyritohedron (k10O) (-k10) (k-10) (-k.-10)

Irregular icosahedron

( = pentagon-dodecahedron

+ octahedron )

Rhomb-dodecahedron (0.1.1) (0.-1.1) (0.1.-1) (0,-1.-1)

Cuboctahedron (1.0.1)(1.0-1) (-1.0.1) (-1.0.-1)
(1.1.0) (-1,1,0) (1,-1,0) (-1,-1.0)

6 b 2. Cube or hexahedron (1,00} (-1,0.0)

Octahedron (f) (0.1.0) (0.-1,0)

(0,0.1) (0,0.-1)
4 a B Tetrahedron (111 (-1.-1.1) (-1.1,-1) (1.-1.-1)

Tetrahedron (¢)

or (-1-1-1) (1.1-1) (1.-1.1) (-1.1.1)
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Ha puc. 1.2.6. CneuuanbHoOEe MOJIOKEHUE UCXOMHOH IUIOCKO- 1Y
CTH — MEPNEHANUKYIAPHO OCU CUMMETPHUH, JIMOO MapalIeabHO /
3epKaJIbHOM MIOCKOCTH — BBIKJIIOYAET ACHCTBHE JaHHOTO 3Jle-
MEHTA CUMMETPHH; BO3HUKAET NpocTasi popMa 4acTHOr O THMA
MEHBLIEH KPAaTHOCTH.

CymMapHO, 47 TUIOB NPOCTBIX (POPM MOTYT SIBJIATHCS MPEICTAB-
JEHUSAMU TOYe4HbIX rpyrin. CUMBOJ MpocToit (GOPMBI 3aMUCBIBAET-
csl B pUrypHBIX CKOOKAX M COOTBETCTBYET HAOOPY 3KBHUBAJICHTHbIX
TIOCKOCTEl ¢ yHeTOM CHMMETPHH JaHHOH rpymmsl. Tak, CHMBON
{111} mns Bcex CUCTEM, KpoMe KyOHUECKOH, He 3aTparuBacT AeHCT-
BHE TIOBOPOTHBIX OCEll M JaeT KoHdurypauuio obllero Tuna; Ha- Puc, 13,6, Tipoems fiop-
npuMep, UIS YIOMSHYTOH Ipymnib!l 2/m MOHOKJIWHHON CHHTOHMH Ma 0Bi1ero THna (48-rpa-
3TOMY COMOCTAB/ISIFOTCA YEThIpe IPaHU, KaK U Wi obwei hopMbl HHUK) IS CpyTibL m3m
rutockocteit. s rpynmst 23 KyOuueckoi cucteMbl B 0003HAYEHHAX
{111} spIKMIOYaeTCa OeiicTBre ocell 3-ro mopsiaka; ¢pukcupyercs 4acrHas gopma — TeTpasap (rno-
Clle TPeXKPaTHOro BeIpoXaeHHUs popmbl oburero Tuna kpatHocty 12). Jlns rpynmnsl m3 (KkpaTHoc-
TH 24) TaKoe ke BbIpOXIeHHe POPMUPYET BOCBMUTPAHHHUK — OKTa3Ap. OTAenbHbIE TPUMEDPBI OMMU-
CaHus NPOCTBIX (OpM, MpUBeEeHHBIE B TA0I. 1.4, WMOCTpUPYIOT 0603HaYEHUS! U TEPMUHOJIOTHIO
MexnyHnapomubix Tabnuu (International Tables for Crystallography, Vol. A, ed. by Theo Hahn).

B nutepaTtype HAXOIUT TAKKE NPUMEHEHUE U CTOcOD 0003HAUEHH S TOUEYHOH CHMMETPHH 110
MHOrOT'PaHHUKY, COOTBETCTBYIOIIEMY NpocToi opme obuiero Tuna. I'pynmna npu 3ToM UMeHy-
eTCS KPUCIALTUYECKUM KAACCOM, @ Ha3BaHWsI MHOTOTPAHHUKOB MOCTPOEHBI HA KOPHSX rpeyec-
Koro s3bika. Mtak, ecu BcTpedaercs, HarpuMmep, onpeaeneHne: Kiace Npu3MaTHYecKHi (crys-
tal class — prismatic, monoclinic holohedral) — 310 TOX1eCTBEeHHO rpyrne 2/m; K1acc reKCakUCOK-
Tasapuyeckui (hexakis-octahedral ) — rpynna m3m 4 T.IL

B kauectse pe3toMe 3aMeTHM, UYTO (PUBHUYECKOH peaTi3aLiii U3JI0XKEHHOH Bbillie CBOeOOpa3HoO# TO-
MOJIOTMU OPOUT TUIOCKOCTEH COOTBETCTBYIOT OCOOEHHOCTH CTECTBEHHOM OIPaHKH KaK COYETaHHS 3a-
KPbITBIX W OTKPBITHIX MPOCTHIX GOpM AaHHOTO KpUcTasIa. F1o3ToMy yMECTHO NOIUEPKHYTh, YTO CUC-
TeMa B3FJSIOB Ha MPOCThie (POPMBI PA3BHBAIACH CTECTBEHHBIM 00Opa3oM B IEPUOL BbIXO/1a KPUCTAll-
sorpadmu 13 paMok orvcaTeTbHOH MuHepaioruu. [l 9BosmoLMHK Beero Kpucrasuiorpaduyieckoro Ha-
npasreHns B X VIII-XIX BB. okazanoch BecbMa BaXHBIM pellieHHe CBOEOOpa3HOil «00paTHON 3a1a4m»
CHMMETPHH TIPH HUCCIIEIOBAHUH CJIOKHOM OTPpaHKH MPUPOIHBIX MUHepastoB. UMeHHO Ha base skcrepH-
MEHTATLHO HAH/IEHHBIX YTJIOB MEXIY IPAHAMKM KPHUCTAUIOB YAAIOCH BBISIBUTb NPUHLMITBI CHMMETPHH
KPHCTAJLTHUECKUX KJIACCOB U 3aTeM ACTAIbHO pa3paboTaTh caMy M'MNOTe3y TPAHCIAUMOHHON pelLeTKH
3aMETHO paHee KApAMHATBHBIX IKCIIEPUMEHTAIBHBIX OTKPBITHI M1 HOOEJIEBCKUX [IPEMHH.

1.2.4. Uepapxua cummetpuit. NpepgensHsbie rpynnbi Kopu

Bzaumibie cesizu moueunsix 2pynn. ConepxaHue KHUTH UMEET eCTECTBEHHbIE 00J1aCTH COTpH-
KOCHOBEHHS CO CMEXHBIMHU pazfesiaMy (PU3UKH KPUCTAJIOB U TEOPUH CTPOEHHS TBEPHABIX Tell,
BK/II04as pazoBble nepexoasl. B mtanHoM naparpade 6yayT KpaTKo paccCMOTPEeHbl OCOOEHHOCTH
cy0-, cymep- rpynrnoBbIX B3aMMHBIX 3aBUCHMOCTEHN B CUCTEME TOYEYHBIX TPYIIL.

B tepMunax rpynnoBoil anrebpbl HepapXHYECKHE CBSI3H BHYTPH COOOLIECTBA TOYEUHBIX
IPYIN MOTYT peaiu30BaThCA:

100 B BU/E BKJIIOUEHHUS BCEX JIEMEHTOB HHU3LUIEH TPYIIIBI B BBICIUYIO
HCG,
MO0 KaK MepeceueHue IBYX TPYII MO0 HEKOTOpOH obuied HU3UIeH noarpymne
H=GNT.

[pocTeitimii npuMep: TETPAroHANBbHYIO TPYNNY 4 HEBO3MOXHO BK/IIOUHUTH B KAUeCTBE MOJ-
rpymnmnsl B FeKCaroHa bHYIO TPyMIy 6; OHAKO OYeBHAHBI conoaunHeHus 2C4 u 2C6; ciienoBa-
TEJILHO MEPEeceYeHUEM YKa3aHHbIX JIBYX PYIIN SBISETCH:

2=4N6.
COOTBCTCTBCHHO, €CITH HEKOTOPOE COEAUHCHHUE MOXKET UMETb CTPYKTYPHbIC MOlIHd)I/IKaLIHH

yKa3aHHbIX (1) 1 (/) CHHTOHMIA, TTPU UX B3AKMHOM NpEeBpAlleHUH HCKIIIOYAEeTCs BAPHAHT ¢ ¢da3o-
BBIM IIpPEBpallieHHEM BTOPOTO poaa.
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B 3TO# mOCTAaHOBKE OKa3bIBAKOTCA €CTECTBEHHBIMH (arpHOPHO,
TOJILKO M3 COOOpaKEHUH CHUMMETPHH) YCIOKHEHHBIE MEXaHH3MBI
CTPYKTYPHBIX TEPEeXOJ0B B TaKUX PACIPOCTPAHEHHBIX CHCTEMAX,
KaK cTalib (0.1.K.<>[.I.K.), Kpuctasibl coeauHenui [HI-V | u [I-VI
MOJIYIIPOBOIHUKOB (Ky0.<>rekcaroH.).

comm B cnpaBouHHUKaX 3aTa0yTMPOBAHBI TOJIHbIE PA3BETBIICHHBIE LIETIH
B3aUMHOTO MOJYHHEHU A, KOTOPbIE OUEBHAHBIM 00Pa30M UCXOAST OT
JIBYX HE3aBUCHMBIX «BEPUIMH», KAKOBBIMU ABJISIOTCS [PYIIIbI FeKca-
oo/mmm rOHATbHOW M KyOuueckol cHHronuid. CBOJKA ITHX 3aBUCHUMOCTEH
npencrasicHa B Tabn.1.5.
Cé53b ¢ cummempueti (Puzu4ecKux c8oUCMe KPucmaiios.
B 3amauax KpUCTAUTOPH3NKH TPUHLHMIB CUCTEMATHYECKOTO
. o0 ornucaHus PU3NYECKHX ABJIEHUH B KpUCTAJUIAX ABJISIOTCA CAMOCTOSA-
TENILHBIM OOIIMPHBIM HAMPABJIECHUEM, B KOTOPOM HUCIOIB3YIOTCS Me-
— TOMOJIOrMK TEH30PHO# anredpbl U TEOPUH TpyNI. B koHTekcTe aH-
ST HOTO Kypca MbI JIMIIb KPATKO O0003HAYMM B3aMMIIble CBA3H MEXIY
CUMMETPHEH, TIPUCYILEH CBOUCTBY, U CHMMETpHEH KpHCTALIa — HO-
CUTENI TaHHOrO CBOMCTBA.

HTak, B paccMoTpeHue HeoOXOAMMO BKJIIOUMTB IpyMIbl Oecko-
@ @ 00/00 HEYHOro MOpPsIKa, KOTOPBIE OTOOPAXKAtOT CUMMETPUIO CBOHCTE B

-~

KAa4ecTBe reHepaTOPOB B COCTABE ITHX FPYIII MPUCYTCTBYIOT OCH % C
OeCcKOHEUHO MAJIbIM JJIEMEHTapHbIM noBopoTtom. Harnsaxoe npen-
CTAaBJIEHHE O TAKUX I'PyMNax JaeT reoMeTpuueckuit obpas ¢urypsl
BpallleHHsl, IMUTHPYIOLLEH CUMMETPHIO cBOHCTBa. CyILECTBYET CEMb
THNOB TaKHUX (PUTYp, KOTOpLIE MOKa3aHbl Ha puc. 1.2.7: HenoaBUXK-
HbIH KOHYC, BpAILAIOIIHHCA (MTpaBbIH WITH JIEBBII) KOHYC, HEMOIBHX-
HBIH LAIMHAP, BPAUIAIOIIMACS LMITHH/D, CKPDYUYEHHBIHN (1IpaBbId MK
JIEBBIN) UMIIMHAP, HEMOABMKHBIN HIAp, NIAP C BpPAILEHUSAMH (TTpaBbl-
MU WK 1eBbIMH). Kaxnas u3 ceMu yKa3aHHBIX NpelelbHBIX 3KCTpa-
noasuui (06pa3LoBbIX GUrYp) MOXKET CIYXKUTH CYNEePrpynIon A1 KpUCTAIIOTpaPpUIECKUX TO-
YeyHBIX TPYII, KaK MOKa3aHOo cxeMaTH4yecku B Tabu. 1.6.

Hcxoausie HGOPMYTUPOBKH I COOTHOLUIEHUS CUMMETPHUI (DU3HYECKUX TMOJIEN U SBIIEHHHA B
KPHCTAJLIAX CBSI3aHbl ¢ U3BeCTHBIMU pabotamu I1sepa Kiopu. OnpenensiomuM aBiseTcs 1encT-
BHE MPUHLIKIA CYNEPIO3ULIMH CUMMETpHiA: «['pymina cuMMeTpuH ABYX (HIIM MHOTHX) OOBEKTOB,
paccMaTpUBAEMBIX KaK LENOe, BIAETCS OOLel BBICIIEH NOArPYNIOi Py CHMMETPHUH ITHX
00BLEKTOB, ONpENETIEMO C yUYeTOM B3aUMHOTO PAaCIOJIOKEHHS UX JIEMEHTOB CHMMETPHI».
Wnmoctpanuei pojid B3aUMHOTO PACTIOIONEHHS! MOXET CIIyXHTh puc. 1.2.8, na KoTopom ny-
TEM IepeMeIleH i IBYX Ten (llapa ¥ LHIMHIPA) KapAMHATILHO NOHHXAETCS KIacC CHMMETPUHN
KOMILJIeKca 3TUX PUryp.

Jlpyras BakHasi 3aKOHOMEPHOCTb B KPHCTA/UTOQU3MKE HOCHT HAMMEHOBAaHHE TPUHUMMA
Heiimana: «Fpyniia cummetpun JI060ro GpU3HYECKOro CBOHCTBA, KOTOPbIM 00j1ajaeT KpHC-

TaJUT, JOJDKHA BKJIIOYATh B ceOs BCE JIEMEHTDI

TOYEYHOM rpyniibl KpucTamia»y. OTMETHM «3a-

MIPETUTEIIbHBIN» XapaKTeP 3TUX MPHUHLIMIIOB —

MPUHALISKHOCTH KPUCTANIIA K JAHHOM ToYed-

HOH rpynmne orpaHUYMBAET BO3MOXHBIE IPO-

sBaeHUs ero ¢pusnueckux cBoicTs. [1peobpa-

30BaHKE CUMMETPHH COOTBETCTBEHHO OKAa3bl-

BaeTCs BECbMa BAXKHBIM aClEKTOM CTPYKTYD-

HBIX TMEPEXOd0B, KOTOpbIE COMPOBOXAAIOTCA

(a) (6) (8) 3BOJIIOLIMEN CBOMCTB. XapaKTepPHBIM MpHME-
Puc 12,8, Hiomoerpaims npuatin; oyaepioesu- POM MOXET CIIYXHUTh CErHETOIIEKTPHUYECKHI

LIHH CHMMMETPUHU! -
dasosbiit nepexona. IlpuMem BO BHUMaHHUE,

(a) o/mmm — uuauHAp, (6) c°omm — KoHyC, . ‘
(B) M — MI0CKOCT YTO 3EKTPUUYECKUH BEKTOP CIIOHTAHHOH MO-

oo/oo/mmin

Puc. 1.2.7. ®urypsl
BPALLIEHUA — NPEAEib-
Hbie rpyrnnst Kiopu
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Tabauua 1.5. Hepapxus Todeunsix rpynn

HHACKC  MOPAAO0K

[
2]
(3]
4
(6]
(8]
[12]
(16]
(24]
[48]

48
24

m§m

HHAEKC MOpAAOK

[1] 24 6/mmm
[2] 12
[3] 8
(4] 6
(6] 4
(8] 3 3
(12] 21 2 m
[24] 1 1
Ta6auua 1.6. Cucrema noauuHenus cemeiictsa npeeabHbix rpynn Kiopu
IMopsnox T
FRy CemeiicTBa NpeAeIIbHBIX IPyILI
o o | 022 o/m comm | oo/mm l oo/ I %/o/mmm
120 m35
60 | 235
48 m3m I
24 6/mmm 432
16 4/mmm m3,432 |
12 622 6/m 6mm ~6m2, -3m 23
422 4/m 4mm mmm, 42m
32 -3,-6 3m
2222 4, 2/m mm?2

DjwiHjpn]oe

Wl
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JIIPU3ALIMU TIPEICTABIAET MPEIebHYIO TPYIy KOHYCa ©mm, B KOTOPOH OTCYTCTBYET LEHTP
uaBepcud. OTcCIoaa CleayeT: eciii UCXOAHAs CTPYKTYpa KpUCTajlia B apadfieKkTpyuyeckoit dase
ABIAETCS USHTPOCHMMETPUYHOM, TO MEPEXO B CETHETONIEKTPHUECKYIO a3y ¢ HEOOXOIUMOC-
TBIO COINPOBOXIAETCI ATOMHOW TEpecTpOHKOW, MPUBOASALLICH K yTpaTe LEHTPa HMHBEPCHM.
HMMeHHO Takoro poja nmpeBpalieHdst YCTAHOBJICHBI U TUTaHaTta 6apust: (m3m = 4mm), s
TPUTITMUUHCYNTbdaTa (2/m = 2) 1 psana Apyrux coeHHeHU.

 Hrocazdpuueckue moueuibie 2pynnsi.

Uepapxus npenenbHbIx rpynn Kiopu 1mo3BosisieT MOSCHUTh OTMEYEHHbIE paHee napajok-
calibHble CUTYallMH, CBSI3aHHBIC ¢ HEKpHCTaLorpaduueckoit cummerpuet 5-ro nopsaaxa. s
HATIAAHOCTH HCITOJIB3YEM «KPUCTAILIOrpadHUEeCKUi acnekT» MATH MpaBHIIbHbIX MHOTOT PAHHH-
KOB — HIealbHBIX
¢uryp Tlmatona
I (puc. 1.2.9). Ilpo-
: crefune GhUrypbl —
: TeTpasnp, Kyb, ok-
I
I

(a) (6) (8)

TAYIp - YyxKe fnpel-
CTaB/IEHbI B TAHHOU
7 r71aBe B KayecTBe
4aCTHBIX dbopm
rpynn kyOuyec o

( (1) O : cuHronun. Ecrtect-
BeHHo, 4to Oolee

CJIOXHbIE — 1BAALIA-

TUT'PAHHUK C Tpey-

‘r FOJILHBIMU [paHs-
‘i MH  (IpaBUIBHBIN
MKOCA3p), [IBEHA-

Puc. 1.2.9. Uneansubie dpurypsi [laTona - (a) terpasp; (6) rexcasup (ky0); () UATUTPAHHUK C Tis-
OKTadp; (') HKoCadAP; (1) NEHTATOH-A0AEKAIUD

THYTOJIbHBIMH Tpa-
HSIMU (IpaBUIbHBIR
MEHTArOH — JOAEKA’Ip) UMEIOT MOA0OHbIE KauyecTBa. B TepMuHax rpynmnoBoil ajaredpsl OHH
MPEACTABMAIOT ClieLHaTbHble OPOUTHI MJIOCKOCTEN ISl ABYX TOYEYHBIX IPYIIT KOHEYHOIO IO~
panka. B npuHsThix 0003HaUeHHIX 3TH rpynnsl: 235 (60-ro nopsaka) u m35 (120-ro nopsaxa)
06pa3yoT MKOCA3IpUYeCcKyio CHHIoHUIo. Kakas U3 TpynI comep X uT LecTh oceil 5-ro nopsi-
Ka, AeCATh OCei 3-ro nopsaka, mATHAALATh Oced 2-ro MopsiaKa.

Teneps paccMoTpuM cxemy Tadi. 1.6, rae ToyedHble IPyIbl Pa3AesieHbl M0 CEMERCTBAM IIpe-
nenbHbiX rpynn Kiopu. BuaHo, 4To [U1st Beex rpyniin KOHyca U LMJIMHAPA YUCIO TOATPYIIN HEOTI-
peilesieHHO BEJIMKO: MOPsI0K IIaBHOM ocu N 3amaeT 4Mcno pedep NpaBHIbHOTO MHOTOYIOJlb-
HHMKA B OCHOBAHHMH [TMPAMU/IBI WIIK NIPU3MBIL, a B nipenesie N = oo, MHoe nonoxenue cpeau noa-
TpyNIl 1Iapa, JOMYCKAIMKUX HEOPTOrOHANIbHOE TepeceueHne oceit cMMMeTpHH. 3ech UTS KO-
HEYHBIX TPYIN (HE3aBUCUMO OT CYILECTBOBAHMS TPAHCIALMOHHON PELUIETKH) IEHCTBYIOT XKECT-
KHEe OrpaHuYeHUs: MOPSUIKKA ocel TOAbKO 2, 3, 4, 5; KOMOMHALIMK OCeH MO 3aJaHHbIMU YTTIAMH
Tonpko: 4 + 3 + 2,2+ 3,2 +3 + 5. Beero, ¢ yuetoM LIeHTpa UHBEPCHH, JUIS NIPEAENbHON IpyIl-
TbI [1apa BO3MOXKHbI JIHUIb CEMb KQHEYHBIX MOArPyNI: B KyOUYECKOH CHHTOHHUHU — MATh FPYIIT —
KPA4THOCTB 10 48, B MKOCA3APU4ECKON CHHTOHMU — JIBE TPYMIIbI — KpaTHOCTH 10 120. MUrak, ot-
Ka3 OT YCJIOBUS TPAHCISUHOHHOH MEPUOAMUYHOCTH [OMOIHAET CTAHAAPTHBIA pEeCTp TOJIBKO
rpyrnmnaMu ukocasapuieckoit cuHrouuu. Ipu 3ToM MOKHO yKa3aTh U Ha B3aUMIIbIE CBSA3H BHY-
TPH CEMEHCTBA Lapa: JBe TPYMMbl «HU3IIEr0o KyOa» MOAYMHSAIOTCH TAKXKE HKOCAIAPHUUECKUM
rpynmnam. B kadecTBe npuMepa oOpaTyM BHUMAHHE Ha nepecedenre m35 M m3m=m3.

Heoxuaannoe o6HapyxeHue HOBOro eHoMeHa B COBPEMEHHOM (QU3HYECKOM MATEPHUAIIOBE-
JIEHUH — KBA3HKPHUCTAUIOB - POJAEMOHCTPUPOBAJIO PEasIbHOCTh HKOCAIPHUYECKON KonHUrypa-
UMY KaK Omokaiiuieit anbTepHATHBBI TPAHCIIALUHOHHOMY AAJIbHEMY MOPAIKY.
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Masa 1.3
NMPOCTPAHCTBEHHBbIE rrynnbl

1.3.1. PeweTtkn Bpase

Baxxubim pasaenom kpucramnorpaduyeckon KiaccuuKauuy ABISETCA ONpeaeneHie TUIOB
TPAHCIAUMOHHBIX pewteTok. TeopeTndeckuii aHanu3, Bocxoadauuii k paboram Oriocta Bpase,
JAET CTPOro OrPAHHYEHHOE YUCIIO KAYECTBEHHO Pa3NMYHBIX PELIETOK, WK 14 BO3ZMOXHBIX J1e-
MEHTApHbIX Napaienenunenos. [py nocTpoeHUH 371eMEHTAPHBIX SYEEK TIPUHATO TPHAEPKH-
BATBCA CIENYIOLLEH MOCIeI0BATENLHOCTH MTPABHUIT:

a) CuMMeTpHs A4eHKH COBMAAAET C BBICIICH (FOMOIAPUYECKOMN) I IAHHON CUHTOHHUHU;

b) Ilpu ydyere ycrnoBus (a) UUCIO MPAMBIX YIIIOB MEXAY OCIMH MAKCUMAJIBHO;

c) I'lpu yuere ycnosuii (a) u (b), 00beM T4EHKH MUHUMATIBHBIIA.

IIpumevanue. HUcnonnenue ycrosus (c¢) unoeda Hapywaemcs.

Panee B I'n. 1.1 6b111 mpuBeaeHsl ucxoaHsie dopmel siueek: P — npumutusnas, A, B, C — 60-
Ko- (6a30-) uentpuposaHnnas, I — o6beMHoUeHTpupoBanHas, F — rpaHeuenrpuposannas. [pu-
MHUTUBHBIE SYECHKH MPEACTABIIEHbI BO BCEX CHHIOHMAX. [lepeunciinm pacripeesieHue BCex ceMu
UEHTPUPOBAHHBIX pelieTok Bpase:

MoHnokIuHHas DA=C=I1=F

Opropombuueckas 2)A=B=C H1 4) F
TerparonansHas S)I=F

Kybuueckas 6)1 HF

3uak (=) oznauaem, ymo Konguzypayus y3108 cOBRAOAEM NPU ArTbMEPIAMUBHOM 8bl00pe 0OCell.
Xapaxkmepnoui npumep na puc. 1.3.1 — 013 mempazonanbioil peuemrku 06bemio- u 2paneyeHmpu-
POBAHIAA SAYEUKU PAGHOYEHILbL.

(6)

F-syelika

I-aueiika

O 1ockocts z=0 ‘

@ wiockocth z=1/2

Puc. 1.3.1. Bibop sueek Uisi LEHTPHPOBAHHDBIX TETPATOHAIbHBIX PELIETOK.
(a) — koHdurypauus y3108; (6) — BapuaHThl Boibopa
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He y4acTByIOT B pacCMOTPEHUH TPH CUHTOHHUH:

TPUKITUHHAS — HPU NPOU3BOILHOM BLLOOPC OCET YCHIMPUPOBANILBIC AHCHKU UCKIIOYETHbL.

Tpuronanshas, [excaronansHas — npu 3adannelx yeaax 60°u 120° yenmpuposanisie suetiku
UCKIOYEI1bL.

Hertanu BoIOOpa siueek rnpeacTanieHsl B Tad. 1.1.

1.3.2. TpaHcnAUUA Kak onepauua CUMMeTpUn

Ipu mepexone Ha A3bIK TPYMIIOBOI anredpbl ckazaHHoe o pelmeTkax bpase cooTBeTcTBYET
3aJaHHUIO0 TPAHCAALUMOHHBIX TPYII OECKOHEYHOTO MOPAIKA:
e BpoauTca o0o3HaueHHME BEKTOpA TPAHCISILUMM f, KOTOPBIH ONpeAeNseT MNepexoln
OT TOYKH K (PU3MUECKH HEPA3JIUUUMOI TOUKE 1.
* Omneparop tpaucisuuu T(r) BBoauTea ycnosuem: ¥ = T()r =r + 1.
* QOnepauuss YMHOXEHHS [UIsl TPYIIbl TPAaHCIALUMH €CTb BEKTOPHOE CIIOXEHHE:
tl+2=3€T.
e  EnuHU4HBIN 27eMeHT — HyJeBas Tpancnsuus T(0) = E .
e O6paTHblit 2MeMeHT — BeKTOp obpaTHoro 3xaka (T(1))!' = T(-1) .
Kaxpmas u3 TpaHCISIUMOHHBIX rpyﬁn XapaKTepU3yeTcs Kak LUKIHdYeckas, abenesa, becko-
HEYHOr0 MOPSIKA. DJIEMEHT TPYMNIbl — BEKTOP TPAHCIALNK:

t=pa+pb+pc+it.rnep,p,p, =0, 1, £2, . %8

l(‘ — HEMPUMUTHUBHAA TPAHCIAUUA [T UEHTPUPOBAHHBIX PCLICTOK.

MIMEHHO cOoUYeTaHHe TOUEYHbIX (KOHEUHBIX) M TPAHCIALMOHHBIX (ecKoHeUHbIX) rpynn ¢op-
MHUPYET MPOCTPAHCTBEHHbIE IPYNITbl CHMMETpUU. OCODEHHOCTBIO TAKUX PYIIN ABJIACTCH pac-
M pEHHE JCHCTBYIOIETO CIIUCKA JJIEMEHTOB CHMMETPHH.

1.3.3. OTKpbITbIE 3NeMEeHTbl CUMMETPUUN — BUHTOBLIE OCH,

NAOCKOCTUN CKOMNb3Awlero oTpaxeHuns

Htak, craBUTCS 3aa4a O B3aMMOJAEHCTBUM TPAHCISALUMU C ONEPALMSIMU NOBOPOTHBIX OCEH.
YT06bI «HE YTOHYTH» B MHOTOUMCICHHBIX 3aTa0yIMPOBAHHBIX TOAPOOHOCTAX, LENIECOOOPa3HO
MCITONIb30BATh PALIMOHANBLHYIO TEXHUKY ¢ MaTpulamu 3eiiTua u Burnepa. [lns onepauuii cum-
METPHH BBOJUTCS COBOKYNHas 4-MaTpuLa:

31ecw

1=1,0=1{0,0,0}; i =|t,|; A=|a, ay a,

L a4y 4y

JI1sl KOOPAMHATHI TOUKH I TAeTCH MaTpHULa-CTONIOEN
1

~
i
N X
&

Toraa neiicTBue Ofg¢paliMy HA TOYKY 3aIlTUChIBACTCA KaK

, 1NV/1 0 1
rr=Ar +1; = .
(r)(t A) (t+Ar)
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. 1 0 1 0
YwucThlit MOBOPOT , YMCTas TPaHCIALMSA .

PaccMoTprM CBOMCTBA COBOKYTTHOMN MATPHLIbI JUTSE KOHKPETHOM MOBOPOTHON OCH M TPAHCISLIMH.

[Ipumep: oce émopoeo nopsoka eédone [010].

3anuuieM HCXoAHyIo MaTpully (6e3 NnpeaBapUTEbHBIX YCIOBHI IS BO3MOXHBIX TPAHCIA-
UH); rocie BO3BEJCHHS B KBaApaT HA MECTE MOBOPOTHON YacCTH MOJIYYUM ONEpPaTop OTOXAE-
CTBJICHUS:

1 0 0 0\(1 0 0 0y (1 00 0
t =10 0l -10 0| |0 100
t, 01 0fl, 0 1 0| |2, 0 1 of
t, 0 0 -1j)lt, 0 0 -1/ {0 0 0 1

Tenepb cnenyet NPUHATD, YTO U TPAHCIAUHUS BIOJb ¥ NOJKHA MPUBOIUTD K TOXKIECTBEHHOHN
Touke 2¢, = 1 unm ¢, = 1/2. B pe3ynbraTe monayyaeM MaTpHuy:

1 0 0 0
0 -10 0

12 001 o)
0 0 0 -1

IENCTBHE KOTOPOH MIITIOCTPUPYET HOBBIN 3TIEMEHT CUMMETPHH — BUHTOBAs OCh BTOPOTO MOPAA-
ka Baojb [010] (cMm. puc. 1.3.2a):

1 0 0 0)\/1 1
. 0 -1 0 O0f|=x -x
2, F= =
/72 0 1 0|y y+1/2
0 0 0 -1/iz -z
YpoBeHb Y 42
—
0>8._ -1 o |o o
I
I
n-— "1 1 "
: * @
l—b‘\____, ' a :
' BYA 4
(a) (6)
0,1
4, ~
®
1/2 | 6/4

O6o3Hauenue yposneit: [@] 0,1 @ 1/2
o 1/4 X 3/4
(8)

Puc. 1.3.2. [Tpumeps! AciicTBUS OTKPBITHIX 3JIEMEHTOB CUMMETDHH
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[Ipumep: nrockocms m nepnenduxyaspua [001].
3amuuieM MCXOOHYIO MaTpuily (63 TipeaBapUTEIbHbIX YCIOBHIM JJIS BO3MOJXHBIX TPaHC/IA-
UHI); oce BO3BEACHUS B KBA/paT HA MECTE MOBOPOTHON YACTH MOJYUYUM OIlepaTop OTOXK/e-

CTBJICHUA:
1 00 0\/1 00 O 1 000
t 10 Ofl, 10 0| [2, 1 00
L 01 Ofle, 01 0f |26, 0 1 0Of
, 00 -1flt; 00 -1/ {0 0 0 1

Tenepb BO3MOXHBI TPH BapHaHTa, KOTAA TOX/JAECTBCHHAs! TOUKA MONYYaeTCs MPH TPAHCIA-
uuu Bosb [100], 2¢, = 1; mu6o Broms [010], 2¢, = 1; mubo srons auaronanu [110], 2(7, + 1) = 1.

JeiicTBrE KaXXIOH U3 MOTYyYEHHbIX MATPHILL

1 00 0 1 00 0 1 00 0
12 10 0 0 10 0 12 1 0 0
““lo o1 o vz 01 0"z 01 0
0 00 -1 0 00 -1 0 0 0 -1

WUTIOCTPUPYET OMEPALUIO HOBOIO 3TEMEHTA CUMMETPHUH — HAOCKOCMb CKOMb3AUE20 OMPANCEHUs.
¢ 3aJaHHOMN opueHTauMei (cM. puc. 1.3.26).

[Ipumep: ocb wemeepmoeo nopsioxka edons [001].

3anuureM HCXOOHYIO MATpHLY (0e3 NpeasapUTENbHBIX YCIOBHH U BO3MOXHBIX TPaHCIsA-
LHUH); OCIIE BO3BEACHU B YSTBEPTYIO CTEMNEHb HA MECTE TTOBOPOTHOM YaCTH IMOJTy4HUM OTEpaTop

OTOXIOCCTBJIICHUA:
1 0 00 /1 000
t 0 10 0 100
, -1 0 0| [0 0 1 0
., 0 0 1 4, 0 0 1

Tabnuua 1.7. PeecTp 3,1eMEHTOB CHMMETPHH, HCII0/IL3YEMBIX B 0603HA4EHHAX NPOCTPAHCTBEHHBIX Pyl

[TosoporHble ocH 1 2 3 4 6
HUnBepcuoHHble ocu 3 4 6  3aKpeimbie
[TnocKOCTH CUMMETPHU m
BuHTOBbBlE OCH 2 3 4 6
3 4> 62
43 63
64
6s
[TrnockocTH ckonb3AaLero a b ¢ n d
OTpa)eHus

HekoTopsle 0003HaueHms

2 2

- —

3 ~ 2

— o @ m . N -
| | |
|_|

43
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Teneps paspewresst Tpu BapuanTa: 4t,=1, win 2, unu 3. ToxaecTBeHHASI TOYKA MOJTyYa-

€TCa nocie nosopora Ha 90° npu TpaHcasuuu Baonb z Ha 1/4, wam 1/2, wiu 3/4
(cM. puc. 1.3.2 B—n). [Mosy4aeM Tpu TUMa BUHTOBBLIX OCeil 4-T0 MOpsSIKa: 4,, 4,, 4, snemen-

TapHas TPaHCIAUMS 3ajlaHa ApoObio (HMXKHUI MHAeKc)/(nmopagok ocu). [ocTpoenne noka-
3bIBAET, YTO OCH 4| U 4, JHAHTHOMOPQHBI, T. €. PA3INIAIOTCS JIMIIB HATIPABIECHHEM BpAaLie-

HUsl. B cTanmapTHRIX 0603HAUYEHHSX JIEBOMY BUHTY BCEId COMOCTABISETCH MEHBINHUI HUX-
HUM HHJEKC.

IIpencraseHHble MPUMEPBI MOKA3BIBAIOT, YTO BUHTOBBIE OCH, MIIOCKOCTH CKOJIB3SLIETO OT-
PKEHHA, KaK M TPAHCISIUMS (MHAYe — BUHTOBAs OCb NEPBOro MOPSAKA), OTOOpaXaloT 6ecko-
HEYHbIC UMKIIMYECKHE I'pYMbl. B muTepaType npuHaTO 0603HAYATH UX KAK OMIKpbIMblE INeMeH-
mot cummempuu. COOTBETCTBEHHO, TEPMUH — 3AKPbIMbIE INEMEHMbL cummempuu — OTHOCHUTCS K
TTIOBOPOTHBIM H [TOBOPOTHO-UHBEPCHOHHBIM OCSIM B COCTABE TOUEUHBIX TPYIIIL

[Honmplit peecTp 31eMEHTOB CUMMETPUH, (OPMHPYIOLIMX IPOCTPAHCTBEHHBIE IPYIIILI, [TPE-
CTaBJieH B Ta0m. 1.7.

1.3.4. TeHepupoBaHWe 3NEeMEHTOB CUMMETPUN B siYelKe

MTak, war 3a warom nposcHsETCs COCTaB MPOCTPAHCTBEHHON TPYMNITbI CHMMETPHH:

— B €€ OCHOBE OJIHA M3 TPAHCIALUMOHHBIX TPYMIT (OECKOHEYHOTO NOPAAKA);

— B HEE BXOIMUT OJIHA U3 TOUEUHBIX FPYMI (KOHEUHOr'O TIOPAAKA);

~ PpaspelieHHbId HAOOp IEMENTOB CUMMETPHH AOIOJHSAIOT BUHTOBBIE OCH M TUIOCKOCTH

CKOJIB3SILETO OTPAKEHHS;
2MIEMCHTBI CHMMETPUU PA3MHOXKEHBI TPAHCIIALHUSIMU 10 BCEM y3J1aM PEILETKH.

[[aﬂee HEOOXOMMMO PacCMOTPETh HEMOCPEACTBEHHBI 3 deKT eAMHUUHON ONepalMK TpaHC-
JAUMK — NPAMOE IeHEPUPOBAHHE HOBBIX MO3ULMIA MOBOPOTHBIX, HMHBEPCHOHHBIX U BHHTOBBIX
oceit B Aueiike. B TepMuHax rpynnoBoit aarebpsl Takoe reHEPUPOBaHUE OMUCHIBACTCA KAK pe-
3yJIbTAT ONEPALMU YMHOXEHHUS TIEMEHTOB IPYIIBI HeCKOHEUHOro nopsaka. PaccMoTpum Heko-
TOPbIE XaPAKTEPHBIC CUTYALIHH:

a) Pasmnoxcenue yenmpos uisepcuu.

Ha cxeme puc. 1.3.3a uenrp cummerpuu (a) g I v % 1
0003HaueH B HauasIe KOOPAMHAT M, CJIeN0- ®

BATEILHO, BO BCEX BEPIIMHAX SUYEHKH. o1l 02
Bu/0, 4TO B3aMMHO MHBEpCHAS KOH(H-

rypaunst Touek I-1" mpu rpaicasumu Vil ®1X Vi

BJOJIb pebpa BOCIIPOU3BOIUTCH B IKBUBA- o4 o3

JeHTHOH Kouduryparmu 2-2°. Ho toraa

TOo4YKH 1-2" u 1'-2 oKa3bIBAKOTCS MOTAPHO v ?1 Vil I 03

B34UMHO UHBEPCHBIMU; HOBBIU LIEHTDP MH- 5
BEPCUH PACTIONIATACTCS B CEPENMIIE BEPX- @ LleHTpel MuBepcHH B BepuiMHaX B Aueiike
Hero pedpa. [Togobiibie xe CBA3H BO3HHU- ® %IeHprI MHBEPCHH, TEHEPUPOBAHHbBIE Olaroaaps
K410T ¢ TouKaMH 3-3°, 44’ 3a cueT HOBBIX 430BLIM TPARCIALMAM

LIEHTPOB HHBEPCHU B CEPEAMHAX BCEX pe- O Touka (1), pasMHOXeHHas yTeM HHBEPCHHU

. U TPAHC/IAUNH
6ep H JHATOHAJICH napasuienorpamma.

B anamuruueckoit dopme npeabimy- (0)
1ero naparpada 3To MOXHO MPOMIITIO- M, m, I I r
CTPUPOBATH B BUIE YMHOXEHHS MATpHU-
bl «UMCTON» MHBEPCHH OTHOCHTETBHO

Hayaja KOOpAMHAT HAa MATpULYy «4HC- @ | @ e o ol e ol e
TON» TPAHCIALIMH; Ly r 212 =

1 0 0 0 1 0 00

0 -1 0 0| |t 100 — M

00 -1 o/ foo 1 0

0 0 0 -1 00 0 1 ' Puc. 1.3.3. Pa3MHOXeHHE NPH TPAHCISLMH:

(4) ueHTpoB MHBEPCHH; (6) 3epKATIbHBIX ILIOCKOCTE
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1 0 0 O
1 -1 0 O

Pe3ynbpTaT yMHOXEHUS 0 0 -1 o]l ornepaTop LEHTPa MHBEPCHHU B CepeluHe ped-
0 0 0 -1

pa (cm. puc. 1.3.3). UTak, A UEHTPOCUMMETPUYHOI [PYIINBI HEHTPBI MHBEPCHH PACIIONAraroT-
Cs1 He TONBKO B V37X PEIIETKH, HO U B CEPHH CTICLIMATIBHBIX TIO3HIMIA B KAXK/IOW SUeHKe. Uroro,
Ha SYeiKy NPUXOAUTCS 8 HE3aBUCHMBIX LIEHTPOB MHBEPCHH: |- COMOCTAB/IACTCS BEPLUMHAM Ma-
pasienenuriena, 3 — LEHTPaM rpatei, 3 — cepeannam pedep, 1 — LEHTPY obbemMa.

6) Pazmuodcenue niockocmeti cummempuu. 34eChb UCMOIb3YETCS CXOAHAA JIOTHKA: HA CXeME —
Tpaucasuus T + mIocKoCTh m KaeT MIOCKOCTh M Ha T/2 (cMm. puc. 1.3.36).

B) [enepuposanue oceii na nepeceyenusx ni0ckocneid. 3ecb MOXXHO TOBOPUTE O IBYX «kaH-
pax» BO3HUKHOBEHUS HOBBIX Oceil cuMMeTpuH B suefike. Ecim e miockocTu 3epKaAILHON CHUM-
METPHUH BCTPEUYAIOTCA MO YITIOM O, JIMHUS MepeceyeHns BCErla IJKBUBAJICHTHA fIOBOPOTHOH OCH

G) © IEMEHTApHDIM YIIIOM 2a. Ecnu B nepeceyeHUsX
m (@ : ¥ ©) YY4CTBYIOT TJIOCKOCTH CKOJNB3SILICIO OTPAXKECHUS,
I pE3yJIbTAT — [IOBOPOTHAS OCb HIIM BHHTOBAsA, M UX
PACIOJIOKEHHE — 3aBUCHT OT yIJla NepeceveHus u

- _*' T T . HanpasieHHs TPAHCIALMH.
I HeckonbKO HATJSIHBIX BAapHAaHTOB OPTO.O-
I HAJBbHBIX  MEpeceueHU  MpPeACTaBleHbl Ha

I puc. 1.3.4:
— IOBOPOTHAsl OCb BTOPOTO MOPSAAKA:

(1) (a) KaK caeq mepecedeHus ABYX 3€PKaITbHbIX

IUIOCKOCTEH mim;

(6) Kak clem mepeceueHUs IBYX IUIOCKOCTEH

CKOJIB3AIIErO OTPAXEHU CC;

— BHMHTOBas OCb BTOPOIro MOpPAIAKa:

(B) Kak clejl TepeceyeHUs 3epKalbHOH U

CKOJB3AUIEH MIOCKOCTH MC;

Puc. 1.3.4. Tenepyposatue oceil cCMMMETpHU (r) B CMEILEHHON MO3HUHH MO OTHOIICHUIO K
py nEepeceseHH ITOCKOCTEN CUMMETPHH JIMHHUH NEPECCUCHUS M.

-

lc (8)
|
1
£

=

-._\.._’_._.

1.3.5. CumBONUKa NPOCTPAHCTBEHHbLIX rpynn

B ¢opmanbHOM ONHCAHUK MPOCTPAHCTBEHHAS IPYINa NPEACTABIACT coboit rpymnmy 6ecko-
HEYHOT'O MOPAIKA, KAK COYeTaHUEe OAHOM U3 TPAHCASLHUOHHBIX IPYNI C OJHOH M3 TOUYEYHBIX
rpynn. O6uiee uucino 230 BO3MOXKHBIX rpymn B 3D u3MepeHHH YCTAHOBIICHO B 1891 r. E.C.®De-
poposbiM 1 A.LLlendncom. KosimuecTBo NpoCTpaHCTBEHHBIX TPYIIT B KaX10/ CHHTOHUHU Mpe-
crasieHo B Tabu. 1.1. '

O60o3HaYeHUs MPOCTPAHCTBEHHBIX IPYIIIT COAEPKAT CHMBOIMKY, BBEACHHYIO BbILLIC. IMepBbIM
3amMChIBaeTC CHMBOJI peuieTku Bpase; nanee, B yCIOBHOH MOCIIENOBATEILHOCTH HampaBJieHH
(KaK ¥ [UTS TOYEUHbIX Tpymi (cM. 1.2.3)), maHbl reHepaTOphl IPYIIbI U3 YACIA OTKPBITHIX U 3a-
KPBITBIX 3/IEMEHTOB CHMMETPHH; YacTO PUBOJMTCS MOPSAKOBBIH HOMED IPYMIIbI B MexnyHa-
ponHbix Tabnuax. B nutepaType MOTYT HCHONB30BATLCA KPATKHUE U ITOTHBIC 0003HaueHHUS 1A
onpeenenHoit rpynnsl. Kpatkas CHMBOIHMKA CONEPKUT HaboOp JOCTATOUYHBIX TFE€HEPATOPOB,
[103BOJIAIOLLIMX BOCIIPOM3BECTH COCTAB IPYINLL. B nonnoe 0603HaueHNe BKIIOUEHBI BCE OCH CHM-
METpHH (B10JIb TOM XK€ MOCAeN0BATENLHOCTH HATIPABJICHUH); B HU3LINX CHHTOHHUAX CUMBOI |
0603HAYAET OTCYTCTBHE OCH CHMMETPHH BJOAb TaHHON KOOPIHHATHON OCH; 3TO MO3BOJISET OT-
MeTHTBb 0c0oBYI0 0Ch 1 BbIOOD siueliku. Hanpumep:

MOHOKJIMHHAA rp. Ne 14 P2/c wim P12/l
opTopoMbuuecKas rp. Ne 63 C mcm wm  C2/m2/c2/m
Kybuueckas rp. Ne 206 la3 wim  [2/a3

KyOuueckas rp. Ne 226 F m3c um  F4/m 3 2/c
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Hapsany ¢ cuMBoMKO# [UIs onMcaHus MPOCTPAHCTBEHHOM TPYIIBI UCTIONb3YyeTCs rpaduyec-
kas popma: uzoOpaxaeTcs pacroNoKEHHE BCEX ATEMEHTOB CHMMETPHH B 3JIEMEHTAPHOMN uei-
Ke; H3006paxaeTrcs opOoUTa ToUeK OOLLEro MOJMIOXKEHUs B MpeeNiax 3JIieMeHTapHOU sueiku. s
KaXXIOMH rpyniisl B TabIMLYy BHECEHBI: KOOPAHWHATHI MPAaBUIBHBIX CHCTEM TOYEK B 0011eH U B Yya-
CTHBIX DKBUBAJIEHTHBIX MO3ULMAX. DTO MPEJACTABICHUE TPYIIbI Yepe3 OPOUTHI TOUEK SBIISIETCS
OCHOBOH ONHUCAHHSA ATOMHO-KPUCTATMYECKOU CTPYKTYPBI.

1.3.6. anMMTMBHb;e NPOCTPaAHCTBEHHbIE rpynnbl ANS mm2

[ene3uc kaxx a0l NPOCTPAHCTBEHHOMN I'PYINIBI UIMEET B KAYECTBE CTAPTOBOI TOYKH OTNpee-
JIEHHYIO TOYEUYHYIO rpynny. My uHade, kaxaas ToueuHas rpyIna J0MycKaeT BHIBOJ CEPHH CO-
OTBETCTBEHHBIX NPOCTPAHCTBEHHBIX rpynil. B kauecTse
IIpUMEPA MOXHO KPaTKO MO3HAKOMHTHCS C JIOTHIECKOM
UENOYKON TAKOr'O BBIBOJAA AJISI ONHOHU M3 Iyl OpTO-
poMOHYECKON CUHTOHHH.

Cornacno tabm. 1.1, B 3T0# cHHroHuu 59 npocrpan- ’___.’._’

Pmm?2 Pmc2,

CTBEHHBIX [PYII; M3 HUX 22 FPYMNIIbl MPUHAUIEKAT K CO-
obutecTBy rpymnnsl mm2. BeibepeM B kauyecTBe UCXO[-
HOM 3Ty rpynny. OrpaHu4yuM 3a/1ady 10 MpOCTPaHCT-
BEHHBIX IPYNN C MPUMUTUBHOHN peteTkoit. JlocTtaTou-

o 5 Pcc2 Pmn2,
HBIMU TEHEPATOPAMH JAHHON TOYEUHOH IPYMNbI ABS-  §....... oo '
R EE—
IOTCS 1B€ MJIOCKOCTH CHMMETPHH, KOTOPBIE PACIIONOXKE- ! : : . ‘
Hbl neprieHaukyisipHo 0X u OY coorBercTBenHo. [lpu ‘ ‘ . !
.............. |

nepexoae K npoCTpaHCTBEHHBIM I'DYIINAM JUJId 3THX 3€p-
KaJIbHBIX TJIOCKOCTEH TIOSIBIISIOTCA B KA4ECTBE npou3s-

L
il

BOAHBIX TUIOCKOCTH CKOJIB3SIIEIO OTPAXEHHA; HUTOIO . ....... . _______ . L :
MOJIy4aeM BapHAHTHIL:
(100) m, b, ¢, n=(b+c¢)/2

(010) m, a, ¢, n=(a+c)/2.

Hanee ripocTpaHCTBEHHbIE FPYIIIL HOPMUPYIOTCS U3
[ApHBIX KOMOMHAUMH ITockocTed cummerpuu. [lpo-
cras koMOuHaTOpUKA naer uuciao 16; ¢ yueTtoM Kpuc-
TaI0rpau4eckoll TOXAECTBEHHOCTH (TUMa ma=bm)
OCTaeTcs JECITh NPOCTPAHCTBEHHbIX TPYIIIT:

Pmm2, Pmc2,, Pcc2, Pma2, Pca2, Pnc2, Pmn2 , Pba2,

Puc. 1.3.5. [pumepsi n306paxeruns
Pna2 , Pnn2. PANER P
1 MPUMHUTHBHBIX MPOCTPAHCTBEHHBIX
HNiutroctpauus pacrioiokeHUs: 3JIEMEHTOB CHMMET- TPy (A1 Toe RO rpynmst mm2)

puu B rpynmax Ne 25-27, 31, 33 npusesneHa Ha puc. 1.3.5.

Cxoaxble 0603HAYEHHUS UCTIONIB3YIOTCS A ABYMEPHBIX TPYNI. B 3TOM ciyyae OTKpBITHIMH
/IEMEHTAMH CHMMETPHH ABJISOTCS TONBKO JIMHAM CKOJIB3SAIIEr0 OTpaKeH s, KOTOPbIe 0603Ha-
yaroTes g. B kauecTBe npuMepa MOXKeT CIY)KUTh Tpynna p2gg, CHMMETPHS KOTOPOH COOTBETCT-
BYET KOHCTPYKLHUHM OBITOBOrO NMapkeTa, NpeacTaBieHHoi Ha puc. 1.2.1.

3-445
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fnasa 1.4
MNONHOE OTMCAHVIE M3BECTHOW CTPYKTYPbI

1.4.1. O6wwme 3ameuanuna. Kpucrtannorpaduyeckas repmuHonorus

3agauu JAaHHOTO pa3jela CBSI3aHbl ¢ IPHOOPETEHNEM MUHHUMATIBHBIX IPAKTUYECKHX HABbI-
KOB MPH MCTIOIb30BAHMH CTAHIAPTHOH MHPOPMALIMH C YUETOM OOLIEHPHHATBIX MPABHIT ONH-
CAaHUS KOJNYECTBEHHBIX XaPAKTEPUCTHK CTPYKTYPBI UCXOAS W3 COBPEMEHHOH CHUCTEMAThKH
KpHUCTAJIIOB.
CaMo MosBJIeHHE ITHX MPABUI MOXHO JIMLIb YCIOBHO CBA3ATH C TPAAULMAMA KIIACCHYECKOM
MHHEPAJIOr1H, TIOCTPOeHHOI (110 kpaiinei mepe, ¢ XVIII Beka) B 3HAYUTEIIBHOMN CTEMNEHU Ha CH-
CTEeMATHUECKOM aHAJIM3e BHELIHEH orpaHku Kpuctauia. OnucaHue aTOMHON CTPYKTYPBI B 3a1d-
yax U3MUECKOrO MATEPUATIOBENCHHMS U KPHCTAIOXMMHUH 3aMETHO YIAJICHO KaK OT 3TOH BbI-
HYXACHHO «BOTAHMYECKOI» KIIACCH(BUKALMHI, TAK M OT YHCTO TEOMETPHUECKON TPAKTOBKH TH-
Ma 3a1auu Ha noctpoetue. HeobXoMuMocTb CTaHIapTH3aLMHU 30eCh IOAKPEIUIAeTCs i 00beMoM
cTpykTypHoit undopmauun. C MOMEHTa OTKPbITHs AM(pPAKLUN PEHTIEHOBCKHX Aydeil Temr
paciuudpOBKU CTPYKTYP ObLT MOCTOSHHO HapacTaonM. Tak, 3a nepsoe AECATHIIETHE, COTIIac-
Ho MoHorpaduu P.P. Ewald, Kristalle und Rontgenstrahlen, 1923, Berlin, 6b111 onpeneneHsl
CTPYKTYpbi 40 YHCTBIX NIEMEHTOB U MpuMepHo 140 coenunennit. B knure ['.b. bokuii, Beexae-
HME B KpucTaioxumuio, 1954, MockBa, yxe MpeACTABACHbl CTPYKTYPHbIC NaHHbIE IUIS HE-
CKONBKHX THICAY MHAMBUIYAIbHBIX BellecTB. K HacTosiieMy BpeMEHH KOJIMYECTBO MOJIHOCTHIO
6O YACTHUHO paciiudpOBaHHBIX CTPYKTYP HAXOIUTCS HAa YPOBHE JIECATKOB THICAY (HArIPH-
Mep, B 6ase naHHbIX MeXayHaApOIHOTO UEHTPA MOPOLIKOBOH mudpakuun ICPDS 6onee 50000
KapTouek). ITO JOCTATOUHO GOJBIIOH MACCHB, TOCKOJIBKY AaXe Ul «COODLIECTBA» HE CaMbIX
CIIOMHBIX METAUTMYECKHX H MOJYPOBOIHUKOBBIX (pa3 M3BECTHBI CTPYKTYPBI C UHCIIOM aTOMOB
B MIEMEHTAPHON sueiiKke, JOCTUIAIOIUM HECKOJIbKUX HecaTkoB. OTciofa cnenyer HEOoOX0aH-
MOCTb Ul NPAKTHUECKUX Liejedl CTAHIAPTHOH MH(DOPMALMOHHON CXEMbI, B CKATOH dbopme
BKITIOUAIOMIEH ¥ CBOHCTBA CUMMETPHH, M KOOPIMHATHI ATOMHbIX MO3HLUMHM, M TJIaBHble AUPPAK-
LMOHHbIE CBOMCTBA JAHHOW CTPYKTYPBHI.
B Takoil MOCTAHOBKE CBEAEHUsI 00 U3BECTHOM CTPYKTYpe COAEPXKAT Ofpele/eHHbIA Habop
XapaKTEPUCTHK, YCIOBHO COOTBETCTBYIOIINX ABYM YPOBHIM UHPOPMALINH:
* [epBUYHbIE JAHHBIE — CTPYKTYPHBIA THIT; CHHIOHUSA; TOYEYHAs IPyIMa; peieTka bpase;
MOCTOSIHHBIE PEMIETKH;

e [1OJIHDBIE JAHHBIE — BKJIOUCHDI TPEAbLIYLIME, @ TAKKE — YHCIO ATOMOB B 3JIEMEHTapHOM
syelike; NPOCTPAHCTBEHHAS IPYINIA; PACIPE/ICTICHHE ATOMOB 110 IKBUBAICHTHBIM MO3ULIN-
SIM TTPOCTPAHCTBEHHO IPYIIbI; YACIEHHbIE KOOPIAMHATHI KAXK/I0r0 aTOMa B 3KBUBAJICHT-
HOH MO3ULIMH.

TakuM 06pa3oM, MOCIENOBATEIBHOE ONMCAHUE KOHKPETHOM CTPYKTYPhI TOJILKO HAYHHACTCH
C MEPBUYHBIX JAHHBIX, KOTOPBIC MOJNYYAIOT U3 OPUTMHAIBHOrO MCTOYHHKA, HAMPUMEP XKyp-
HaspHast Myonukanus, 6asa nanubix ICPDS u 1.0, [TosHOe NpeAcTaBIeHHe O MPOCTPAHCTBEH-
HO#t KOH(UTYpALIHH ATOMOB B JIEMEHTAPHOI Auelike, 06 0COOEHHOCTSX AN(PAKIMOHHON Kap-
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THHBI TpeOyeT TpUBJIEUEHHs crieuManbbix Tabauu: International Tables for Crystallography,
vol. A., M3a. Mexaynapoaunoro Coro3a Kpucramiorpados.

OcoBeHHOCTH JTOl 3aa4K LEeeco0Bpa3HO PACCMOTPETh Ha XapaKTEPHbIX CTPYKTYpax I10-
JYMPOBOJHHUKOBBIX U METAJUTMUYECKUX (a3.

1.4.2. NpuMmepbl oNUcCaHnUA CTPYKTYp

KPEMHUU, Si
CTpyKTypHBI# THTI anMa3a, WiIK HHade obo3Havaetcs A4, win nHade obo3navaercs cF8
(ITocnennee 0603HaUEHME pALIMOHATIBHOE: € — KyOHUecKas CHHIOHUS,

F — rpaHeneHTpUpOBaHHas pelIeTKA

8 — BOCEMB ATOMOB B STUCHKE)

CuHronus — KyOuyeckas;

ToueuyHas rpymnmna —m3m;

Pewerka — rpaHeleHTpUpPOBaHHAS;
ITapametp —a = 5.420 andrcrpem;
Yuciio aToMOB B 3JIEMEHTAPHOH sUEHKE -A=8;
IlpocrpaHcTBEHHAs Tpynna — Fd3m;

[MopsiikoBRIi HOMEp TpynIbl B Tabnuuax — No 227;

ATOMBI pacroiaratoTcs B NO3ULKHU —8(c).

B npocTpaHcTBeHHOM rpyrme Ne 227 HOo3UUMH YaCTHOTO 3KBUBATIEHTHOTO MOJIOXEHHS 8(¢)
OMUCHIBAIOTCA, KaK

(0,0,0;0,1/2,1/2; 1/2,0, 1/2; 1/2, 1/2, 0) +
Si 8 (c) 0,0,0;1/4,1/4,1/4 ‘

Jlns nosuuuu 8(c) napsoy ¢ obumm ycinoBueM h+k=2n, k+/=2n, h+/=2n neACTBYIOT CIeLIU-
anbHbIe YCITOBUA h+k+[=2n+1, mubo h+k+/=4n.

Cocras crpykrypHoro cemeiicta — C, Ge, Si, Sn (cepoe 0510B0).

OOCOUN /I IF'AJUIUA, GaP
CTpyKTypHbI# THIT chaslepuTa, WIK UIMHKOBOH 0oOMaHkH (MHave B3; nnave cF8 ).

Cunronus — KyOuueckas;
Toueunas rpynna — 43m;

- Pewrerka — IrpaHeUeHTPUPOBAHHAS;
ITapametp -~ a=5.436 anrcrpem;
Yucno aTOMOB B 3JIEMEHTapHOH sideiiKe - A=§;

Yucno ¢popmynbubix ennHul (GaP) B sueiike - M=4;
[IpocTpaHcTBEeHHAs rpymnna —F43m;
[TopsiakoBbIi HOMep TpyYIIILl B TAbIHLAX - —Ne 216;
ATOMBI pacnoaraloTcs B HO3MUMUAX —4(a) v 4(c).

IMo3uLMK YacTHBIX IKBUBAICHTHBIX MOJOXEHHUH 4(a) 1 4 (C) ONUCHIBAIOTCA, KaK
0,0,0;0, 1/2, 1/2; 1/2,0, 1/2; 1/2, 1/2, 0) +
P 4 (c) 1/4,1/4,1/4
Ga 4 (a) 0,0,0

YcnoBus, OrpaHUYUBAIOUINE BO3MOXHBIE orpameﬂﬂﬂ, — tonbko obume i MK peurerku:
h+k, k+1, h+I=2n. DTa cTpyKTypa BecbMa GIIM3KA K TPEILECTBYIOILEH CTPYKTYpe ainMasa. Bua-
HO, YTO B chasiepHTe COXPAHSIOTCS YMCIIOBbIE 3HAUEHNS KOOPAMHAT, TONBKO aTOMBI NOfIpa3ae-
JieHbl Ha gBa copta. [Ipu 3TOM GMHApHOE COEAMHEHUE OTIMYAETCA OT YMCTOrO JJIEMEHTA He-
CKOJIBKO MOHMKEHHON CHMMETPHEH, YTO HEMOCPEACTBEHHO MPOSBIAETCS B MEHEE CTPOTHUX YCIIO-
BUSIX TIoracaus QudpakMOHHBIX MAKCUMYMOB,

CocraB CTpYKTYypHOTO ceMericTBa — bosee 150 coeanHenuni.

3
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AJIb®A - MOJJUDPHUKALIMA MAPITAHLIA, a-Mn
CTpyKTypHBIH THIT 0-Mn, (MHaue A 12, unaue cl58).

Cunronus — KyOuueckas;

ToueyHas rpynna ~43m;

Pemretka ~ 00 BEMHOLIEHTPHPOBAHHAS;
[TapameTp —a=8.896 anrcrpemM;

Yucno aToOMOB B 3/IEMEHTAPHON sueiike — A=358;

IIpocTpancTBeHHas rpymnmna - 143m;

ITopsiakoBbIA HOMep B TAOIMIIAX — No 217.

ATOMBI pacnosiaratoTcsi B MO3MLIHSAX:
0,0,0; 172, 1/2, 1/2) +

Mn(1) 2 (a) 0,0,0
Mn(2) 8 (c) X, X,X;X, —X, —X; =X, X, -X; X, X, x x=0.317
Mn(3) 24 (g) X, X,72;7, X, X; X, Z, X; X, X, ~Z;
-7, X, —X; —X, Z, —X; X, —X, ~Z; Z, =X, —X;
X, ~Z, =X, —X; ~X, Z; ~Z, ~X, X] X, ~Z, X x=0.356 z=0.042
Mn(4) 24 (g*) Tak ke, KaK /ISl TO3ULIMHU () x=0.089 7z=0.278

JaHHast CTpYKTypa UMeeT PA MOYUYUTENbHBIX OCOOSHHOCTEH, KOTOPBIE NO3BOJAIOT IPOKOM-
MEHTHPOBATH HEKOTOPbIE YIPOUICHHBIC MPEACTABICHUSA U 1K€ CBOOOpa3HbIE «IIpeapaccyIK»
B UCTOJIKOBAHHUH CTPYKTYP:

Tonbko B mpocTelinx cTpykrypax (nanpumep, Cu, W U T.1.) KaXKbIil aTOM COOTBETCT-
ByeT y3i1y peletku bpase. 31ech MBI HMeeM 00 BEMHOLIEHTPUPOBAHHYIO siuelky U 58 aTo-
MOB — CEIOBATENbHO, Y3IIy PELIETKH COMOCTABIsETCA KOHGUTypalus U3 29 aToMOB;
CTpykTypa Mapratia napajoKcalbHO IPOTHBOPEUHUT UHTYUTHBHOM JIOTHKE — ATOMBI YHCTO-
ro 37eMEHTA OKa3aluCh pa3/eNicHbl B A4eHke Ha yeThipe copTa. [1pu 3ToM reomerpuyeckue
OUEHKH IOKA3bIBAIOT, YTO I)pEKTHBHBIC PATUYChl aTOMOB B MO3HLMUSAX (a) U (C) MpeBbILLAIOT
Ha 5.5 % rakosble 1T no3uumi (g) (g*). OTMETHM, UTO HETPUBHAIIbHBIE QU3NUECKUE CBOMCT-
Ba ITOrO MEPEeXOIHOro MeTayula (BKIIIOUas aHTU(heppoMarHeTH3M) MOAKPEIUISIIOT CBOeOOpa-
3HE 3TOU CTPYKTYPBI, UIMEIOLLICH [IPU3HAKH JIBYX (YEThIPEX—) KOMIIOHEHTHOTO COEMHEHHS.

B oTnuyue oT npeAblaylMx NIPpUMEPOB, KOOPAMHATEI aTOMOB B STUEHKE HE OIMHUCBIBAIOTCA
MPOCTBIMH J1pOOsMH. Bosiee TOro, yacTHoe 3KBUBAJICHTHOE I0JIOKEHHE (OpOUTA TOYEK)
24(g) npeacTaBIeHO B IBYX PEATM3AIIMAX 32 CUET PA3HBIX YHUCIIOBBIX 3HAYEHUH X U z. DTO
JEMOHCTPHPYET, 4TO HH CUMMETPHS, HU TOTIONIOTHsl B MIPHHLIMIE He MPEnsITCTBYIOT (op-
MHPOBaHHIO TIOOOr0 KOJIMUYECTBA UHAMBUAYAJIbHBIX CTPYKTYP B Mpeaenax OJHOH MpocCT-
pPaHCTBEHHOW rpynnbsl U Aaxe oaHOoH opOuThel. Tpedyercss TOIbKO YYMTBIBATH CTENEHU
cBOOOIBI KOOPIMHAT: HATIPUMED, IS OOIIETr0 3KBUBAJIEHTHOIO MTOJIOXKEHUS MOXKHO Baphb-
HUPOBATH X, ¥, z; UTA NO3UIUH 24(g) — IBe NEpEMEHHBIX: X U Z; 1U1s 8(C) — TOJIBKO X; NO3H-
1M 2(a) — 6e3 BapbUpyeMbIX MapaMeTpoB.

CocraB CTpYKTYpHOTO cemeicTBa ~ 60 MHTepMETaUIMYECKUX COeTUHEHHI.

UHTEPMETAJIJIN/, ZrCo,
CrpyxTtypHbiii Tun — gasa Jlaseca MgCu, (nnave C15, nnave ck24).

Cunronus — KyOuyeckas;

ToueuHas rpymnma —-m3m;

Pewrerka — IpaHeLIeHTPUPOBAHHAS;
[Tapametp —a=6.940 aHrcrpem;
Yucao aTOMOB B 3/1IEMEHTapHOU siUeiKke - A=24;

Yucno GopMyNbHBIX €IUHUL - M=8;
[IpocTpaHcTBeHHAs TpyMa — Fd3m;

TopsiakoBbIit HOMED B TAOJIHIIE — Ne 227,
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ATOMBI pacnonaratoTcs B MO3UIUAX:
0,0,0;0,1/2, 1/2; 1/2, 0, 1/2; 1/2, 1/2, 0) +
Zr 8 (a) 0,0,0;1/4,1/4,1/4
Co 16 (d) 5/8,5/8,5/8; 58, 7/8, 7/8; 718, 5/8, 7/8; 7/8, 718, 5/8

JaHHBIA CTPYKTYPHBII THII BECbMa pPAacNpoOCTPaHEH B OMHAPHBIX U MHOTOKOMIIOHEHT-
HBIX METaJUIMYECKHX cucTeMax. Bo Bcex ciyudasx Ha auarpamme coctosiHus ¢asza JlaBeca
UMeeT PUKCUPOBAHHBIN COCTAB, COOTBETCTBYOMMIA popmyne AB,. DToT eHomen He Mo-

KeT OBITb OOBSICHEH BAIEHTHHIMM COOTHOUICHHSAMH KOMIOHEeHTOB. O6pa3oBanue JlaBec-
(a3 KOHTPOIUPYETCH «pa3MEPHBIM GAKTOPOM»: KOMIIOHEHT A, B no3uunK 8(a) 10MKEH Xa-
PAKTEpHU30BATHCA DONBILIUM aTOMHBIM paguycoM (Ha 22.5%), yeM aToMbl KOMNOHEeHTa B B
no3uuuH 16(d).

CocraB CTpYKTYpHOTo ceMelcTBa — 0koJ1o 500 ABOMHBIX U TPOHHBIX COeTUHEHHM.

WMHTEPMETAJUINA, Al ,W
Crpyxtypusiit Tun Al,W, (nnaqe cl26).

CuHroHus — KyOHn4eckas;

Toueunas rpymnmna —m3;

Peuerka — 00bEMHOLIEHTPUPOBAHHAS;
[TapameTp —a=7.580 aHrcrpem;

Yucso atoMOB B 3/1eMEHTApHON guekike - A=26;

Yucio GopMyIJIbHBIX €AUHULL B sUeiKe - M=2;

[MpoctpancrBenHas rpymnmna —Im3;

ITopsiakoBbIi HOMED B TaOIULIE — Ne 204,

ATOMBI pacronararoTcs B MO3UUHAX:
(0,0,0; 172, 1/2, 1/2) +
Al 24 (g) 0,v,27,0,y;y,2,0;0, -y, -z; -z, 0, -y;
-y, -7,0;0,y,-z;-2,0,vy;y,-2,0;0, -y, z;
z,0,-y;-y,2,0; y=0.184; z=0.309;
w 2 (a) 0,0,0
ITOT CTPYKTYPHBII THUIT MOXHO PACCMATPHBATh, KAK CBOCOOPA3HBIH «TPAMIIMHY HA MYTH K
MKOCAIpHYeCKUM KoHuUTrypaunam kBasukpucTamios. Y3en OLK peuerku Bpase 31ech Mox-
HO MPEACTaBUTh, KAK MOYTH MPABUIBHBIA HKOCAdIP, B BEPUIMHAX KOTOPOro Haxoasrcs 12 ato-
MoB Al, a B uentpe ¢urypst — atom W. DTa cCUCTEMA TaKXe KOHTPOJIUPYETCS pa3MEepHBIMH CO-
OTHOLIEHUAMH — «IJIOTHAA YIAKOBKa» IBeHaauat coep (R ) Ha MoBEPXHOCTH LEHTPATBHOTO

wapa (R) onpenengercs penuunnoit R, / R = 0.902. MMenHo Takoe ycnoBue MpUOIH3UTENILHO
BBIMOJIHAETCA AJ11 AaTOMHBIX PaJMyCOB Y KOMIIOHEHTOB MOAOOHBIX CTPYKTYp - Mn, Cr, Mo, Tc,
Re, W — B cpaBHEHHH ¢ aTOMAMH aTFOMHHHUA.

CocTaB CTPYKTYpHOrO ceMeifcTBa — 6 COeAMHEHUH.

®A3A Y Ba, Cu, O,

CrpyxTypHblii T o P 13.

Cunrounus —~ OpTOpPOMOHUYECKAS;

Toueuynas rpymnmna - mmm;

PeiueTka — NpUMHATHUBHAS,

IMapameTp ~a=3.827 A, b=3.877 A, c=11. 708 A;
Yucao aTOMOB B 2lEMEHTAPHON suelike —A=13;

[TpoctpancTBeHHas rpynna - Pmmm;

ITopsinkoBeiit HoMep B Tabnuuax — Ne 47.
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ATOMBI pacrojiaratotca B O3HULIUAX!

Y 1 (h) 172,112,172

Ba 2 (t) 1/2,112,z;1/2,1/2, -z z=0.184
Cu(l) 1 (a) 0,0,0

Cu(2) 2 (q) 0,0,z0,0, -z z=0.355
o(l) 1 (e) 0,1/2,0

02 2 (q) 0,0,z;0,0,-z z=0.158
0(3) 2 (r) 0,1/2,20,1/2,-z z=0.377
0@ 2 (s) 1/2,0,z;1/2,0,-z z=0,378

DTOT CIIOXKHBIN OKCHII ABIAETCH OAHUM M3 6A30BBIX MAaTepHAIOB, BBILICALINX HA MEPEAHUH
IJIaH B [IEPUO/T HHTEHCHBHOTO Pa3BUTHA MPODOIJIEMBI BEICOKOTEMIIEPATYPHBIX CBEPXIIPOBOAHU-
koB. JleTaju KOHPUrypalMi aTOMOB B s4eike (cM. Takxke ril. 4.1) cOnnxKarT 3TH CTPYKTYpPBI
C U3BECTHBIMH CErHETOANEKTPpHYECKUMH KpuctamiamMu BaTiO,. Bsuay storo B ynurepatype

OaHHBbIE COCAMHCHHA OTHOCAT K 06UIHpHOMy CeMeﬁCTBy, O6BCHI/IH${€MOM)’ CTPYKTYPHBIM TH-
IMOM MEPOBCKUTOB.
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Masa 1.5
nPUHUUIMDbI LWAPOBOM YMAKOBKWU. NONUTUNNA

1.5.1. O6wme 3ameyanus. Koe-4uto n3 KpucTannoxmmuun

Becs nmpensiayiuyit MaTeprall OCHOBaH Ha OIMCAHHMH KPUCTAJUITMYECKOH CTPYKTYPbI, MCXOIA U3
KOHLEMLMHU TPAHCIALMOHHOM perueTku. M3noxeHHas Teopust MpaBUIbHBIX CHCTEM TOYEK SIBJISETCH
3aMKHYTOM CHCTEMOH B3IVISI0B U MO3BOJISET MOCIIEAOBATEIbHO TPAKTOBATh Pa3HOOOPa3HbIE AaTOM-
HbIE CTPYKTYpPbI. ITO ONUCAHHE, ECTECTBEHHO, ABIISETCS B HEOOXOAMMOM CTerneHH abCTPaKTHBIM U B
3afayax (pU3M4YECKOro MaTepUAIOBENECHUS MOXET YCIHELIHO AOMOMHATBLCH Pa3HOOOpa3HbIMU MoO-
AeTbHBIMH cxeMaMHu. B paMkax JaHHOro Kypca HenecooOpasHo BbUIEIHUTB pa3BUTBIN MOOX0[, KOTO-
pblif OCHOBAH Ha OMMUCAHHUH CTPYKTYPBI, Kak IUIOTHEHILEH yniakoBkH aromoB. McxonHas TepMonu-
HaMH4ecKas «IoAoIUIeKa» sl TEeHAEHLIUH TBEPIBIX TeJl K KOMIIAKTHOMY 3arOJIHEHHUEO NMPOCTPAHCT-
Ba HA ATOMHOM YpOBHe IpeAcTasisercst puznueck 000CHOBaHHOH. B HallIeM U3II0XKEHUH OCTaHO-
BHUMCS HA OCHOBHBIX TOHSATHSX, UCIIONIb3YEMBbIX [TPH TAKOM TPAKTOBKE aTOMHBIX CTPYKTYD.

B kauecTBe 31eMeHTa CTPYKTYPbI 31ECh CIIyXKHT He TO4Ka (LISHTp aToMa), a cdepa, Kak reoMeTpH-
yeckuit 06pa3 aroma. COOTBETCTBEHHO, UCTIONB3YETCs [IOHATHE — ATOMHBIH Paaryc. ITO He CITMIUKOM
CTaOWIbHAs XapaKTEPUCTHKA MPH PACCMOTPEHHHM MOHHBIX KPHCTAJUIOB U MOJIEKYJIIPHBIX COEIUHe-
HMH, TOCKOJIbKY BAJIEHTHOCTH M [UTUHBI CBA3EH MOI'YT 3aMeTHO BapbupoBaTthes. Haoboport, B MHOTO-
YHCIIEHHBIX METAJUTMYECKHX U ITOJTYTTPOBOIHUKOBBIX (pa3ax BeIMYMHA aTOMHOIO paanyca yCTOH4YMBA
M OfIpeferieHa U3 IKCIEPUMEHTATIbHBIX 3HAYCHHI IApAMETPOB PELLIETKH M KOOPJHHAT ATOMOB B STUeii-
xe. [Tpocreiiiunm npumepowm siiisiercs crpykTypablid Tui meau — I'LIK, 4 atoma B stueiike, cF4; 3nech
' aTOMHbIH paanyc R BBIUHCIAETCSA U3 PacCTOSIHUSA MEXIY BEPIUHHON sSUeMKHU M LIEHTPOM I'PaHH, Kak

R =(a J2 )/ 4. dns metasiueckoit Meau napaMerp a=3.61 A, rosroMy nosydaem R=1.28 A.

OaHoM U3 XapaKTEPUCTHK YIMAKOBKHU ABIAETCH Koopounayuonitoe yucio (KH). B Harnaanoi
dbopMe — 3TO YUCIIO OIIMKAWILNX COCEACH, OKPYXKAIOILMX ATOM B TAHHOW MO3ULHH CTPYKTYpPBI.
Hanpumep, B cTpyKType BONb(hpamMa aTOMbI 3aHUMAIOT TOIBKO MO3UILIUH Y3JI0B O0OBEMHO-LEH-
TPUPOBAaHHOM KyOHUecko# pewieTku. JIerko npeacraBuTh, YTO aTOM B LUEHTPE AUEHKH HMEET BO-
CEMBb cocelle Ha paBHOM PAacCTOSIHUM B BepluMHax auehky, KY = 8.

HanbHeiiluee npeacTaBieHue 06 3TOM pazaesne Kpuctamiorpadum MOXKHO MOJIYYHUTDb U3 aHa-
JIM3a yaKOBKH aTOMOB B METAJJIMYECKUX (a3ax U B CTPYKTypax ceMeicTBa ajMasa.

1.5.2. MnoTHeNwasn ynakoska wWapos

Cucmema 0603nauenuid. VicxonHass KOH(GUrypaurs B 3TOM pacCMOTPEHHMH — IUTOTHAas yKJIaiKa
HIAPOB OJMHAKOBOrO paauyca R Ha IUTOCKOCTH. 3[eCh KXKAbIN IAp MMEET LIECTh COCEAEH Ha paB-
HBIX PACCTOSIHUSAX; €0 OKPYXAIOT TAKXKeE LIECTh TPEYTOJIBHBIX (B CEY4EHUH) MPOCBETOB — MMO3UIIHIA
BO3MOXHOH YKJIa[IKH 1IapoB cienyrowero cios (puc. 1.5.1). [pu nnoTHelwen ykianke Tpedyercs,
4TOOBI LWAPBI BTOPOro C/I0si GUKCHPOBATIMCH HAA BIIAIMHAMMU NepBoro cnos. Ha arom stane Buato,
YTO LEHTPBI [IPOCBETOB MOXHO IM0/pa3JeiiMTh HA JBE TPYIIbI, NTOCKOIBKY BTOPOI Cloi 3aiiMer
JIMLIb TIOJIOBUHY BIAAMH NepBOro cios. O603Ha4MM HAGOPBI MO3MLUMIL JUIS LIEHTPOB ApoB; A —
nepBbiit cioi, B 6o C — BapuaHTh! U1 BToporo cios. B 3Tux 0603HaueHUsAX LISl TPETBErO CIIOs
paspeuiensl 1a BapuanTa: A nmubo C. [lanbHeiuas ykiaaka cnoes eule 0osee pacupsaet KoMOH-
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natopuky. [TockosbKy U KpUCTA/UIA CHCTEMA YK-
JAAKH [ePHO/IMYHA, KOMOMHALMS CJIOEB JIOJDKHA
NIOBTOPATHCS, HAYMHAS C HEKOTOPOTo ¢os. B 3Tux
TEPMHHAX XapaKTEPUCTHKOH CTPYKTYpbl CTaHO-
BUTCS YHCIIO CJIOEB A0 MEPBOro MOBTOPEHHUS.
Pasmepiwie xapakmepucmuru. [1pocTon pacyer
no cxeme puc. 1.5.1 NMOKa3bIBAET, YTO B IJIOCKOM
CeYeHMH CYMMAPHBIN MaTepHall LAapoB 3aHUMaeT
(UKCHPOBAHHYIO YACTh TUIOLIAN MMOKPBITHS: KO-
asppuyuenm sanoanenus nrowaou =0.7777. B arom
CeYEeHHUH BCE TPEYTrOJIbHbIE MPOCBETHI PABHOLICH-
HBL, JUIS KaXIOT0 M3 HUX PAJMYC BIIMCAHHON OKPYXHOCTH 3amaH r =~ 0.5774R. llpu mioTHe#eH
YKITaIKe LIAPOB PABHOTO pamnyca Kosdguyuenm sanomenus npocmpaiicmea = 0.7405. Koopauira-
IIMOHHOE YHCIIO 12 XapaKTepH3yeT OKpyKeHHEe KKIOr0o aToMa B cTpyKType. [1pocseTsi (mopbl) B
CTPYKType pasIHYaroTCA IO KOH(PUIYPALHMM MHOTOYTOJTBHUKA W3 OKPYKAIOLIMX aTOMOB: Tenpad-
dpuueckas nopa — OKPyXeHa YeThIPbMS ATOMAMM — PAIUYC BIIMCAHHOH cepet r, = 0.225R; Oxma-

(a)
Puc. 1.5.1. [TnoTHe#1as yNAKOBKA WIAPOB:
(a) - B ockoM ceuennu; (0) B 0003HAUECHUAX
C/I0€B YKJIAAKU

(6)

a0puneckas nopa — OKPYXKeHa [IECTbIO ATOMAMM — PajIMyC BIUCAHHON cepst ry = 0.414R.

O603HAYEHHUS TUIIOB YHAKOBKH BKJTIOUAKOT MOCIE0BATEIBHOE NEPEUUCIIEHUE CIIOCB  BAOIL
0cO0Oro HampaB/ieHHs B paMKax MepUoAa MACHTUUHOCTH. KpaTKuil CUMBOJ BBUIEIACT YHCIIO
C/I0EB M CHHTOHMIO. B 3THX CHMMBOJIAxX YIaKOBKA aTOMOB B CTPYKTYype HEKOTOPBIX META/LIOB
OMUCBIBAETCA CIEAYIOIIHUM 00pa3oM: '

Yuco ciioes Tun ynakosku Cumson [Ipocrp. rpynma Ctp. THII
2 ABIA... 2H P63/mme Mg
3 ABCIA:.. 3C Fm3m Cu
4 ABCBIA... 4H P63/_mmc La
9 ABCBCACAB|A 9R R3m Sm

PaccMOTpUM HEKOTOPBIE MOJIE3HBIE MTPUMEPBI.

IMnorHeiiuas rekcaroHajibHas yIAKOBKa
(Iry).

B TepMUHAX npelblAyLled FAaBbl — 3TO
CTPYKTYPHBIH THIT MATHUS C IByMSl aTOMa-
MU Ha rekcaroHajipHyio sueiiky hP2. Anb-

z=0 ® Mecraiul

ot

® Terpanupuucckas
nopa

K

O Oxrasnpuucckas
1opa

Z=1/87

z2=2/8 —

=

v A

z=3/87

=

x/_’y

I

z=112—>
—

=}

—r
..>

z=5/8-

z2=6/8 —

o

z2=7/8 —

R

z=1

>

REREGHRDS

Puc. 1.5.2. Cxema nosuumil s ABYyCIOUHOR TeK-
CArOHANbHON YITAKOBKH

TepHATHBHAsS TPAaKTOBKA — [ABYCJIOWHAas
ynakoBka Iutockoctei cemeiictsa (001),
NoKazaHHasi C cepueil cedyeHHH Ha puc.
1.5.2. CrieumaliibHble 3HAYKH HILTIOCTPUPY-
IOT PACMOJIOKEHHUE TETPAIAPUUECKUX U OK-
Ta’APUUECKHUX MYCTOT B 3TOH CTPYKType.
Moxcyer paer cieayouid OaslaHc: B
fyeiike METAJUTMUECKUX aTOMOB — 2, OKTa-
3APUUECKUX MYCTOT — 2, TETPAdAPHUUECKHUX
nyctoT — 4, UTOro0 Ha OJMH ATOM TPHXO-
OUTCS | okTa’apuueckas M 2 TETpadpH-
YECKHX MOPBHI.

IMnorHeliias kKyOuuyeckas YHOAKOBKA
(TIKY) peanu3yercst TOJAbKO B OAHOM BapH-
AHTE — ITO CTPYKTYPHBIH THUI MeAH C 4e-
TeipbMsa atomamu Ha LK sueiiky cF4. B
HOBOM TPaKTOBKE 3TO — TpeEXcio#Has yna-
KOBKa 4TOMOB IUIOCKOCTEN ceMeHcTBa
(111), nokazannas Ha puc. 1.5.3. 3aechb xe
MOXHO BHAETH TMO3HUUMH LIEHTPOB CHELU-
afabHBIX MyCTOT: OKTa’apuueckue (O) — ce-
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peauHsl Bcex pebep M LieHTp oObeMa —
UTOrO 4 Ha s4elKy; TeTpaj’aApUUECKHe
(T) - B ueHTpax Majibix KyOUKOB (OK-
TaHTOB) — UToro 8§ Ha sgueiky. Takum
obpazoM, OajaHC MYyCTOT TOT Xe:
1-O + 2-T Ha oguH aToM Meramia. B
OTJIMYHE OT BCEX APYTUX TUIOTHEHUIMX
CTPYKTYD, 31€Ch HE OJIHO, a YEThIPE OCO-
6bIX HAIpaBIEHUs YKIAAKHA — T. €. BCE

AToMbl r1oTHeHIICH Aromnl ninoTHe# el
MPOCTPAHCTBEHHEBIC OHATOHATH Ky6a. YMaKOBKH YITaKOBKH Ha ypoBHe Z = ()
BecbMa mnonesno OGpaTI/ITb BHHUMAHHEC . -
o X Oxrasrgpuuyeckuc ATOMBI NNOTHE#H1IIeH
Ha IBAa aClI€KTA «TI€HETHYCCKOW» CBSA3H HOpbI YNAKOBKH Ha YPOBHE Z = 12

3TON CTPYKTYpbl U nipeasinyiuei. [lep-

BBIH OTHOCHTCS K JIMHEHHBIM pa3Mepam A\ Tosnuun erpaspusicexux
11Op Ha ypoBHsiX z = 1/4 1 3/4

sueek. KoHpurypaums aroMoB Ha mjio-

CHOCTAX COBHANasr M (OOI)FCKC " Puc. 1.5.3. Cxema no3uumii s TpexcioiHoi kybuuec-

(11 l)KYG, a Mepuoabl YKJIaAoK (BAOJb KOM yNaKoBKH

HOpMaJeH K MIOCKOCTAM) COOTHOCSITCS, )

kak 2:3. [losToMy, ecnu npu pa3oBOM nepexone BO3MOXHO U3MEHUTH MOPAAOK YKIAKH CJI0-
€B, NPOABATCS MPOCTbIE COOTHOLIEHNS MEXY MapaMeTPaMH IIEMEHTAPHBIX AYEEK:

a, 2
Kyh _
= C ——aKW\/g,

\/‘5 ’ Texc 3

OTcroaa e clieyeT TO4UHOE COOTHOWeHNE ¢/a = 242 /43, KOTOPOE AOJDKHO XapaKTepHU30BaTh
uaeanpHyro riotHemyro 2H ynakosky. [eicrButensHo, Tonbko misd kyoudeckoi 3C ynakos-
KU 3aJJaHbI CAMOCOTIACOBAHHbIE YCIIOBUA I LIAPOB PABHOTO paauyca (IUTMHA MPOCTPAHCTBEH-

lexe

HOIi anaroHanu Ky6a Bcerna av/3). [t reKcaroHanbHOM CHHIOHHHM TAKOTO yciosust Her. Ilo-
3TOMY Ha npakThke Kpuctamisl ¢ [ITY cTpykTypoii xapakTepusyoTcs onpeaeicHHbIMU OTKIO-
HEHMSIMY OT HIeaJIbHOro oceBoro oTHoueHus 1.633. Tak, Maruuit okasbiBaeTcs OJIM30K K CTaH-
napry, 3aMETHbI OTKITOHEHUs y TUTaHa U UMPKOHMS (okoso 1.58), a, Hanpumep, Wi LHUHKA H
Ka/IMHsA 3TO OTHOLUCHHE AHOMAJIbHO BenrKo (Oostee 1.85). Pu3nyecKkre NPUUUHBI 3ITOTO MOXKHO
CBA3aTh JIMOO C HEBBIIIOJHEHUEM YCIIOBHS PABEHCTBA PAallMyCOB BCEX ATOMOB, JIMOO C OTKIIOHE-
HUSIMU OT cheprdecKkoi GopMbl.

Hepexmet ynakosku. Bropoit acniexT, cszbiBatomunit 3C u 2H cTpyKTYphbl OnpeensieTcs KoM-
OuHATOPHKO# citoeB. B Tpexcnoitnoil ymakoBke BrepBbie BO3ZHUKaeT KOH(Urypauus (stacking
Sfaults) — owubku ykaaoku, WiaH owubKU yRaKoeKu.

[TpeanomoxuM, 4To B poLecce KpHCTALTU3ALKH NTocaeaoBaTensHoctb ABC... ¢ HekoTopo-
o CJ104 NpooJIkaeTcd Kak anbTepHaTUBHas (v paspeitedHas) ACB.... Toraa Bo3uukaer 6510k
paBHONpaBHbIX KyOudeckux cTpykTyp ABCABCBACB..., B KOTOpOM HUMeETCs pa3aensomuii
CITO# € reKCaroHanbHOM nocienoBaTenbHocTbi0 BCB. DTOT croi siB/isseTCst OMHUM U3 IPUMEPOB
BO3MOXHBIX HAPYILEHHH MPABUIBHON YKJIAIKH.

OTMeyeHHBIE CBA3H MeXIy MPOTOTHITHBIMU YIAKOBKAMH TIPOSBIISIOTCS B PEAlIbHBIX CTPYK-
TYpHBIX nipoueccax. MMeHHO HEOOXOAMMOCTb pelieHUs CTPYKTYPHBIX 3aay, CBA3AHHBIX C Me-
TAJUTMYECKUM KoDanbToM, nmoTpeboBana paspaborku deHomena aedexra ynakosku. [Mpu skc-
MEepUMEHTAIbHOM uccnegoBaHuu nojaumopdnHoro nepexoga [LIK<TII['Y BoiscHuIOCH, 4TO B
3TOM METAJUIE MOXET COXPAaHAThCS MeTacTabuinbHoe nByxda3Hoe coctosHue. COOTBETCTBEHHO,
Ha rpanuuax 6510koB HabmomaloTCs AeeKThl YKIaAKi, KaK BeCbMa TOHKHE MPOCIOWKH rekca-
roHa/JIbHOU MO0 KyOHuecko# ¢a3sbl.

1.5.3. BuHapHble coeguHeHus

Hpn OepeEXOae K ABYXKOMITOHCHTHBIM (ba3aM HCTONIb30BaHUE MOEIIM TUTIOTHEH e YaxKkosB-
KM TAKXeE OKa3biBAETCS MOJE3HbIM. 31eCh pe€4b NACT YK€ O 3allOJTHEHHHU ABYX I'pYIIII MO3ULIUH —
OCHOBHOM KNagKH aTOMOB H MyCTOT MEKAY HUMH. KOHKpCTHOﬁ HHHIOCTpaLIHCﬁ BApUAHTOB
YIAKOBKH aTOMOB MOTYT CIIY>XUTb HCKOTOPBIC U3BECTHBIE CTPYKTYPBHI.
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Crpykrypustii Tun NaCL DTa cTpyKTypa MMeeT IHPOKOe PACHPOCTpaHEH e CpeaH (as ¢ Ik-
BHATOMHBIM COCTaBOM. B crangaptHom o6o3Hauenud — cF8, LK perrerka, BoceMb aTOMOB B
37IEMEHTAPHOIT suelike. B TepMUHaX MOAENH yMAKOBKH IIaPOB OAMH U3 KOMIIOHEHTOB 3aHHUMa-
€T MO3UIMH OCHOBHOM
yKJIAAKH, a BTOPOH 3a-
MOJIHAET OKTajdIpuyec-
KHe NyCTOTBI (cMm.
puc. 1.5.4). HUurepecHo,
KaK MNposiBAdeTcd 34€Ch
3aBUCMMOCTH OT COOTHO-
LIeHMs ATOMHBIX paauy-
cos. Hanpumep, B 6a3o-
BOM COCJIMHEHHH — Ka-
MEHHOH COJIM — WOHBI
XJjiopa MMET OoJIbLINA
pajnyc U oHu obpa3zyloT
MIOTHEHIIYIO YITAKOBKY;

MeHBIIHUE MO pasMepy Ka-
Puc. 1.5.4. Moaeau crpyxryp : (a) tunia NaCl; (6) tuna CaF2 THOHBI (HATPHIT) 3aHUMA-

(«) (5)

IOT BCE OKTAIpHUUEC (HE
nycroTel. B azax Metasuinuecknx — KapOuaax, HUTPUIAX U T. . — CUTyauus obpatHas. Tak, B
crpykrype TiC Gonbimil paguyc HMEIOT ATOMBI TUTANA, OHK (POPMHUPYIOT MIOTHEHILYIO ya-
KOBKY M aTOMBI HEMETA/LIA — YINEPOAa — 3aMOIHSAIOT MO3ULNH OKTaAPUUECKUX yCTOT.
Crpyktypusiii Tun CaF, (payopur). B crangaprHom obosHaucHHH cF12, TLUK peuerka,

IBEHAAUATH ATOMOB B siucitke. JJaHHYIO CTPYKTYPY MOKHO TPAKTOBATH, KAK IUTOTHEHILYIO YIla-
KOBKY, B KOTOPOil BTOPOil KOMITOHEHT 34MOJIHACT BCE TETPA3APHUCCKUE MYCTOTHI (CM. PMC.
1.5.4). B 310M OGIMPIIOM ceMeiicTBe pa3HoOOPa3HbIX (a3 TAKKE MOKHO HADIIONATD BIUSIINE
COOTHOILIEHHMS ATOMHBIX PAIMYCOB IPH M3MeHeHHH cocTaa. B 6a3oBoii cTpykType duiyopura, a
TAaKXKe B HEKOTOPHIX META/UTMYECKHX ruapuiax (nanpumep, TiH,) terpasipudeckne No3HMUUH

3aMeLleHbl ATOMAMH HeMeTana. Bo3MOKHOCTh AaHTHH30MOP(HOTrO 3aMoIieHns peainsyercs B
CTPYKTypax HEKOTOPBIX OKHCIIOB, Cy/ib(HIOB, TEUIYPHIOB (Hanpumep, Na,S, Li,0 u ap.).
31eCh aTOMbI IETIOYHBIX METAIIOB PACIIONATAIOTCS B TO3ULHAX C TETPASAPUUECKON KOOPIAHHA-
LMeil, a HEMETAIUT OPTraHU3YET OCHOBHYIO YKIIAAKY.

WTak, OTMETHM, UTO MOJIEb IUIOTHERILCH YIIAaKOBKY MMEET CBOIO 001aCTh NMpUMEHEeH s B
paMKax orpeie/IeHHbIX J0MyIeHUiH 00 aTOMHBIX B HOHHBIX PAJMyCaX H IPUPO/IE cBsi3ed B TBCP-
oM Tenne. CylecTBYIOT U ApPYrHe FeoMETPHUECKHE CXeMbl, KOTOPBIC OCHOBAHbI HA aHAJIN3E
ATOMHBIX LEMOYEK, CIOEB, KOOPAMHAUMOHIBIX MHororpaunukos. [lpuBesieHtble MPUMEPbI
JIMUIG KOHTYPHO WILTIOCTPHPYIOT MPOCTEHlNe MOAXOAbl TPH TPaKTOBKE MHOrOOOpAa3HbIX
CTPYKTYp. Bechbma MomnesibiM 0Ka3amoch PACIpOCTPAHEHUE JAHHONH KOHLENIHU Ha OYCHb 00-
UIMpPHBIE ceMeNHCTBA, OO BEIHHAIEMbIE POJCTBOM CO CTPYKTYPOH anmasa.

1.5.4. Anma3sHasn ynakoska. lMonutunus

Yncrble 2ieMenTbl. Aiva3s. Ba3oBas cTpyKTypa anMasa U3BeCTHA Kak oaHa u3 (Tpex!) Kpuc-
TaIMYeckux MoaudUKaurit yriaepona. K sTomy ke CTpyKTYPHOMY THITY NPUHAMICKAT KPEM-
HUIl, repMaHuil U HU3KOTEMIEpaTypHas MOAM(MHUKALHS 0J10BA. CTaHJapTHOE OTIHCAaHUE ITOH
CTPYKTYpbI Ha IPUMepe KpeMHHUS rpusesetio B 1.4.2. 31ech ATOMBI S1 3aHUMAIOT MO3ULIMK 4aCT-
HOTO IKBUBAJIEHTHOrO TONOKeHUS 8(c) mpocTpancrsentoii rpymmsl Fd3m. 910 o3uavaer, 4to
aTombl HaxoasTcs B yatax I K siuefiku u B 4eTbIpex (M3 BOCbMH) UEHTPOB MaJIbIX OKTAHTOB, Ha
KOTOPbIE MOXKHO MOACTHTE KyOuueckyto sueiky. HucieHnble 3Ha4eHHA KOOPAMHAT ATOMOB 5B~
JNISIOTCA MIPOTOTHITHBIMU /151 GOBLIOTO «aIMA3HOT0» CEMEHCTBA MATEPHAJIOB.

PaccMOTpUM 3TOT CTPYKTYPHBII TUIT B TEPMHUHAX MOJIE/H YITAKOBKH LIAPOB. B Takoil TpakToB-
Ke UMeeTCsl 1BE TPEXCIIOMHDBIX YIIAKOBKH LIAPOB OIMHAKOBOIO pajuyca. [TocTpoeHns nokassBaloT
(cm. puc. 1.5.5), 4TO 3TOMY COOTBETCTBYET (HOPMHUPOBAHUE CTPYKTYPbI B BU/IE cneuualibLoN mec-
THCIIORHOM yMAKOBKM 4TOMHbIX MIIOCKOCTEH CEMENCTBA {111}, O003HAYHUM 110CEI0OBATEILHOCT,
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kak AA*BB*CC*A.... B otnuuue oT rytoTHeiueid kyou4ec-
ko# ynakosku (ITKVY), 3xecs MMEIOTCS [IBE B3aHMHO MPOHHU-
Karolue Tpexcioinsle ynakoskun ABC... u A*B*C*..., co-
CTOSILLIME U3 TUIOCKOCTEH C OMHAKOBOM KOH(puUrypauueii ato-
MOB M C 3aJaHHOH IMOCIIEeIO0BATEbHOCTBIO MapaJLIeNbHBIX
CIBMIoB. B 3TOM yepenoBaHHM BapbUPYIOTCH M PACCTOSHUS

OT IUIOCKOCTH [0 [UTOCKOCTH: Gojtbliiee — a3 /4 Mexy of-
HOMMEHHBIMU TUIOCKOCTSIMHM (THra AA¥*); 3aTeM MeHbIIIee —

a(\/§/3— \/5/4) MeXIy pa3sHOMMeHHbIMU (Tuna A*B)...
1 T. I. Takast CTpyKTypa UMeeT CHMMETPHIO BBICOKOIO YPOB-
Hsl, HO aTOMBI [UIOTHO YITAKOBaHBI TOJIBKO B ILUIOCKHX ceye-
HHsIX. B 06beMe Kax/1blif aTOM HAXOAMTCS B LIEHTPE MPABHITb- Puc. 1.5.5. Monens cTpykTypel
Horo Terpadapa, KU=4 u nioTHOCTE MaTepHalla HEBEIHKA. s
B 3TOM onmcaHuM CTPYKTYpbI aIMa3a, KaK KBa3HU-TPEXCIIOM-
HOH ynakoBk# 1o aHasorud ¢ [1KY, kaxercs 1ornyecky orpaBaaHHbIM paclpocTpaHeHHe JAHHON
CXEMBI Ha reKcaroHasibHble ¥ poMO03IpHUECKHE TOCIEA0BATEIBHOCTH. JLJ1s1 YUCTBIX JIEMEHTOB U3-
BECTEH JIMIUb KBAa3U-ABYXCJIOMHBII BADHAHT CTPYKTYPbI — 3TO JIOHCACHIIUT, WIN FeKCarOHaJIbHbIN
anMa3, Kak ¢aza BbICOKOTO NaBJeHHUs s yriiepoaa. Haoboport, B ciiyyae OMHAPHBIX COCAMHEHHIH
Takas KOMOMHATOPUKA SIBJSETCS BeCbMa PACTPOCTPAHEHHON U KOHTPONUPYET CTPYKTypHBIE Xa-
PaKTEPHUCTUKH 3HAYUTENIBHOIO CIIMCKA TEXHUYECKH BAXKHBIX MOAYNMPOBOAHUKOBBIX MATEPUATIOB.

Buunapusie coenunennsn. Chanepur, sriopunt. O6paTuM BHUMaHHUE, UTO BCE JIEMEHTHI C ajl-
Ma3Hoil ymakoBkoit npuHamnexart k [V rpynne Ilepuoanueckoit cucremsl 31eMeHTOB. B Mo-
JEIBHON MHTEPNPETALMH HCXOAHAS BAJIEHTHOCTD 4 COMIacoBaHA C reoMeTpHell TeTpasapuyec-
KO ynakoBkH. B pa3suTue 3TOi TpakTOBKY OMHAPHBIE IKBUATOMHBIE COEAMHEHHA C MOAOOHOHN
KoopaMHalMel oOpa3yloT 3neMeHThl, prraHkupyolye B Tabauue Menaeneesa JaHHYIO rpynmny
(rak HaswiBaemsle [11-V, [I-VI, [-VII coeaunenus, KoTtopsie BXOASAT B OCHOBHOM peecTp IMoy-
NpoBOAHUKOBBIX MaTepuanos). [Ipumepamu asnsiotcs coennnenns InSb, GaAs, ZnS, BN, AlP,
SiC u psin apyrux. st yKa3aHHBIX BELECTB XapaKTepeH WUPOKHit Habop pOJACTBEHHbIX CTPYK-
TYp, OIUCAHHE KOTOPBIX B TEPMHHAX MAHHOU TJIaBbl BBISBIACT UX KPHUCTAJLUIOTPAPUYECKYIO
obuHocTh. HauHeMm paccMOTpeHHe ¢ XapakTepHOH KyOuueckoit CTpyKTypbl.

®ocun raawms GaP, cTpykTypHblil TUN cdanepuTa, WIM LIMHKOBOH OoOMaHKHM ZnS mnpe-
crasien B naparpade 1.4.2. 9ra cTpykTypa BecbMa OJIM3Ka K MpeaLUECTBYIOUICH CTPYKTYpe ajl-
Mmasa. BUuaHO, 4TO B CpaBHEHHH CO CTPYKTYPOi Si KOHGHUIYypallMu LEHTPOB aTOMOB aHAIOTHY-
HbI, 4 YMCJIOBbIC 3HAYCHHUS] KOOPAMHAT OIMHAKOBBIC. DTy dHAJIOTHIO MOXHO IMPOCIEIUTh U B
TepMHHAX YKJIaJIKK ATOMHBIX [IJIOCKOCTEH, eclu NpUHATh, uTo A, B, C — 310 cnon atomos Ga,
cooTBeTcTBeHHO A*B*C* — 9710 CcTon atomoB P; torga AA*BB*... u 1. 1. o3Hauaet yepenosa-
HUE U 0 KOMITOHEHTAM coeiuHeHus. HarnsaaHelit 06pa3 parmMeHTa CTpyKTYpbI TAKKe U300pa-
daeT NpaBUIbHBIN TeTpajap — B BepiuUHaAX (ocdop, B LEHTpe rajuiuii.

B cTpykType OMHAPHBIX COEAMHEHHH XOPOILIO BUAHO pacUIerUIeHHe 3a1a4l 0 KOMOUHATOPHU-
K€ CJTOEB M CBSI3b Pa3IHUYHBIX YIAKOBOK ajaMa3Horo tumna. Tak, npu 3aMeHe Tpex-(LUecTH)CIoi-
HOM yIaKOBKM Ha IBY-(UEThIPEX)CIOHHYI0 BMECTO KYOUUECKOro cdasiepura MonyvyaeM ero rek-
CaroHajbHbIA aHAJIOT — BIOPLIUT.

CyJib(pua unHka, COOCTBEHHBIH CTPYKTYpPHBIM TN ZnS, BlopuuT, HHave B2, unu hP4.
[TpocrpancreenHas rpynmna P63mc. AToMbI pacnionararorcst B o3ULHUAX:

Zn: 2 (b) 1/3,2/3,z 2/3, 1/3, z+1/2 z=0;
S: 2 (b) 1/3,2/3,z 2/3, 1/3, z+1/2 z=0.375.
OcHoBHas yKj1aJIKa aTOMOB CEpbl 00pa3yeT reKCaroHaJIbHYIO YITAKOBKY, aTOMbI LIMHKA, KaK U
B c(hanepuTe, 3aHUMAIOT TOJOBUHY TeTpasapuueckux nosuuuit. [lociegosarenbHOCTh ci10€B 3a-
nuceiBaeTcs, kak AA*BB*A. . .; 3Hak (*) 03HA4aeT MIIOCKOCTh C aTOMAMH BTOPOTO KOMIOHEHTA.
OTtMeTuM, YTO [UIS cybduaa IMHKA OOBIYHBIA NPOLIECC KPUCTAIUIM3ALMK U3 pacIiaBa co-
MPOBOXKJIACTCA BOSHUKHOBEHUEM IeKCArOHAILHONM MOAUGDUKALIMM, KOTOpas MPH MOoCIeAyIoLEM
OXJAX/ICHHUH JIOJKHA MPEBPATUTHCS B CTAOMIbHBINA chaneput. B meHcTBUTEIBHOCTH HA 3TOM
MYTH BO3MOXHO BO3HUKHOBEHHE PA3IMUHOIO pojia IBYMEPHBIX 1e)eKTOB M BAPHAHTOB Yepeo-
BaHHUsl CTPYKTYPHBIX CIIOEB.
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Bunapubie coequuenus. [lomuTunus. B cnyyae YUCTBIX META/IIOB BBIXOX 3a MPENEIIbI ABYX-,
TpeX- CIOHWHBIX ITOTHEHIIMX YaKOBOK SBJISETCS MCK/IIOUUTEIBHON NPEPOraTuBOM» peaKos3e-
MEJIbHBIX DJIEMEHTOB. J[Be TakHe yIMakoBKH, YCTaHOBIeHHbIe 1t P3M, npuBeneHs! B naparpa-
¢e 1.5.2: 310 4-cnoitHas, cTpyKTypHbIi THI La, u 9-cnoitHas, Tun Sm. [{ns anMa3Horo ceMencr-
Ba, B CPaBHEHHH C METAJUIAMU, CUTYallus IPUHLMIHAIBHO yClokHeHHas. JIBe 6a30Bble KOHCT-
PYKLHH, KPATKO TPEACTABIEHHBIC BBIIIE, TOJBKO OTKPbIBAIOT OOLUMPHBIA CMHMCOK M3BECTHBIX
CTPYKTYp ajiMa3HOro ceMeiictsa. B cTpykTypHOM aHallM3e 3THX MaTEpPHalOB BO3ZHMKHOBEHHE
MHOTOCTOHHBIX (YETBIpEX- U Boiee) KOMOMHALMI SABJISETCS PacpOCTPAHEHHBIM (PEHOMEHOM H
MONyYHIIO HAUMEHOBaHUE noaumunus. 31€Cb YMECTHO NMOAYEPKHYTh HEKOTOPBIE KpHCTAIOrpa-
¢duyeckue 0CoOEHHOCTH.

B npuHIKIe, CHMMETPHSI pacCMaTpUBAEMBIX CTPYKTYP BCEra KOHTPOJIMPYETCA MPUCYTCT-
BHEM OCEH TPETHETO MOPSIKA B MOTUBAX IUIOTHOM YNAaKOBKH LIAPOB B IIIOCKOM CeYeHUHU. Tem
. CAMBIM 3aJIaHO, YTO TAKUE CTPYKTYPhl MOTYT NMPHHAUIEKATH JIUIIb K CHHTOHUAM — KyOuuec-
KOM, TPUTOHAJIBHOM MO0 rekcaroHallbHOW. TeopeTHUeCKHit aHaIn3 BbIAETAET BCEro BOCEMb
NPOCTPAHCTBEHHBIX TPYIIT U3 3THX CHHTOHUH, KOTOPBIM MOTYT COOTBETCTBOBATH CTPYKTYPBI
MIOTHeMIER yrnakoBky. Jlpyras XapaKTepUCTHKa TUIOTHEHLIEH WIIM alMa3HONW YIAKOBKH —
YUCIIO CJIOEB B SUeHKe — MOXET IIMPOKO BapbUPOBATHCA TS pa3HbIX KpucTamuios. Muade ro-
BOP#, KOJIMYECTBO BO3MOXHBIX HA 3TOH OCHOBE HHAMUBUAYAIIbLHBIX CTPYKTYPHBIX THIIOB Orpa-
HUYEHHH HE UMEET.
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Masa 1.6
OANOPAKLUMNOHHBIN 3PDEKT B KPUCTATE. OBPATHASA PELWLETKA

1.6.1. YpasHeHus flaya

ITocmanoska 3adauu. TlpenMETOM NaHHOM IJ1aBBI ABISETCS PACCMOTPEHME «TeOMETpHYeC-
KOH» CTOPOHBI AM(PAKIHOHHBIX METOMOB aHAJIM3a ATOMHOI CTPYKTYphI KpucTauto. MMeercs
B BUJLY, YTO B MPOGJIEMe PACCETHUS M3/TyUCHHs HA TPEXMEPHOM KPUCTA/TMYECKOMH peleTKe Bbl-
ACAETCS IMUIb 3371244 O HATIPABJICHUSIX TU(DPAKUHOHHBIX MAKCUMYMOB. [1pu 3TOM He koHKpe-
TU3UPYETCA MPUPOAA BOJIH ~ PEHTTCHOBCKHUE JIyUH HJTH HEHTPOHBI, 37IEKTPOHBI, CHHXPOTPOHHOE
usnydenue. OCTaBIISETCS IS NOCTIENYIOUIMX PA3/IeIIOB H BCS HEPAPXUS ONITHUYECKHX ITPHHLIMIIOB
MCCIICIOBAHUS OCHOBHBIX XapaKTEPUCTUK KPUCTAUIMYECKOH CTPYKTYpbl. B KaKOM-TO cMbIciie
3Ta palliOHAJIbHas JIOTUHECKAs CXeMa BOCIIPOM3BOIMT HCTOPUUECKYIO LEMOUKY Pa3BUTUS KPH-
CTaJIOCTPYKTYPHOTO HANPABIIEHUS B (PU3HKE TBEPAOro Telda U QU3MYECKOM MaTepuaioBee-
HUM. [TepeuncIumM OCHOBHBIE JOMYUIEHHS B IEPBOHAYAIBHON MOCTAHOBKE,

Obvekm — kpucmann:

TpexmepHasi nepuoMueckas peleTka U3 TOYeUHbIX PACCEMBAIOLINX UEHTPOB (ATOMOB); TOU-
K1 OJIMHAKOBBIE, PACITOIOKEHBI B Y3J1aX PEUIETKH, OTCYTCTBYIOT Ne(eKThl CTPYKTYPhI M TEILTO-
Bbl€ KosieOaHUs aTOMOB.

Haoaowee uznyuenue:

Jlnuia BOJIHBL COOTBETCTBYET YCIOBHAM IM(PAKLHMH [/ JaHHBIX EPHOIOB PEIIETKH; reo-
" METPHs IKCNIEPUMEHTA — MaJAEHHE MIOCKOH BOJIHBI, PETUCTPALIMS B JAJIBHEM MOJIE.

Paccesnnas 6onna:

PaccesiHue ynpyroe, KorepeHTHOE; BTOPHYHOE paccesiHue OTCYTCTBYET; Npenedperaercs mno-
[JIOLIEHUEM TIEPBUYHOIO U BTOPUYHOTO U3JTyUEHHUS.

Ilepexons k 3a11MCH OCHOBHBIX ypaBHEHHIt, 0GpAaTHM BHIMAaHHe Ha TO, YTO 31eCh IByMEpHas
(Tockas) BOJIHA pacCeMBAETCS HA TPEXMEPHOM CHCTEMe pacCeMBaloOLIMX LEHTPoB. Takoe coye-
TAHUE HE PEATM30BBIBAIOCH B ONTHKE BUAMMOTO CBETA (10 TpexMmepHbix rojorpamm K. Jlenu-
CIOKa) U TAKXKe HE MMEET aHAJIOrOB B 3aJa4aX PafHOBOIHOBOIO AMANA30HA. DTO MOAYEPKHUBA-
€T YHUKQJIBHOCTb IU(PPaKLMOHHO-ONTHYECKOH 3a1a4 1 OMpPeAensieT CBoeobpasue MHOTUX -
(EKTOB MPHU CTPYKTYPHBIX IKCIIEPUMEHTAX.

Ypasnenus ougpparkyuu.

B 3a1aue 0 TpexmepHO# nudpakLMOHHOI pelieTKe IOCIeN0BATENBHO PACCMATPHBAETCS pac-
CesIHHE Ha OTHOMEPHBIX MEPHOAMYECKUX LEMOYKAX, U3 KOTOPBIX COCTOUT KPUCTAII. 3aMUChIBa-
€TCsl CHCTEMA M3 YeThIpeX ypaBHeHui Jlaya:

Qs -35,)=HAx,
b(5 -5,) =KA,
¢(5 -5,) =LA,
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3nech Sy — eINHUYHBIN BEKTOD B HalpaBJIECHUH nagamouiero jayda; § — eINHHUYHBIH BCKTOp B

HaTpABIEHUH TUPPAKIMOHHOTO MAKCUMYMA; a, b, ¢ — BEKTOpA PEUIETKH; H, K, L — uensle
ymcna; A — [UTMHA BOJHBI. TlepBoe ypaBHEHHE COOTBETCTBYET OOBIYHOMN 3a4ade O pacCesHUH
Ha OJHOMEPHOH NU(PAKIMOHHON pelIeTKe C TOH 0COOEHHOCTHIO, YTO TOUKH Pa3MEILEHBI Ha
npamoit nuunn. Kak BuaHo Ha cxeme puc. 1.6.1, B Tako# MOCTAHOBKE HAaNMpaB/ICHHA Ha JH-
ppakLUHOHHBI MAKCUMYM (IaHHOTO mopsnka H) o6pa3yloT KOHMYECKYIO OBEPXHOCTD € O —
yriom nonypactBopa. ClleAyomnM IByM ypPABHEHHAM CONOCTABIAIOTCS yCIOBUA pACCEAHHS
Ha OJHOMEPHBIX LENOYKAX BAOMb OCEH KOOPAMHAT y U Z M aHAJIOTUYHOrO BUA KOHYCHI JIH-
(pAKUMOHHBIX MAKCHMYMOB MOPAAKOB K 1 L ¢ XapaKTEPHBIMHU YITTaMH B u y. CoBmecTHOE
BBIMOJIHEHHUE YCIOBHH AHUPpaKLMK AT TPEX LEMOYeK 03HAYaeT, UTO I JaHHBIX ypaBHEeHHH
BEKTOp § B HAMpABIEHMM MaKCHMyMa miaeHTuueH. Toraa BCTymaeT B NEHCTBHE 4ETBEPTOE
ypaBHEHHE, yCTAHABIMBAIOIIEE CBA3b MEXIY HAIIPaBIAIOLIMMHU KOCHHYCAMH BEKTOPA § (Mex-

Ay yriaamu o, B, y).

(6)

n

)

=

(@)

|

i
vy

\Z

Puc. 1.6.1. Cucrema ypasHenuii Jlaya:
(a) — Audpakuus Ha ONTHOMEPHOU LEMNOUKE; (6) - TTepeceuenue Tpex AUPPAKLIMOHHBIX KOHYCOB MO OJXHOH
obpa3syroueit

TeM caMbiM 3a7a4a OKa3bIBAETCA TIEpeoTnpeeNieHa: TPH HEU3BECTHBIX — HATIPABJIAIOILHUE KO-
CHHYCBI AM(PAKIIMOHHOrO JIy4a — HOMKHBI ObITh PE3Y/IbTATOM PEHICHHS CUCTEMbI U3 HETBIPEX
ypaBHeHHit. OUEBHIHO, YTO B 0OILEM Cily4ae ypaBHEHHA HECOBMECTHDI M TOJIBKO B CHIELMALHO
CO3MAHHBIX yCIOBHAX GOpMUpYeTCst TudpakLMOHHbIH MakcuMyM. B HarnsHou dbopme BBIIOI-
HeHUe ITUX YCIIOBHIA 03HAYAET, YTO BCE TPH KOHYCA MEPECEKAIOTCS 110 00IeH obpa3yrouieh (cM.
puc. 1.6.16). Ipu 3a1aHHOM AIMHE BOJHBI U3Ty4UCHHS AMIs 3TOTO TpeOyeTcs cneLyasnbHas OpH-
eHTaLMs KPUCTAJIA MO OTHOLIEHHUIO K MaJafolemMy Jyqy.

1.6.2. YpaBHeHue Bparra-Bynooa

Cuctema ypasHeHu#t Jlays 4eTKO ONMHUChIBAET GPU3NYECKYIO KAPTUHY KOHCTPYKTHUBHOH MHTED-
(bepeHLIMHM TIpU pACCEsHUH Ha KPHCTAIUTHYecKOH perreTke. OHAKO 3Ta aHAIMTHHYECKas ¢dopma
HEJOCTATOYHO KOHKPETHA TS MOCTAHOBKHM KCIIEPHUMEHTOB M 06paboTkK AMdpakLIHOHHOH
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KapTHHBI. B MpakTuyeckoMm 1aHe 9Tu 3aaauu 60Jiee JOCTYITHBI yPABHEHUIO, CBSI3aHHOMY C MMe-
Hamu B.I'. u B.JI. bparros u }0.B.Bynsda.

B 570it nocTaHOBKE KpUCTAT NPEACTABIEH CHCTEMOH Ma-
paJIIeSIbHBIX PABHOOTCTOSILLIMX ATOMHBIX TUTocKocTeit. Coxpa-
HSIOTCA BCE JOMYUICHUS, KOTOPbIE ObITU yKa3aHbl Bbile. Te-
Nepb CTAHAAPTHAA 3a/1a4a O PA3HOCTH XOJ1a JIBYX pPacCesHHbIX
JIy4yel ONpH MaAeHUU TJIOCKOH BOJIHBI BBIFTIAANUT, KaK MoOKa3a- d
HO cxemaTuuecku Ha puc. 1.6.2. CornmacHo cxeme, IBe cocezl-
HHE TUIOCKOCTH pPAacceuBaloT B dase, eciiu

2dsin(0)=n\.

Buano, uro B 3TOi cxeme akT audpakuuu GopManbHO
NPEACTaB/IeH KaK OTPaXEHHE OT aTOMHOM IIOCKOCTH. DTO
0COOEHHOE, M30MpaTenbHOE OTpaXeHue Moa (GUKCHpPOBAH-
HBIM yIJIOM 8, KOTOPBIH KOHTPOJIIMPYETCS YpaBHEHHEM; COOT-
BETCTBEHHBIM CMBICTT UMEIOT M TEPMHUHBI — OPI2206CKUE OMpPa-
JHCeHUsL, WU peghaekcel.

EcTecTBeHHO, YTO B JAHHOM ypAaBHEHHUM COXpPaHSETCS OTMEUEHHAs TaBHas crneuuduka au-
(dpakuun Ha TPEXMEPHOH pelIeTKe: NPOU3BOJIBHOE PACIIONOKEHHE KPUCTAILIA B MOHOXPOMATH-
YECKOH MIIOCKOM BOJIHE He TapaHTHpyeT aAudpakuuonHoro 3¢dekra. Tak, eciiu U3BECTHBI HH-
nexcel (hkl), 3anaH0 d — MeXKIUIOCKOCTHOE PACCTOSHHUE U A — [UTMHA BOJTHBI AJAIOLIETO U3ITyde-
HHS, TO TS MOJTy4YeHHs U paKUHOHHOrO MaKCUMyMa TpeOyeTcs BBIYUCIIUTD YIoJT CKOJIBXKEHUS
1 COOTBETCTBEHHO PACIOIOKUTBL 00paselt u aetektop. HaobopoT, ecnn moa onpeneneHHbIM yr-
JIOM MMAJAET HA KPUCTAL IOJUXPOMATHYECKOE U3TYUEHHE, ypaBHEHHUE BbLACSAET A — [UTHHY BOJI-
Hbl, KOTOPOH OyleT COOTBETCTBOBAThL AU(PPArupOBaHHbIH JIyd OT HEKOTOPOH MIOCKOCTH.

B kax10M KOHKpETHOM BapuaHTe, YTOObI HAOMIONATL U PETHCTPHPOBATH AUPPAKLIMOHHBIE
MaKCHMyMBI, TpebyeTcs crieuuanbioe obecneyeHne IkcnepumenTa. Pasnoobpasue cxeM cTpyk-
TYPHOIO aHAJIM3a KPUCTAJIJIOB B OMPENEIEHHOM CMbICIIE MOXHO KIACCHOUUHPOBATH MO CIOCO-
Oy npeononenus (MCMob30BaHUA) U3bUpaTenbHOCTH yenosuii audpakunu. K uncy pakropos,
yupasigiownx GopMHpOBAHHEM MAKCHMYMOB, IPUHA/UIEKAT [€OMETPHUUECKHE CBONCTBA 00b-
eKTa (OpHEHTALMs, MEKIUTOCKOCTHBIE PACCTOSIHUSA, pa3OrUeHHe HA KPUCTAJUTUTLI M T.1.), CIEKT-
PABHBIA COCTAB U3IYUYCHHUS, Pa3Mepbl M pACIIONOXEHHE UCTOYHHUKA, MO3ULHHU M B3aUMHOE [IBH-
KEHHUE IEMEHTOB CXeMbl (0Opa3lia, UCTOYHUKA, IETEKTOpa).

Eaunelit noaxon kK TpaKTOBKE 3THX CXEM U pPaLMOHAJIbHAS IOCTAHOBKA CTPYKTYPHBIX UCCIIE-
ANOBAaHUHI obecneunBaeTca BBeieHHeM GyHIaMeHTANbHBIX NOHIATUH 06PATHOrO MPOCTPAHCTBA U
HCIIOJIb30BAHHEM COOTBETCTBYIOLUUX MOCTPOCHUA. ‘

Puc. 1.6.2. Ypasuenue Bbpoar-
ra-Bynbda (audpakuuns kak
OTPANKEHHE)

1.6.3. O6paTHas peweTtka

Tak xe, Kak B MOAX0O/J€E K ONMHUCAHHIO KPUCTAJUIMYECKOH CTPYKTYPBI, Lenecoobpa3Ho IBH-
ratbCs MOJTanHo. B maHHO#M rylaBe JaeTcs NMIIbL B OCHOBHOM (hopMasbHas cxema, KOTopas
obecneynBaeT aIeKBATHYIO TPAKTOBKY ypaBHeHHi nudpakuuu. Bosee nojiHoe npeacrasiaeHue
o ¢usuueckoil npupoae 3Toi abcTpakunMu GyOeT CBA3aHO C COAEPKAHHUEM ITOCIEAYIOIIMX Yac-
TeH Kypca.

Ocnogubie onpedenenus. V3BecTHa pellleTKa KPUCTALIA, KOTOpas ONpenesseTcs B CUCTEME
KOOpAMHAT X' YZ Tpems HEKOMIIJIAHADHBIMH BEKTOPAaMH a, b, ¢. BBoauTcs mpocTpaHCTBO ¢ ocs-
MK KOOPIMHAT X™* Y*Z*; opueHTalMs HOBbIX Oa3UCHBIX BEKTOPOB 32]aHa BEKTOPHBIMU NPOU3-
BEJEHUAMH, a MOJYIH HOPMHUPOBAaHBI 0OBEMOM 3JIEMEHTAPHOMN AUEHKH UCXOAHOMN pEelIETKH:

o_lbxe] o _[exa) ., _[axb] | - a-foxe]
v 1% 1%
Ha 5TuX BeKTOpax CTPOMTCS KOOPAMHATHAS CETKAa HOBOTO MPOCTPAHCTBA U peuieTka y3JI0B.
B MeTpurke npocTpaHCcTBa UCMONB3YIOTCA OOpaTHBIE JTMHEHHbIE BENTUYHHbI, OTCIOIa HANMEHOBA-
HUSL — 0bpammuoe npocmpancmeo, o6pamnas peuemsa.
YCTaHOBUM CBA3H MeX1y MEPBHUUHBIMU XapAaKTEPUCTUKAMH HCXOJHOM KpHCTannnqecxon H
00paTHO peuIeToK.
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1) [l opTOroHanbHbIX CHHTOHME OCH KoopauHat X*, Y*, Z* o6paTHOro NpocTpaHCTBa Na-
paJUTeNIbHBI COOTBETCTBEHHBIM OCSIM KPUCTAIUTHYECKON PEILETKH.

2) OueBHaHbIE COOTHOMEHUS, @ - a* = 1,a - b* =0, a - ¢* = 0 1 T.11., ONpPENENAOTCA CBOKCT-
BAMM BEKTOPHBIX MPU3BEIEHUH, I1PEACTABIIEHHBIX BbIILC.

3) Jlanee ycraHaBIMBaeTCs COOTBETCTBHME MEXIY CHCTeE-
MOl TUIOCKOCTEH B KPHCTA/UIE U LIEMOYKOH Y3/I0B B 00paT-
HoM npoctpancTe. Ha cxeme puc. 1.6.3 mokasana Gnvxkan-
1as K Ha4ajay KOOPIUHAT MIOCKOCTh ceMercTBa (hkl) v Bex-

Top N,,, HOpMaJIH K Hell. B 93TOM MOCTPOEHHH TOUKH MEpece-

YEHUSA MJITOCKOCTH C OCAMHU O603Ha‘{CHI>I, KaK Ha4dajla U KOH-
bl BCTIOMOT'ATEIbHBIX BEKTOPOB. Ha sTtnx BCKTOpax B CBOIO
o4yepenb CTPOUTCH BEKTOPHOE MPOU3BCACHHE, KOTOPOC (bl/ﬂ(-
CUPYET HAMPABJICHNUC HOPpMAJIH.

[(b a)x(g_g)]=[bxc]_[axc]+[axb]

kK h

B CHCTEME KOOPIMHAT KpUcTaia. Jlanee HOpMUpYeEM, YMHO-

'S Ik kil hl  hk

" Puc. 1.6.3. [TocTpoenue BekTO-
pa Hopmasu K mrockoctH (hkl)

hkl 5
Kasd Ha CKAJIAPHYKO BEJIMUYUHY T TTony4yeHHBIH pe3y/bTaT:

thxc]+k_[cxa]+l.[axb]
% Vv 1%

MOHO paccMaTpUBATh, KAK BEKTOPHYIO KOOPAMHATY TOUKHU B 0OPATHOM MPOCTPAHCTBE. HTak,
BEKTOPY HOPMAIM K KPHCTA/LTOrpaduueckoit miockoctu (hkl) conocrapsercs napa’sienbHbIN
eMy pajiiyc-BeKTOD y3j1a 0OpaTHOMH PELIETKH C TEMH e HHACKCaMH (LIe/IOYNCIIEHHBIMU KOOP/IH-
HATaMH):

Bu=h-da*+k-b*+l-c*.
4) CTop e HATMIAIHO YCTAHABIMBAETCS MAcIUTad paauyc-BeKTOpa Ul y3iia OOpaTHOM pe-
weTkx. M3 npenpluylero cieayeT, 4To eHMHH4YHbIA BEKTOP BAOJIb HANPABICHUS HOPMAIH K
IJIOCKOCTH 3aruUChbIBAETCA, KaK g/| g|. Tenepsp, 000 M3 pagnyC-BEKTOPOB TOYEK IJIOCKOCTH

MOXHO YMHOXHTb CKJIAPHO HA €{MHUYHBIA BEKTOP HOPMAJIH; COTJIACHO pHC. 1.6.3, 3TO Mpouns-
BElEHHE NAET MEKIUIOCKOCTHOE PACCTOAHHE

iz %(hﬁ*+k5 * 4 16¥)
—=-=d W =d.
holg| 8l
YuuteiBag a - a* = 1 u T. 4., MONy4aeM
_ o1
|ghkl| = ;

Ha 0CHOBe CKa3aHHOTO MOXHO KpaTKO NMPOKOMMEHTHPOBATh «yCTPOHCTBO» OOpaTHOW pe-
LIETKH: CUCTEMa KOOPAMHAT OJHO3HAYHO IPUBA3aHA K OCAM KPHCTA/UIMYECKOH PEILETKH; Y3JIbl
(TOUKM C LIENOYHCIEHHBIMH KOOPIMHATAMH) 3a/aHbl MHIEKCAMH M NMapamMeTpaMHi KpUCTajuio-
rpapuyecKUX MIOCKOCTEH.

1.6.4. YpasHeHue gaudpakumm B BEKTOpHOU chopme

Ha 6a3e nosly4eHHbIX 3aBUCHMOCTEH MOXHO 3aMUCATh BEKTOPHOE PABEHCTBO, KOTOPOE CITy-
KHUT IKBUBAJICHTOM paHee MpeACTaBIeHHbIM INPPAKIMOHHBIM YPABHEHUSIM!

§-5,=A(Ha*+Kb*+Lc*).
JIeliCTBUTENbHO, €C/IM CKAISPHO YMHOXHTb NPABYIO U JIEBYIO YACTH 3TOTO BBIPAXKEHHA Ha
BeKTOp a, ByneT mosy4eHo nepsoe u3 ypasuenuit Jlays. [lanee, npou3Boas nooyepeaHo yMHO-

XeHUe Ha BEKTOpa b U ¢ TOJTyuMM MOCIEAYIOLIHe 1Ba ypaBHeHHs. MTak, nanuas popma BeKTOp-
HOW 3aMUCH 3aMeHsIeT cucTeMy ypaBHeHui Jlays. DTo nuilb nepBas HILTIOCTPALMS BO3MOXKHOC-
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TH MPUITOXEHUS TTOHATUI 0OpaTHOM pelieTky B AMPpaKUMOHHBIX 3ajayax. Jlns noayveHus oc-
HOBHOTO FeOMETPHYECKOro obpasa U Heobxoaumoii pabouel GopMysbl BBeieM 0003HaAYEHHUS
BOJIHOBBIX BEKTOPOB MMaJAIOIIEro U pacCesHHOro U3TyYeHUs

-1 = 1

-3l
A

,; _1s
A
Y pafuyc-BEKTOPA y3j1a 0OpaTHON peleTKH

By =ha*+kb * 41 *

3neck BenmnuuHbl H=nh, K=nk, L=nl sBnstoTcs uHaeKcaMH HHTEpdHEPEHIINH, KPATHBIMH HHIEK-
cam kpucTamtorpaduyeckoit miockoctu. Tenepb 3anuceiBaeTcs OCHOBHAsA (opMa BEKTOPHOTO
ypaBHeHuUs audpakuun

k - ko = thl-
Hony4yeHHOE BeKTOpHOE ypaBHEeHHE H300pa- (a)

Xaetcst moctpoeHneM puc. 1.6.4a. Yurtem uzBse-
CTHBIE MACIITAOBI BEKTOPOB K, k,, g 1 0003Haue- 8 s

HHUE yrfia 20 Mexay MajalouldM U paccesiHHbIM L ko 000
JlyqoM, TOTIa peuleHue TpeyroiabHuka <L, 000,
hk[> B 3TOM NMOCTPOEHHH MPSIMO BOCIPOH3BO-
mvT ypaBuenue 2d sin(0)=

Hopsaoku ompasxcenuss — Kongueypayus 06-
pamnoi pewemxu. OOpaTuM BHUMAHHE, YTO B
JTaHHOMW 3amucH (KaK W B JlajibHEHIUEM TEKCTE) 1/n
onylieHo 0OO3HAYEHHE N — TIOpSIKA OTpaxe- L< 1d
HHUS. DTO O3HAYAET, YTO OHO BOILLIO ACITHTEIEM
B d — MEXIUIOCKOCTHOE paccrosiHue. MHaue ro- 1/A 000
BOpsi, B OOpaTHOM IPOCTPAHCTBE IIJIOCKOCTh
(hkl) otoGpaxaercsi y3/ioM NEpPBOro MOpsIKa, Phe. 1.6.4. Iloctpoete Jpsancaa
cocenicTByoUmMM ¢ (000) — HauanoM KOOpAWHAT;
U1 [TOCIIEAYIOUINX MOPSIIKOB OTPAXEHUS OT ITOH MJIOCKOCTH Monynn pauyc-BEKTOPOB KpaT-
HbIM 00pa3oM BO3pACTAIOT MO OTHOIIEHHIO K IEPBOMY Y3ITy

-2

hkl

Taxoit cnoco6 (6e3 n) 3anucy TUPPaKUHOHHOTO YpaBHEHUs INPEACTABIIAECTCA JIOTMYECKU
ONpaBIaHHBIM NPHU HCMOJIB30BAHUH 0OpaTHOro npocrpancrBa. CoOGCTBEHHO rOBOpS, Tpex-
MepHasi pelieTKa y3J0B MOABIsieTCS B 00paTHOM NPOCTPAHCTBeE JIMILD Ha 6a3e npeacraBneHus
Ka10# KprcTasuiorpaduyeckoi MiIOCKOCTH Yepe3 Bee ee NMOPAAKH OTpakeHus. JleHCTBUTENDb-
HO, B METPHKE (peaslbHOr0) MPOCTPAHCTBA KPUCTAIA CEUEHHU S C MEXKIUIOCKOCTHBIMU PACCTO-
SAHUSIMH d/n HE SBISIOTCS Y3JIOBBIMH IJIOCKOCTAMH. Painyc-BeKTOpBI BceX KPATHBIX Y3J10B 00-
paTHOW peueTKH 0ToOpaxcatloT UMEHHO IMOPSAKH OTPAXEHUS OT COOTBETCTBYIOIIMX PALIKO-
HAJIBHBIX MJIOCKOCTEH B peajibHOM IIPOCTPAHCTBE. DTO PacCyXIAeHUE MOTYEPKHUBAET, YTO 06-
paTHas pelieTKa eCTb FeOMeTPUYECKHH 00pa3, OCHOBAHHBIN He TOJBKO Ha (hOpMaIbHOM MeT-
pHKe BEKTOPHOI anreOpbl, HO U Ha TUPPaKUMOHHBIX YPPEeKTax KOHKPETHOTO paccenBaroLie-
ro oowekTa. (CkenTHYECKOe 3aMeyaHHte: «A Yero eie MoXHO OblI0 OBl XIATh OT MPOCTPAH-
crsa Dypee...... nm :

ITocmpoenue Jsanvoa. Ilepexon K BEKTOPHBIM IOCTPOECHUAM B 0OpaTHOM IPOCTPAHCTBE
peryiiaMeHTUpYeT U 0bJier4aeT TPAKTOBKY BCEX OCHOBHBIX CHTYalMi NU(PAKIMOHHOIO SKC-
nepumenta. Ha puc. 1.6.46 noka3aHo, Kak ycjioBHE€ BO3HUKHOBEHHS MUPPAKIKMOHHOTO
MaKCHMyMa olpelenseTcs poxoxaeHueM cbhepsl paauyca L/ yepe3 HEKOTOPBIH y3en 00-
patHo#l peuleTkr. OpueHTauus chepbl 3aaHa HANpaBIeHUEM NMadaloUIed MIOCKOH BOHBI
B OCHX KPHCTAJIA, T. €. BEKTOPOM K B 0csix ob6paTHOM pewieTku. DTa cghepa ompasicenus,

WK cepa Dganboa, ABISETCS OJHUM M3 0a30BBIX MOCTPOCHUH B CTPYKTYPHOM aHAU3E.
MosxHo 11 npuMepa paccMOTpPETh B 3TOI cxeMe CnocoObl MoAXoaa K IKCnepuMeHTy. OT-

4-445



50 B. llexmman, P. Juiansu

MEeUYeHHas BbIILEe M36MPATENbHOCTh AM(PAKLIUU HA TPEXMEPHOH KPHUCTAJUIHYECKON pelleT-
K€ 371eCh NPOSBIISETCS B IPOU3BOJIbHOIN KOHPUTYypauuu CHephl MO OTHOLWIEHHIO K CHCTEME
TOYEUHBIX y370B 06paTHOM peuieTku. [1puHUMTHATBHBIE PAMKH IU(PAKIHOHHOTO JKCIe-
pHMeHTa 3aQUKCHPOBAHbI B Ha3BAHMU Cepbl OrpaHHYEHUA, KOTOPas MMEET YABOCHHBIN
paaMyc B cpaBHEHHHM co cdepoit Dsanpaa. Obluee KOIUYECTBO Y3J0B BHYTPH 3TOH chepsl
OmnpeneNnseT YNCI0 BO3MOKHBIX AMGPAKLHOHHBIX MAKCHMYMOB JUISl JaHHOH [UIMHB! BOJTHBI
u3nyyeHus. Huxuuii npenen KOHCTPYKTHBHOM HHTepdEepEeHUMH COOTBETCTBYET B 3TOH CXe-
Me paBEeHCTBY paauyca chepbl OrpaHUUYEHHsS U MUHUMAIBHOTO panuyc-BeKTOpa 0OpaTHOH
peLIeTKH:

2k() = gmin A

|-

&
A
1.6.5. AndpakuMoHHbIe CxeMbl B NpeacTaBrieHnn 06paTHON peLleTku

B xpatkoit popme GyIeT pacCMOTPEHO HECKOJIBKO PaclpOCTPaHEeHHBIX METO10B, IIPUMEHSE-
MBIX B PEHTTEHOCTPYKTYpHOM aHanu3e. Kak yka3piBajnoch BbIIlIe, OCHOBHOE BHUMAHHUE 311ECh
yIENeHO reoMeTpHIeCKUM napaMerpaM GopMHupoBaHHs THPPaKUHOHHOH KapPTHHBL.

Memoo Jlays (puc. 1.6.5). .

* OO6BEKT — MOHOKPHUCTAJLL.

» H3ny4eHHe — MOJIMXPOMATHUECKOE, TOPMO3HO# CIIEKTP PEHTEHOBCKOW TPYOKH.

1 m N N' N

| t ¢

/ 2/, 1\

/ / INE
\ \ LN
\

N\

N\

’

M7 N" N' N
Puc. 1.6.5. Meron Jlays

Ha ueprexe HEenpephIBHOE PAcripe/ieieHue JUIHH BOMH CIICKTPa B HHTepBane A . +A . OTO-

Gpaxaercs 06J1acThIO HeNMpephiBHOro Habopa chep oTpaxeHus; cpepuueckue rpanmiibl obnac-
TH Ha CXeMe MPEICTABJIEHbI JBYMS OKPYXHOCTAMH, MPOXOAALIMMHU Yepe3 Hayajlo KOOPAWHAT
(000). Kaxaplit y3en 06paTHOH pEILETKH, MONaBILUIA B 3Ty OONIACTD, KBHIONPACTY MOAXOIANIYIO
JUIMHY BOJIHBL, HA KOTOPO#{ CTPOMTCS BEKTOPHBIH TPEYro/ibHUK JBanbaa. [udpakunoHHas kap-
THHA, 3aQMKCHPOBAHHAsA Ha Jlay3rpaMme, aaeT OOLIyKo XapaKTEePUCTHKY MOHOKDHCTa/Ula M
OPHEHTALMOHHO 0TOBpaxaeT UCCENYEMYIO PEUIETKY. MeXIIIOCKOCTHBIE PACCTOAHUA U MOPAL-
KM OTPAXKEHUS U3 JAHHBIX IKCIIEPHMEHTA HE H3BJIEKAIOTCS, TOCKONIBKY HE KOHTPOJIHPYETCs AeH-
CTBYIOILAs JJIHHA BOJIHBI.

MerTon sBiseTcs 6a30BbIM IS AHAIM3A TOYEUYHOH CUMMETPHHM, ONPEAETICHHS CHHTOHUH KPH-
CTaJIa ¥ NEPBUYHOM aTTeCTalH 06pa3LOB [0 OPHEHTALIMH OCEH.

Memoo spawenus (kavanus) (puc. 1.6.6).

¢ OO6BEKT — MOHOKPHCTAIIIL.
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* ManyueHue — MoHoXxpomaruye-
— Ocb BpaiucHUs

* OOpasel mpenBapUTeLHO COPH- _
EHTHPOBAH M BPALIACTCA BOKPYT 4 ObparHas pelerka
OCH, MEPNCHAMKYIAPHOH Ha- [ICPBHUHbIH
MPaBJICHUIO TIEPBUYHOTO MyUKa. Y —
JIBiokeHMe KpucTajuia Ha cxeme 7
oToOpaXkaeTcs BpallleHUEM CETKH 00-
PAaTHOM peLleTKH BOKPYT OCH, POXO- ' : | v ~
aauen vepes (000) — HyneBo# y3en B
Hayajie KoopauHat. Jlndpakuuon-

Hunuuapuyeckas
HBIC MaKCHMMYMbI BO3HHMKAIOT He OJ- [UIeHKA
HOBPEMEHHO — OHHM «BCIIBIXHUBAIOT» i Bropas cioesas
[0 Mepe BpPallleHUs KpHCTasula MpH ; [epsas cnoesas
KACAHUU OTHENBHBIX Y3JI0B 0oOpar- : N Hynesas cioesas
HOM peLIETKH U NOBEPXHOCTH cephbt \ 2 —— >
orpaxenns. W3 nudpakuuonunod < Y [epBuynblii myyex
KAPTHUHBI M3BJIEKAIOTCS JIMHEHHBIE U PEHTTCHOBCKUX

yuei

OPHUEHTALIMOHHBIE XapAKTEPUCTHKH
PEIIETKH. —
ba3oBblit MeTO Ha 3Talle aTTecTa-
LU MOHOKDHUCTA/IIA U MOATOTOBKHU
JaHHBIX 151 pelenus MoaHOH CTPYK-
TYPHO# 3a/1a4H.
Memoo nopowra (Heoas-Ileppepa) (puc. 1.6.7).

Puc. 1.6.6. MeTon spauietus

* OOBEKT - MONUKPUCTATITHYECKHUIA:
Cdepa y3nos
LM}, MpOBONOKA, MOPOILIOK.
*  WinydeHde — MOHOXPOMATHYECKOE. (a)
B obsacte nepBHyHOro myuka nonagaer
COBOKYMHOCTh Oecropsijo4HO OPHUEHTHPOBAH- &'

FBIX KPHUCTA/UTMKOB. MOENbHO, 3TOMY COMOoC-
TapjsieTcss B OOPATHOM MPOCTPAHCTBE BEChbMa
6osbII0N HAOOp OMMHAKOBBIX ODpATHBIX pe-
LIETOK. DT PEUICTKH UMEIOT OOIIMI HYJIEBOM Cdpepa oTpakenus
y3el1 — Hadasto koopauHaT (000), Ho Oecriops-

JOYHO Pa3OpHUEHTUPOBAHBL. B 3TOM <OKryTe» (6) % ‘

00paTHBIX PEeIUETOK KAX/BIH U3 Y3IIOB pelieT-

K1 (hkl) MHOTOKpAaTHO BOCTIPOM3BOAMUTCS Ha

noBepxHocTH cepbl ¢ eHTpoM B (000) 1 pa-

mycom Ghkl=1/d. Ecnu B o6actb nepBHYHO- \3600 ~4b=¢
ro My4yKa Momnasno AOCTATOYHO GOJILIIOE KOTH-

YeCTBO PA30PHUEHTHPOBAHHBIX KPUCTAJUIUTOB, TepBuuHbIit
TO KaXK/10M TOYKE Ha ykazaHHOH cepe Oyner iy
COIMOCTABJIEH Y3el 00OPATHOM PELIETKH OHOTO
13 kpuctaumToB. B npeaene obpatHoe mpoct-
PAHCTBO TMOJIMKPUCTAINIHYECCKOrO MEJIKO3ep- Puc. 1.6.7. Meroa nopoitia:
HUCTOTO OOBEKTA MOXKHO TIPECTABUTD KaK CO- (4) - rpacMUeckas TPAKTOBKA PEHTIEHOBCKOM
BOKYITHOCTh KOHLEHTPHYECKHX ofep, Kaxaas CbeMKH; (6) — pACIONOKEHHE [UIEHKH B KAMEpe
U3 KOTOPBIX OTBECYACT OIPECACICHHOMY MEX- .
[TIOCKOCTHOMY PACCTOAHHIO. DTuUM CO31at0TCA yCIIOBHA MHOXECTBEHHOM IIHCbpaKHI/IOHHOI\;I KapTHHBI:
B INEPECCUYCHUH CO C(t)CpOﬁ OTPAXCHHA BOZHHUKAKOT KOHYCA II668.CBCKHX MAaKCHUMYMOB.

ba3zoBbIi METOA aHa/IHU3ad NMOJUKPUCTAUTHYCCKHUX MATEPHAJIOB ~ ATTECTAUHUSA IO MEXKITIIOCKO-
CTHBIM PACCTOSIHUAM, OMPEACIICHE NMEPUOJOB PCIICTKH, aHATU3 MHOFO(?I)33HI>IX CUCTEM, CIICLIU-
abHblE CTPYKTYPHbBIE 3a/1a4H.

4%



Yactb 2
UCTOYHUKN U3NYYEHUA U SKCNEPUMEHTANBbHASA TEXHUKA

Masa 2.1
TEXHUKA PEHTTEHOBCKOIO 3KCNEPUMEHTA

2.1.1. PeHTreHoBCKMe nyum

XPpOHOJMOTMYECKHU - 3TO MEPBbIA BHJ XKECTKMX H3NYyYeHHUH, 0OeCNeuuBUIMA peanblio
TUpaKHOHHBIE CTPYKTYPHBIC IKCIIEPUMEHTBI. B cOBpeMeHHO# TEPMHUHOIIOTUH K PEHTIEHOB-
CKOMY [AMaNa3oHy 3JIEKTPOMArHUTHOIO H3JIy4eHUS OTHECEHBbI [JIMHBI BOJH MEWKIY
100-0.01 A = 10-0.001 nm. Ta obnacrs, KOTOpast IPaKTHUYECKH UCIOJIB3YETCSI B CTPYKTYPHOM
aHanu3e, 3aHUMAaeT HeOONBHUIYIO YACTh YKA3aHHOIO HHTEPBA/IA, a UMEHHO =~ 2.5-0.5 A.

B numepamype, 0cobenno cnpagounon, MoJNCHO 8Cmpemums Oaiible NPEeXNCIUX UCCaedosanud,
20e npueoodsimest cmpykmypile napamempol 8 KX, a ne 8 anecmpemax. Ilpu smom caedyem yuu-
muigams coomuowenue 1 kX=1.00202 A. [Mpoucxoxncdenue 3moti macumabioil eOunuysl ucmopu-
YeCKU C8A3ANO ¢ IKCHEPUMEHIMAIbHBIMU CAONCHOCHISMU HAYAILHO20 NEPUOOQ PEMeelO8CKO CNeK-
MPOCKONUM, KO20Q HeONPedeIeHIIOCMb NPUCYMCMBOEANA U € RAPAMEMPAX PeLUemKY, U 8 3HAYChU-
ax Oaun goan. Hanpumep, na smom 3mane mpebosanocs 0ast onpedeaenus Oaui 8011 paccuumans
CMpYKmMypible KOHCMAIMbL IMATOHHBIX KPUCMALA08, UCXO05 U3 HE3ABUCUMBLX OAHHBIX O NAOMILO-
cmu, uucae Asocaopo, 3apside dnekmpona. Boznuxkwas nebonvwas noepewnocniv doLia yumena &
oanbHetilem nymem 86e0eHUst YKazaHiou eouuybl.

CriekTp peHTIeHOBCKHMX Jiyyell BO3HHUKAET B Pe3y/IbTAaTe B3aUMOJEHCTBUS 3JEKTPOHHOTO
My4yKa JOCTATOUYHOM IHEPIUH C MATEPUAJIOM aHOJA. 3[1eCh MOXHO BBIICIUTH ABA BUAA NPeod-
pa3oBaHHs YHEPTHH JIEKTPOHOB B JIEKTPOMATHUTHOE U3JIyUEHHUE: 3aMeIICHUE 3JIEKTPOHOB U
BO30yK/IeHHUE XapaKTepPUCTHYECKUX JTMHUH. COOTBETCTBEHHO, B CIIEKTPE, UCXOASAILEM U3 OKHA
PEHTTEHOBCKOH TPYOKH, UMEIOTCS TOPMO3Has, HEIPEepbIBHAS M1010Ca U JUCKPETHBIH Habop Xa-
PAKTEPUCTHYECKUX JTIMHUHA JaHHOro MaTepuaia (cM. puc. 2.1.1).

I I 401
a) W 6) "
10 4 35 kB 4%
301 Mo
8.
6 1 201 Kp
4.
104
2.
20 kB
0702 04 06 08 10 02 04 06 08 1.0
A (A) A (A)

Puc. 2.1.1 ®dopma criekTpoB U3ydeHUs] PEHTIEHOBCKUX TPYBOK
a) BJIMSIHHE HANPSUKEHUS! HA HENpEPbIBHLIA "TopMo3HOH" criekTp; 6) Mo-anoa, 35 kB, coueranue K-nuuuii
M HEMpepbIBHOTO CIIEKTPa
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Ommemum, umo 3¢hhexmusHoOCMb RPOYECCa U3YUCHUS 8 PEHM2EeHO6CKOU mpybKe cpasiumenb-
HO MAAA. OCHOGHAS IHEPUSA INCKMPOHHO20 ny4Ka nepexodum ¢ menno. Hanpumep, npu 100 kB oas
W-anooa dons snepeuu usayyenus cocmasisem 0.8%) anekmpuyeckoti mownocmu mpybxu; npu
30 kB oast Cu-anoda amo 3uaueitue cnudxcaemces 00 0.2%. Coomeemcmeernto, 8 KOHCMPYKYUu mpy-
GOK npedycmampusaemes CUCmemMa 800SHO20 OXAANCOeHUs. aHO0a, CYUWECMBEHHOe YEeIUeHUe
aHOOI020 MOKA U CEEMUMOCIU OOCIULACMCA 8 CUCIEMAX C 8PAUAIOUUMCS AHOOOM.

PaccMOTpUM KpaTKO OCOOCHHOCTH CMIEKTPOB. 3/1eCh U NAJIEe UCTIOJL3YETCA MOHATHE ulmeH-
cusnocms I — 310 TIOTOK 3Hepruu 3a 1 ¢ yepe3 1 cM? MOBEPXHOCTH, NEPNEHANKYISAPHOH Tydy. B
ONTHKE BUIMMOTO CBETA 3T BEHYMHA 0603HAYAETCSH KaK OCBEIEHHOCTD. [LIs MIIOCKOH MOHO-
XpOMaTHYECKON BOJIHBI CPEIHSS 110 BpEMEHH!

I=2F?
8n
KpuBas pacnpeneneHisi MHTEHCHBHOCTU Ha puc. 2.1.1 nmokasbiBaeT THIIMYHBIA BUI HEMpe-
pbiBHOI 4acTu crekTpa. KopoTkoBonHoBas rpaHuMua A . OINpPEACISETCS B COOTBETCTBUH C

KBAaHTOBOI Teopueit n3

min
[Ipy MOACTAHOBKE 3HAYEHMI (PUIUUECKMX KOHCTAHT MOJIydyaeM pacueTHyo ¢Gopmyiy
A, =12.395/U ju19 MUHMMAJTLHOM JUTMHBI BOJIHBI B AaHICTPEMaX B 3aBUCUMOCTH OT aHOIHOTO Ha-

MIPSOKEHUS B KUJIOBOJBTAX.
MopMa KpUBOH CIUTOLIHOTO CIIEKTPa ONpeesseTcs CJI0XKHON KOMOUHalMel MHOXeCTBa OT-
JEMBHBIX MMITYIECOB TOPMOKEHHS JIEKTPOHOB, M TEOPETHUECKHi pacueT ee 3aTpyaHeH. Cornac-

HO 3KCHEpHUMEHTAJIbHBIM MAaHHbIM, MaKCUMaJIbHAasA UHTCHCHUBHOCTL CIUTOILHHOIO CIICKTpa Imax B

CTaHAAaPTHOM FEOMETPUU COOTBETCTBYET NPUMEPHO YPOBHIO 3/2 A . Ha LIKaJNe JTHH BOJH.

XapaKTepUCTHUECKAs YACTh PEHTTEHOBCKOTO CIIEKTPA OMPEAENSETCs TMHUAMH KOPOTKOBOII-
HOBBIX cepuil. B cTanzapTHBIX 0603Hauenunsax nepexonnl K<L yposneit coorBercryor K - 1
1

K(l7-J'II/IH[/l9[M; nepexonbl K<>M 3sHeprernyeckux ypoBHEH HAIOT Kﬁ-HHHHH. B tabn. 2.1 npen-

CTaB/IEHbl TOTEHUMAIBI BO3OYXIACHHS U JUTMHBI BOJIH IJIS Pa3jIMUHbIX aHOJ0B TPyOOK, HCMONDb-
3yeMbIX B CTPYKTYpHOM ananu3e. CTaHIapTHBIMU MaTepraJaMH s aHOMOB CILy>KaT JIEMEHTBI
ot Ti no Cu B [Nepuoanueckoii Tabnuue Menzeneea, a taoke Ag, Mo, Au, W. B aTnx metan-
nax OOJIBIIMX MEPHOMOB COUETAIOTCS HEOOXOAMMBIE KAYecTBa — TeMIepaTypa IJIaBleHUs, yc-
TOHYMBOCTDb OT PACMBUIEHHS — CO CIIEKTPAIbHBIM HHTEPBAJIOM, 6naronpmmbIM IUISl CTPYKTYp-
HOro AU(PaKIHOHHOIO IKCIEPUMEHTA.

Tab6sunua 2.1. JJaunst BojH A (A) HHTEHCHBHLIX JuHni K-cepuii 4% pacnpocTpanHeHbIX aHoa0B TPYOok

Fa— 8 o w e l'loreHuManKBé))%y)KﬂeHuﬂ
Keneso 1.7565 1.9360 1.9399 1.9373 7.1
Meib 1.3922 1.5405 1.5443 1.5418 8.9
Monubiten 0.6322 0.7093 0.7135 - 0.7107 20.0
Cepebpo 0.4970 0.5594 0.5638 0.5608 25.5

HureHcusrocTs K-IHHKUI MOXET HA BA MOPAAKA MPEBBIIATH TapaMeTpbl CILUIOLIHOIO CIie-
KTpa; Jy4IlHii KOHTPACT AOCTUNAETCS, eCIIM HampshkeHHe Ha TpyOke B 3—5 pa3 OosblUE ITOTEH-
UMaia BO3OYkKIeHHS. B CraHAapTHOM 3MEKTPHYECKOM PEXHUME PEHTIeHOBCKOW TPYOKM s
CTPYKTYPHOTO aHaIKM3a TuHEeH4aThlil K-CriekTp COAEpXUT TPHU OCHOBHBIE JIMHUH, pa3/INyaroLlH-
€cs 10 MHTEHCUBHOCTH B COOTHOILEHHUH [(ll:I‘h:IﬁIIOO:SOQO.

Humepeceit 8onpoc: Kakogsl Kauecmea pelmeeno8cko20 CneKmpa 6 cpagHenuu co cnekmpamu 6
BUOUMOM onmuyeckom duanazone? U3 3KCnepumeHmansHblX RPeUMYUecms MONMCHO OMMemums
RPOCMOMYy CREKMPO8, YMo 001e24aem UCHONb308AIUC PCHMZEHOBCKOW MPYyOKU KAK «MOHOXPOMA-
muueckoeo» ucmounuxa uzaydenus. C Opy2oi cmoponsl, XapaKkmepucmuxku Ko2epenmnuocmu 0s
HCECMKO020 U3AYHeItust oKaszbiealomest nuyice. Bocnoassyemcest hopmynoil I=NAN oast pacuema onu-
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bt Kozepenmuocmu. M36ecmio, umo ecmecmeennas Wupuna auHutl c1abo 3a6ucum om Onuibl 80.1-
nol. Tozda, ecnu npunsme Onsi kpactozo ceema AN=0.01 A, noayuaem [=36 cm; onsi Cu-K, -

AN=0.00027 A u coomeememeayiowee snavenue =1 Mkym. Imu xapakmepucmuku, ROMUMO Opy2ux
Pakmopos, ycroNCHAIOM BOIMONCHOCIIU 20102PAPUUECKUX HOOXO00E 8 PEIMCHOBCKOM OUANA30ILe.

2.1.2. ICTOYHUKN PEHTreHOBCKOro U3sny4eHus

B anmaparax [UTs CTPYKTYPHBIX UCCIIEJOBAHUI MCTIOIb3YIOTCS CTAHIAPTHBIC BAKYYMHBIE PEHTTE-
HOBCKHE TPYOKH, pacCUMTaHHbIE Ha yeKopsollee HanpsikeHne 50--60 kB. DieMeHTaMu KONCTPYKUHMK
Tpy6Ku (cM. pc. 2.1.2) aBnsiores: BobhpamMoBasi HUTh Hakalla, GOKYCHPYIOLIAs CHCTEMa, TUTOCKHH
METAIUTMYeCKUil aHOM, 2—4 OKHa 13 GepriuTHeBOi GoTbIH B KOpITyce TPYOKH [Uls BBIXO/IA PEHTICHOB-
CKMX JIydeii. B peHTreHOBCKOM armapare IEKTPONMUTAHHE OCYIIECTBIISETCS CHCTEMOH — BBICOKO-
BOJBTHBII TPaHCOPMATOP, BHITIPAMIISIOLLEE YCTPOHCTBO, MOHKAIOLINI TPAaHCHOPMATOP JUIS HUTH
katona. CrieKTpanbHblii COCTAB UATYUYEHUS 33/1aH MATEPHATIOM aHO/1a — MEIb JIMOO MOKPITHE U3 CO-
OTBETCTBYIOILErO META/UTA HA METHOM MOTOXKE. B pACTpOCTpaHEHHOM BapHaHTe TPYOKH aHOJIHBII
Tok coctasiser 20-30 MA, UTO OmpeaessieT FEKTPHUECKYIO0 MOIIHOCTh ropsaka 1 kBr. B Takoi
TpybKe NpH paszmepax hoKaIbHOro (M3myyatollero) naTha 1x10 MM yzresibHast MOLIHOCTD Ha MOBEPX-

Orno HOCTY QHOJd COOTBETCTBYET
" ypostio 0.1 kBr/mm?. Ton-

=S JCcpaHHe paboyero pexu-

Bosa N HETP‘) Hakajsa Ma 63 MOBpeXKACHUS Mer all-
-— | %K JIMUECKOH  [MOBEPXHOCTH
— [ <= AHO/1d BO3MOXKHO JIHLUB IMPH
HHTEHCUBHOM oTOOpe oOc-

[ ———— — HOBHOH 3HEPrUM IEKTPOH-

AHBH / Horo rmyyka. [l 3Toi uesim
3epkasio aHoAa “ CITY>KHUT BCTPOEHHAs! B TPYO-

Ky CHCTEMa BOJISIHOIO CX-
JIAXICHHS AaHOAA.

B cranzapTHOI reoMeTpHH PEHTIEHOBCKHE JTYUH, BBIXOIAIHME B OKHA TPYOKH, COCTABIISIOT €
MOBEPXHOCTDIO AHOIA YroJjl IIPUMEPHO 6°. DTUM 00ECTIeYMBAETCS MOBBIILEHHE MIIOTHOCTH MOTOKA
B KOJUIMMUpYIOILEi crcTeme nudpakunonHoit kamepsl. Hanpumep, B 4-oxonnoii Tpyoke adbdex-

TUBHBIHA pa3Mep B 3aBUCUMOCTH OT MO3H-
(&) ©) UMK OKHA [0 OTHOLICHUIO K LITPHXOBOMY
dokycy 6ymer cocramiudrh Ixl MM smmbo

< DbdexruBunic 1510 mum (em. puc. 2.1.3 a, 6).
tborycnt s creurasbiibiX Cly4aeB CBEMKH
v paspaboransl ocTpodokycHble TPyOKH.
3mech pa3Mepbl aHOAHOIO MMATHA CBeJie-
HBI 10 YPOBHsI 1€CITKOB MUKPOH. AHOA-
HBIHA TOK B 3TOM CITy4ae 3aMETHO MeHbIIIC
M, COOTBETCTBEHHO, OCHOBHAS TerUioBas

Puc. 2.1.2. CxeMd peHTreHOBCKOM TPYOKH JUISl CTPYKTYPHOI'O dHAIN 34

(I)OKYCHOC 3HEPIrUsA OTBOOMTCHA 3d CYET TCILIOIPO-
ATHO BO/THOCTH U €CTECTBEHHOTO BO3AYLWIHOTO
Puc. 2.1.3. Bapuantsl 3bdextnaoro poxyca OXIIAKACHHA KOpIIyCa pr6K”' Tak,

4-0KOHHOI TPYOKH TpyOKa ¢ pazmepoM ¢okyca 50 MKM numMe-

eT paboune XapaKTEPUCTUKH — aHOAHBIA

Tok 0.5 MA 1 MowHocTb 25 BT. Ipu momaau pokycuoro nsatia ~0.002 MM? 9TuM orpesesnser-

csl y/leIbHAA MOIHOCTD Ha ypoBHe >10 kBT/MM?. [Tpu 9TOM CBETHMOCTb HCTOYHHKA OKa3bIBA-
eTCsl BBICOKOH, XOTs 001i1ast JTOTHOCTb [TOTOKA KBAHTOB MOHMKEHA.

CylLEecTBEHHOE MOBbBILIEHHE MOUIHOCTH U3JTy4eHHs 00eCNeYHBACT CrieUMaIU3HPOBAHHAS CH-
cTeMa — alnapar ¢ BpalalWMUMcs aHooM. B 3Tom ciiyyae B KOHCTPYKLMHM arlrapaTa ¢ BaKy-
YMHOM HeNpepbIBHON OTKAYKOM MCHONb3YeTCs MOJbIH UMIMHAPHYECKHH aHOM, OXJIAKAAeMbIi
Bogoil. lLITpuxoBoe MATHO JJIEKTPOHHOTO MyuKa KOHUEHTPUPYETCSA HA aHOE MAPAILIENbHO 00-
pasyioulel Luannapa. B npouecce paboThl aHol Bpaluaetces ¢ 60J1b1OoH CKOPOCTHIO, U 3¢ bex-
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THUBHBIH OTBOJ TEIJIa MO3BOJILET UCHOIB30BATh pabouuit pexuM aHoaHoro Toka 200 MA u 60-
Jiee, T.€. MOIIHOCTH 710 5—-10 kBT. 3a cueT 3TOro0 MHTEHCHBHOCTH IIEPBHYHOrO MyYka BO3pacTaer
Oonee yeM Ha MOPSIOK, B CPABHEHHH C OOBIUHBIM arnmnaparoM. ITO OKa3bIBAETCS BECbMa CYILe-
CTBEHHO [UISl peayn3alui TUGPAKLHOHHBIX IKCIIEPUMEHTOB C KaMEPOH BBICOKOTO JaBJIEHUS, a
TaKXe AJIs aHaJIu3a ObICTPOINPOTEKAIOLMX CTPYKTYPHBIX NpoLieccoB. JlanbHeMnlee MOBbIILIEHHE
YPOBHSI MOILIHOCTH B PEHTI'€HOBCKOM JMara3oHe JOCTHUrAeTCs TOJIBKO NMpH paboTe creuuaib-
HBIX CTAHUHMH Ha UCTOYHMKAX CUHXPOTPOHHOTO U3TyUEHHA.

2.1.3. DeTekTOpbl OANA perucTpaunn peHTreHOBCKOro Uny4yeHus

Jnst peructpauyi peHTIEHOBCKOTO U3JTy4YEHHUs MPpUMEHsIOTCs ra3oBble cueTunku (Iefirepa,
MpPOIOPLUOHASIbHBIE), & TAKKE CUMHTUUISLIMOHHBIE U MOJYIPOBOAHUKOBBIE AETEKTOPHI. Tpe-
0oBaHUA K AETEKTOPaM 00YyCNOBIIEHbI HEOOXOAMMBIMU PAOOUYMMH XapaKTepPUCTUKAMH, 3adaH-
HEIMH UX KOHCTPYKLHUEH:

~ WMPOKHUH HHTEPBAJT AJTUH BONH u3nydyeHus (0.5-2.5 A);

— GobuIoit quana3oH ckopocteit cyera (10-'-10° ummn/c);

— BBICOKAaA TOYHOCTh U3MEPEHMUIA;

— HEoOXOOUMOCTh U3MEPEHUI HHTEHCHBHOCTH TU(PpaKLIMOHHBIX THHHH, HaK/IaAbIBAIOUIHX-

s Ha JIMHUU ¥ GOH ¢ ONIM3KOM ITHHOH BOJIHBI (@, O, U B — JIMHHUH, «Oenbiit» doH, diroo-

PECLIEHTHOE HU3J/IyYeHHE U T.A.)

Cuerunk Ieifrepa. CueTuuk 3arojHeH HHEPTHBIM I'a30M U CHa0XeH CIeLMaIbHBIMU JJIEKT-
poaaMu. B razoBom cuerunke B pe3yapTaTe BO3ACHCTBUSA PEHTIEHOBCKOrO KBAHTA MTPOUCXOOUT
HOHU3alMsg aTOMOB H 0Opa3oBaHHE (HOTOIEKTPO-
HoB. [IpunoxxeHHOe HaNIpshKeHHe oOecTieurBaeT Kac-
KaJ BTOPU4HOI MOHU3ALMHK M ra3oBbli pa3psii, Ko-
TOPBIN pErHCTPUpPYETCS U3MEPHUTENBHOU cxemoit. Ec-
JIM JHEeprus TMaJalolero PeHTIeHOBCKOIO KBaHTa
NpHBOAMT K 0Opa3oBaHHIO N map MOHOB, TO 3apsi,
cobuparowuiica Ha aHoze, Oynet paseH BNe, rae e —
3aps JIEKTpoHa, B — K03pPULHMEHT ra30BoOro ycH-
neuus. Ha puc. 2.1.4 npeacrasneHa TUNNYHAS 3aBU- R
CHMOCTb CKOPOCTH CU€ETa OT MPUIOXKEHHOrO HAMpS- ! ! ! J "
KeHus. BenuuuHa HampsbkeHMs onpenenser, pado- 500 1000 1500 2000
TAET JIA Ta30BbIH IETEKTOP B BOZMOXKHBIX PEXUMAX — Ipunoxennoe HanpsokeHue (B)
 uonusayuonnoti kamepol, cuemyuxa I'eieepa, nponop- Puc. 2.1.4.

YUONANBIO2O CHEMUUKA.

B koHcTpykumu cueturka eiirepa (puc. 2.1.5) katogom cnyxut Metajutnueckuii uunmuuap C
3aMOoJIHEHHBIN MO0 aproHoM, JInO0 KpUNToHOM. KoakcuasabHO ¢ KaTO0M [OMEINAETCS BOJIb-
¢dpamoBas npoBoJioka A — aHoa. Topeu UMITHHIpA 3aKPbIBAETCS [UIACTUHKOM M3 cirroasl B, cny-
*)auied OKHOM JUIS PeHTI€HOBCKOTO M3yYeHust. [l Kaxx1oro cyeTymka UMeeTcss MUHUMAaJTbHOE
Hanpsokenne V. (I'efirepoBckuit

a

CkopocTtb cuera

/ TelircpoBckuii mopor

C
MOpor), HUXKE KOTOPOro npudop

He pabotaer. [1pu 3HaueHnax Ha- Penrtre-
npsokeHuss V>V, BTOpU4YHbIE HOBCKHC —»

- O
3NIEKTPOHBI MpHoOpeTatoT smep-  IY'1H \

THIO, JOCTATOYHYIO JUISl TTIOBTOP- . ‘B
HOW HMOHH3aUHHU, NMPOIECC YCKO-

pAeTcs M MeXAy dIeKTpoaaMH Puc. 2.1.5. Cxema cueturka [eiirepa

ApoucxoauT paspsan. Huas cuer- A

YHKa XapaKTCPHO TAKXE TAK HA3bIBAEMOE «ILJIATO». B 3TOi#l obnacTu IIpH JaHHON MHTEHCHBHO-
CTH BXOIALLCTO PCHTTCHOBCKOI'O Iy4YKa YHUCJIO PA3PAA0B, pETNCTPHPYEMbBIX B €IMHULLY BpEMCHH,
HE 3dBHCHUT OT NPHIIOKCHHOT'O HAIIPSXKCHUS. O0BIUHO pa60qee HallpAXXEHUE CHETYHUKA Feﬁrepa
Bb[6l/IpaeTCH B CEPCANHE TAKOro «Iu1aTo». HpH aabHeH1IeEM YBC/IMYEHHU HAIIPAXKCHUA BO3HH-
KacT JJaBHHaA yﬂapnoﬁ HOHH3ALUUHU U, KaK PE3YJIbTAT, PE3KOC YBCIIMUCHUC CIIOHTAHHBIX pa3psalioB
('~[TO MOXET NPUBECTH K MOJIOMKE C‘IeT'-lI/IKa).
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YyBCTBUTEILHOCTD M3MEPEHHI TAKUX KaMep Maa — 0koj1o 107 uMrr/c, noIToMy Takyro Kame-
pY MPUMEHSIOT, KaK NMPaBUIO, B KauecTBe J03MMeTpoB. HeqocTtaTkoM cueTumka sBISETCS TO,
4TO MOCIIe pa3psifa B TeUEHUE HEKOTOPOTO BPEMEHH CYETYHK HE MOKET PETMCTPHPOBATL PEHT-
reHOBCKHME KBAHTBL. DTO «MEPTBOE BPEMs», UIMTEILHOCTH KoToporo nopsaka 104 c. Kpome
3TOr'0, JaXe MPH OTCYTCTBMM BXOJSILUETO My4yKa, CYETYUK MPOJOJDKAET PErHCTPUPOBATH OT-
JefbHbIE UMITYIbChI (COOCTBEHHAs! AKTUBHOCTh).

Iponopuuonanbublii cueTunk (puc. 2.1.6). Ilpy HanpsHkeHusx Hwxe V. cyeTyUK nepecraet

NeCcTBOBATh Kak cueTuuk ['eifrepa. Bennunna 371eKTPpUUECKOro NoJIs HEJIOCTATOUHA AT UHTEH-
CMBHOH BTOPHYHOH MOHM3ALHUU U HE
BBI30BET pa3psaa O0JIbLIOH HHTEHCHB-
Hoctu. Ha aHoae Oyzer cobupatbes
A ONpeesIEHHOE KOMUYECTBO 3IIEKTPO-
@ 108, BLICBOGOAMBIIMXCS NP B3aUMO-

JEHCTBHHU PEHTICHOBCKHUX KBAHTOB C

C

B aToMaMu rasza-nanojuutens. Takum

C C 06pa30M, 3aperucTpUpPOBAHHbIA 3apsia

T T T OyAeT NpONopUHOHATIEH JHEPTHH BXO-
Penrrenonckue ASALWEro peHTreHoBckoro fydka. [Mpo-

TyHn MOPUMOHAJIbHBIE  CUETUMK  HMMEET

Puc. 2.1.6. Cxema nponopiLHOHATBHOIO CHCTYHUKA MPUHIMITHANBIIBIC MMPEHMYyLICCTBA T1C-

pen cuetyukom [eitrepa:
—  HaJIMUME «CEJIEKTOPA» 3aPS/I0B; MOKHO PErUCTPUPOBATH TOJILKO PEHTTEHOBCKHE KBAHTBI,
3aKJIFOYEHHbBIE B 33JAHHBIX HHTEPBAIAX SHEPTHH.
~ MEPTBOE BPeMs OYEHb MAJIQ; OT/A4d CYETUMKA JIMHEHHA 10 OUCHDb OOJIbILIUX HMHTEHCHBIOCTEH.
CunHTH LTS UHOHHBII cueTunK (puc. 2.1.7). [lpubop npencrasiser coO0H coUeTaHHE JTOMH-
HECLIEHTHOTO KpUCTasuia U GoTodTeKTpoHHoro ymHoxurens (PIY). Menonbsytores kpucran-
7bl, HAMIPUMED aKTHBHpOBaHHbIA Nal, KOTOpble NPH MOrJIOWEHUH PEHTIEHOBCKOIO KBAHTA vC-
MyCKAIOT cBeT. OTH (oToubl ClLMI-
TWUISLUMKU, Jocturas xaroga MDY,
NaJ npeodpasyoTca B POTOIICKTPOHBI.
DOTOINEKTPOHBI YCKOPSAIOTCS WTEKT-
pPOCTATUYCCKHM TIOJIEM M, Monagas
HAa MEPBbIA JHOJA YMHOXKHTEIIS, Bbl-
OMBAIOT M3 HEro BTOPWYHBIE JJICK-
TpoHbl. Kaxabi poTosiekTpoH Bbl-

JIHO bl YMHOXKHATEIIN

Pentre- >
HHOBCKHC —p>
JIyuH

NS
W OuBaeT Ha NMOoCJACAYOIEM IUOIE HE-
KOJIBKO BTOpHY CK 10B.

,HI/IO}_[bI YMHOKUTEN CKOJ PHYHBIX 3JICKTPOHOB

IMoBTOpenue rhdexTa Ha KacKaae U3

Puc. 2.1.7. CxeMa CUHHTHIUIAIMOHHOTO CHCTUHKA 10-15 anoaoB onpenenseT Ha BbIXO-

ne OBV uMnynbe HAMPsKENU, PO-

MOPLUHOHATBHBIM IHEPTUH PErUCTPUPYEMOTO PEHTIEHOBCKOro KBaHTa. AHAJOTHYHO NPONOp-

LUMOHAIbHOMY CYETYHKY, CUMHTHIIISUUOIHBIA CYETUMK MOXKET padOTaTh C 3JCKTPOHHBIM OHC-

KPUMHHATOPOM BEJIMYMHBI UMITYJIbCA. D(PPEKTUBHOCTD TIOMHHECUEHTHOTO KPUCTAJLIA MOXKET

ObITh OYEHb OOJIBILON (0COOCHHO TSI KOPOTKUX JUTHH BOJIH) MTPH MAJIOM YHCIIE «IIapa3uTHBIX»
UMMya6coB. O01aCTb MUHEHHOCTH CUMHTHIUIAIIMOHHOTO CYETYNKA OYEHb BEJIMKA.

Bhliliie paccMOTPEHBI KPATKO JIULLB NPUHLMITBI pabOThI AETEKTOPOB, NPUMEHAEMBIX TS pe-
TUCTPALIUK PEHTIEHOBCKUX Jiyyei. B COBPEMEHHOM 3KCIIEPUMEHTE LIMPOKO UCIOJIb3YIOTCS YCO-
BEPUIEHCTBOBAHHbBIE KOHCTPYKUHMHU AETEKTOPOB, MO3BONSIOUIMX OIHOBPEMEHHO PErHMCTPUPO-
BATh PEHTIEHOBCKOE M3JIyUeHHe B LUMPOKOM HHTEPBAJIE YIJIOB B OJHOH IIOCKOCTH (JIMHEHHbIE
JETEKTOPHI), TMOO0 B MPOCTPAHCTBE (JAIBYXKOOPAMHATHBIE IETEKTOPHI).

2.1.4. PeHTreHOBCKMWe annapaTbl U Kamephbl

CrangaptHoe 000opyaOoBaHUE PEHTIEHOCTPYKTYPHOH 1abopaTopun 6a3upyeTcs Ha peHTre-
HOBCKHX T€HEPATOPaX U BKJIIOUAET peHmeeno8ckue Ou@paKmomempbl U peHmeeHo8CKUe Kamepal.
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JndpakTomerpsl. B KOHCTPYKIMIO PEHTrEeHOBCKOro AUGPAKTOMETPA BXOIAT: PCHITEHOL-
CKHUH FE€HEPATOP, PEHTIEHOBCKAA TPYOKa, TOHHOMETP, JETEKTOPDI, CHCTEMA PETMCTPALIUH PEHT-
reHOBCKOro u3nydeHus. ['oHMOMETp, Kak OCHOBa PEHTTEHOBCKOTO AUPPAKTOMETPA, NpeCTaB-
nseT cCOO0H MpeUn3HOHHBI ONTHKO-MexaHuuecHii ipubop. TouHOCTh ONTHYECKO U MexaHuUe-
CKOI1 CHCTEMBI TOHMOMETPA OIPEIESISIET KAYECTBO BCEX AMPPAKLMOHHBIX H3MEPEHHIA.

JlngppakToMeTp 061IIero Ha3HaueH s (B JINTEPATYPE — MOPOLIKOBBIIT nudpakTomeTp) pakTu-
YeCKH BOCTIPOM3BOAUT MEPBOHAYANIBHYIO «T€OMETPHIO» criekTpoMeTpa bparra ¢ perucrpauuei
TOABKO B IKBATOPHANBLHOHN MIIOCKOCTH roHUOMeTpa. Bpaienue uccnegyemoro obpasua u ne-
TEKTOpa OCYLLUECTBASAETCS BOKPYT 00IIEeH BepTHKAIBLHOH ocH (ock roHnomMetpa). McxonHas on-
THYECKast CXeMa PEHTIeHOBCKOro audpakToMeTpa npuBeneHa Ha puc. 2.1.8. OcHoBoil aBnsieTCs
TOHUOMETPHUECKOE YCTPOii-
CTBO, YCTAHOBJIEHHOE HA CTO-
fle anmapara rnepea OKHOM
peHTreHoBckoH TpyOku. [o-
HHOMETP BBITIOIHSAET HEOOXO-
JHMbIE MOBOPOTHI 00pa3lia u
JETEKTOpa HA 3aJaHHbIE YT-
abl. Hcxoamsas 0OCTHPOBKA
npubopa npenycMaTpHBaeT
nonajgaHue rMepBUYHOrO Myy-
Ka Ha ONTHYECKUIH UEHTP ro-
HUOMETpA — B TOYKY Mepece-
YEHHUsT BCEX AKTHUBHBIX OCel
BpauleHusi rounomerpa. HMc- b
cilenyeMbiit obpasel nome-
waerca B gepxarene P. Iep-
BUYHBIH My4OK, BBIXOISAILUM
M3 OKHA PEHTreHOBCKO
TPYOKH, MPOXOIUT Hepe3 CUCTEMY IlEIeH Ha BXOJe FOHHOMETpa U nonajaet Ha obpaseu. Jud-
pParMpoBaHHbIE JTyYH OrPAaHUYHBAIOTCS LIEAMH Ha BXOJe AeTeKkTopa. DbbeKTUBHOCTD PErnucT-
pauuu obecreuynBaeTCcs reoMeTpuUeckoil KoHurypaureit FoHHOMETpa, pacCUHUTaHHON Ha ¢o-
KycHpoBKY B cxeme bperra-bpeurano. '

3aech clieAyeT OTMETUTD, YTO TEPMHH «MOPOLUKOBBIH» HE COBCEM TOYHO OTpaKaeT (QyHKIH-
OHAJIbHBIE BO3MOXHOCTH audpakTomerpa. MMeercs B BHIAY, YTO TAKHUE ammapaTthl MepBOHa-
4aJibHO MpeJHAa3HaUueHbl U1 UCCAeI0BAHUS MOTHUKPUCTAIIMYECKUX OOBEKTOB M PErHCTpaLUK
pacnpezneneHusi MHTEHCUBHOCTEH Ha Jugppakmozpavme. B AeHCTBUTETLHOCTH, CYILIECTBYET He-
MaJ10 peHTreHanGpaKLUMOHHBIX 33424 B 9TOH XKe reOMETPUH [UTSI MOHOKPUCTAJUIMYECKHUX 06pa3-
uoB. Tak, Ha MPaKTHUKE ITa CXeMa UCMOJb3YETCS MPU MPEUHU3HOHHBIX U3MEPEHHUSX CTPYKTYPHBIX
NapamMeTpoB MACCHBHOTO MOHOKPHUCTAU1A. AKTUBHO MPUMEHSAETCS 3TOT NMPUOOP B HcCiea0Ba-
HMSIX CTPYKTYPHBIX [TPOLIECCOB M Situ C UCMOIb30BAHHEM TEMIIEPATYPHBIX H APYTHX IIPUCTABOK
(cMm. Yactu 4, 5).

KoHeTpykiuns aBTOMaTH4eCKOro (Monokpucmanisiioco) nMppakToMeTpa XapakTepU3yeTcs
Hoee cIOXKHON KHHEMATHUKON C HECKOJILKUMH OCSMH BO3MOXHOTO BpalleHUs obpa3ua u aeTek-
TOpa. DTa cneuraau3MpoBaHHAash CUCTEMA UCIMOJb3yeTCs B 3aJayax CTPYKTYPHBIX pacuiudpo-
BOK, ITOCKOJIbKY O0ecIeurBaeT NpoMepbl HHTEHCUBHOCTH B JII0O0M 3a1aHHON Touke oOpaTHOro
npoctpaHcTBa. TakuM obpa3zoMm, annapar, ynpasiseMbiil ClieUaTH3MPOBAHHON MPOrpaMMOit,
MOKET MPOBOAUTh MHOTOYACOBOH LIMKII M3MEPEHUS] HHTEHCUBHOCTEH OONBILIOrO MaccuBa pe-
dnekcos. MMeHHO Takas MOCTAHOBKA ABJIAETCS HEOOXOIMMOMN NPH PELLIEHHUH CIIOXHBIX IKCIEPH-
MEHTAJIbHBIX 3a4a4 OMNpeAceHUs KOOPAHHAT aTOMOB B 3JIEMEHTAPHOM siuelike U YTOUHEHHUS
CTPYKTYp KpUcTaLioB (cM. 1. 4.1).

PenrtrenoBckue kamepnbl. CyHIeCTBYIOT pa3fiMuHble BUABI CTAHAAPTHBIX KaMep, MpeaHa3Ha-
4eHHBIX 18 ¢oTorpaduyeckoil peructpauru IMdpakKUMOHHONW KapTHHBI HA CINEUHATBHYIO
meHky. Hiwoke npuBoastcs oOluue XapaKTEpUCTHKY HEKOTOPBIX OCHOBHBIX KOHCTPYKLIUH, HC-
MOJIb3yEMBIX B 1A00pATOPHOH MpPaKTHKeE.

p

Puc. 2.1.8. Xona nyueii B audpaxromerpe:
a) ontuyeckas cxema okycHpoBku 1o bparry-BpenTano;
6), B) Bnusinme apdexTuBHOro pazmepa dokyca
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Bce THIBI KaMep cofiepXkaT KOJLTMMATOD, Y3el yCTaHOBKHM 00pasia, KacceTy ¢ pOTOIIICHKOH,
MeXaHU3M [IBIDKEHNS 00pa3ua, YCTPOHCTBA Ul OTCYETA YITIOB MIOBOPOTA HIIM HAKIIOHA 00pas3-
L1a ¥ YIIpaBJIeHHs y3IaMu Npubopa, ONTHYECKHUE CHCTEMBbI OCBELLIEHH S, HABIIIOACHUS U IOCTHPOB-
ku obpasua.

* Kamepa tuna PKY-114 npextasHaueHa Lis noldydenus nebaerpamm. [lnamerp KacceThl
61130K K 114 MM, 4TO coOTBeTCTBYET KOdpbuumeHTy 0.25 nepexosa oT M3MEPEHHOM UTMHBI Ha
menke 2/ B MM K yritam 0 B rpagycax. Kamepa nMeer LMIMHIPUYECKAHA KOPITYC, TOJCTABKY C
(UKCHPYIOIIMMI BUHTAMH, KOJUTMMATOP C IHadparMoii, TOBYLIKY C KOJNA4KoM, AepKareis 00-
pasia u npucnocobieHne TS BpallieHns obpasiia BOKpYr cBoeit ocu. Obpasell ycTaHaBIMBaCT-
CSl Ha LISHTPUPYEMBIii IepXkaTeb Tak, 4ToObl [P BPALLEHNHU He 6bL10 Ouenuit B myuke. Obpasew
MOXET GBITh MPUTOTOBJIEH IGO0 HAOMBKOIM MOPOIIKA B TOHKOCTEHHBIN CTEKIIAHHBIH KaMMILIAP
ITuHO 8—10 MM, MO0 HAKNEUBAHHEM MOPOLUKA HA CTEKIAHHYIO HUTh C ITOMOLIBIO HAMOH-JTAKa.
3apsaka KaMepbl TUIEHKON MTPOU3BOAUTCA B 3aTEMHEHHON KOMHATE IPH KPACHOM CBETE.

* Kamepa Tuna PKCO npenna3sHayeHa s Ioy4eHus peHTreHorpamm Jlays MOHOKpHCTAl-
JHYecKoro obpasiia B reoMeTpUH MPsIMON MM 0OpaTHON CheMKH. PaccTosiHne OChb TOTOBKH —
IUIOCKOCTh KacceThl coctapiseT 40 MM. CheMKa Ha TIPOCBET MO3BOJSET MOJYYUTH Ha MIOCKOH
KacceTe Jay3rpamMmy, Ha KOTOpOit pacnosioxkeHs! pedrekcel ¢ 0=0-20°. [Tpu cheMke Ha OTpaxe-
HHe (3MUrPaMMa) Ha TIOCKOM KacceTe C OTBEPCTHEM TSt AMadparMbl pEruCTPUpYOTCs pedriex-
cbl B MHTEpBase yriaos 6=70-90°. A

* Kamepa tuna PKB-86 npeanasHadena Ajs MOJy4YeHUsT PEHTITEHOT paMM BpAILLEHHS U Ka Ha-
nus. Ucronp3yercs LUIMHAPUIECKast KACCeTa IMaMeTPOM 86 MM, UTO MO3BOJISET UCTIONB30BATD
npocToit Ko3pduureHT 1/3 Npu nepexone OT PACCTOAHMS MEX/Ty CHMMETPUYHBIMU pedriekcamu
PEHTreHOTrpaMM K 3HaucHHIO yria 0. Ha ocb BpauieHus yCTaHaBIMBACTCS FOHUOMETpHYECKAs
ronoska. B kaMepe CMOHTHPOBaH MEXAHM3M [OJIHOTO BPALLEHHS MM KayaHus o6pasua (ocLuiI-
JISILMH B 33JaHHOM YITIOBOM MHTEPBAJIe) C MOCTOSAHHOH ckopocThio. MHTEepBajl Ka4yaHHs MOXKET
6bITh BEIOpaH paBHbIM 3, 6, 10 nn 15°. B kaMepe MpeaycMOTPeHbI TAKXKe MJIOCKUE KaCCeThI TS
CBEMKHM NpPAMON ¥ 0OpaTHOW JayIrpamM; MpU 3TOM PACCTOSHHE «OCh BPALICHUA-TUTOCKOCTD
KacceTbI» coctasisieT 40 Mm.
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Masa 2.2
MCTOYHUKUN CUHXPOTPOHHOIO U3NYYEHUA

I. Uanenxo u M. IMomepanuyk B 1944 r. npeackasaii MarHUTOTOPMO3HOE (CHHXPOTPOHHOE)
M3JTYy4EHUE PETATUBUCTCKHX 3JIEKTPOHOB; JKCIIEPUMEHTAILHO OOHapy w1 ero B 1946 r. BmoutT. Ie-
HepaLMst JAHHOrO M3JTy4YeHHs! IEPBOHAYAIIbHO ITPOBOIMIIACK HA JIEKTPOHHBIX KONBLEBBIX YCKOPH-
TeJIsX, MIPEAHA3HAYCHHBIX [T UCCIIEN0BAaHMI B 0ONACTH 3/IEMEHTAPHBIX YACTUL H aTOMHOTO spa.

CHHXPOTPOH B MCXOAHOM KOH(UIYypalMK — 3TO TOPOMAAIBHAA BBICOKOBAKYyMHas KaMepa, B KO-
TOPYIO BBOJIUTCS CTYCTOK 3JIEKTPOHOB; B XOIE€ MHOTOKPATHBIX OOOPOTOB 3/IEKTPOHBI CHHXPOHHO
PA3rOHAIOTCS MATHUTHBIM PE30HATOPOM
[0 3aJaHHOTO MpeNeNa CKOPOCTH; lanee (a)
OHH BBIBOASTCS HA MHUILIEHD, 33 JAHHYIO B

aKkcrniepuMenTe. (PU3Hyeckas 3ajayva cra- )
BUTCSl KaK M3JTydeHHUE 3JIeKTpOHA, JBU- — \\
Xyuierocd Mo Kpyrosol opbute. s

BCKTOp LHEHTPOCTPEMUTEIILHOI'O

JTydasi, KOTa IMHEHHAs CKOpPOCTh Aalie-
Cifytad, koraa . OpOCTh 1 yCKOPEHUS

Ka OT CKOPOCTH CBETa, MHTEHCUBHOCTh

JUTOJILHOTO HM3JIyYEHUs HUMEET YyKasa- — -
TETLHYIO MOBEPXHOCTD — TOP, 0cbio Ko-  (0)
TOPOro SBISETCA BEKTOP HEHTPOCTpe-
MHTEJIBHOIO YCKOpeHUs (CM. pwuc.
2.2.1a). Ha opbure ¢ ¢uxcupoBaHHBIM
pPaMycoM IEKTPOH U3ITYyYaeT INIaBHbIM
o0pa3oM Ha 4YacTtoTe OpOUTATBLHOrO
BpalleHUsl, KAK U TIpU TapMOHHYECKOH
ocuwuiauuu. TIpu 3HayuTeNBHOM BO3- Puc. 2.2.1. Pacnipenenenne U31yueHus JEKTPOHA MpH
pacTaHUH CKOPOCTH JIEKTPOHA JI0 YPOB- [BMAKCHHUH N0 KPYroBo# opbure: (a) v<<c, (6) 1-v/ic<<l

Hsl, OJIM3KOro K CKOPOCTH CBETa, MEHS-

I0TCSl KAPAMHAIBHO KaK KapTHHA pacnpeIesieHusi HHTEHCUBHOCTH, TaK U CEKTPAIBHBIN COCTAB U3-
nyverus. [lpu 1 - v/ie << | 371eKTPOMAarHUTHOE MITyYeHHE 1A JAHHOM TOYKH OKPYXHOCTH cocpe-
AOTOYEHO B Mpe/iesiax y3KOro KOHYCa, OCbI0 KOTOPOTO SIBJISIETCS BEKTOP JIMHEHHOM CKOPOCTH 3JIeK-
TpoHa (puc 2.2.16). CornacHo TeopuH, OJIOBHHA TEJIECHOTO YIJla paCTBOPA KOHYCA COCTABIISET:

>

OTO M3JTyYeHHe SABISETCS MOJIAPU30BAHHBIM; UIOCKOCTH JJIEKTPHYECKOTO BEKTOPA COBIMAIAET C
MIOCKOCTBIO 0pOuTHI. [1pH 3TOM crieKTpasibHas Mojoca OKa3bIBAETCA BEChbMa HIMPOKOM: OCHOB-
Hasl YacTOoTa M3JIy4YEHHUS 3aa€TC YaCTOTOH 0OpaleHUs MEKTpoHa Mo opoute v=v/(2nR); Mak-
CUMAJIbHBIA MOPAIOK FaPMOHHKH, KOTOpast MMeeT 3aMETHYI0O MHTEHCHBHOCTB, OMpEeNfeTcs
TaKXe [apaMeTpoM v/c, COTJIaCHO

(I/\/l—vz/c2 j
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COOTBCTCTBCHHO, CUHXPOTPOHHOC HU3JIYUYCHHE CONCPXKHUT INPaAKTHUICCKHA HENPEPBIBHYIO MOJIOCY
YacToT BbICIINX TAPMOHHUK, IIPUYEM MAKCUMYM HHTCHCHUBHOCTH CHIEKTpa JICKUT ropasao BbIIIE
OCHOBHOW 4aCTOTBI O6an_I€HI/l$I. Benuuuna MOTEPH 3HEPrUU JIEKTPOHA Ha H3JTY4YCHHC mpomnop-

LHHOHAJIbHA
P= 262‘)C U? 4’
3R" \ mc”

MO3TOMY BO3pacTaHue yCKOPSIOUIEro MOoTeHIHaka CHHXPOTPOHA IPUBOJIUT K YBEIMYECHHIO HH-
TEHCUBHOCTH H3JTy4CHUS HA HECKOJIBKO MTOPSIKOB.

TakuM 06pa3om, BO3HUKAET BecbMa crielduueckuit U 3QpeKTHBHbIA UCTOYHUK: H3TyYEHHE
He SBJISETCA PAcXOASIMMCS U CBETHMOCTb €ro BEChbMa BE/IMKa; WU3JTyYeHHE MOJSPU30BAHHOE,
CIeKTpasibHas oJioca HauuHaercs oT paano-CBY auanasona, BKIIOYAET BUAUMBIiA CBET U TIPO-
CTUpAETCH 3a yAbTPAPUOIIET K PEHTITEHOBCKHM (M ramMMa-) Jiyuam.

MOXHO PaccCMOTPETh HEKOTOPBIE YHCIEHHbBIE OLIEHKH [T HAKOIMMTEIbHOI O KOJIbLA CO CIIeLy-
IOIUAMH MapaMeTpamu: pagryc R=10 M, yckopstowuit motenuman U=240 MaB, v/c=0.9999975.
M3 npuBeaenHbix GOpMYIT MOydaeM: 1T yriia pactsopa koHyca 0=0.1°, ocHoBHas YacToTa 13-
nyyenus v=5-10° ', TOCTIXUMBIH IOPSIOK BBICLIIMX TADMOHHK - 10 108, CnenoBaTensHo, 1
JAHHBIX TIAPAMETPOB CHHXPOTPOHA KOPOTKOBOJINOBAS MOJI0CA CHHXPOTPOHHOTO M3ITy4CHUA 34-
xBaTbiBaeT 3Hadenue 5-10' I'u, cooTBeTcTBYyIOUIEE YBTPadHONCTOBOMY AMana3oHy. Bospacra-
HHUe ycKopsoLero Hanpsokenust U 1o 3Hadenuit 1 5B u Bbillle obecrienBaeT BLIXOA B PEE TreE-
HOBCKHIi HAMA30H U3JIyYeHUs TIPH CTAaHAAPTHOH Kotdurypauus CHHXpPOTPOHA.

DeHOMEH CHHXPOTPOHHOIO MIIYUEHHS Nepeles U3 007acTH GU3HKH YCKOPHTEIIeil B CMeX-
Hble pa3zielibl GU3MKU M BHICOKMX TEXHOJIOTHIL B TTOCHE/(HEH YeTBEPTH NPEbIAYLIEro Beka. Bax-
HbIC CBOMCTBA CHHXPOTPOHHOIO M3JIy4eHHUs OTMpENENsiOT €ro KaK Ype3BbIYaiiHO MONE3HbIA 1
MOLLHBIA HHCTPYMEHT T GU3HYECKOH ONTHKH U CTPYKTYPHOI'O aHAJIN3A:

—  LIMPOKMH HeMpepbIBHAIN CHEKTP OT HHGPAKPACHOH 10 PEHTIEHOBCKOM 0011aCTH;

— HeoObIYaHO BBICOKASI IPKOCTh M3JIYUYEHHS,

~ MaJias yrjioBasi pacXoJMMOCTb UCITYCKAEMOTO H3Ty4YeHHS;

—  JMHeHHAS MOJAPU3ALMS C IEKTPHUECKUM BEKTOPOM, NTAPATIENbHBIM TIOCKOCTH OpOUTHI;

— KpyroBas MOJIAPU3ALIKMs BbILIE H HUXKE TFIOCKOCTH OPOUTBI;

— BO3MOHOCTb TOYHOTO BBIUUCICHUS BCEX CBOMCTB UBITYUYCHUS,;

— UHCTOTA UCTOYHHKA.

Ha puc. 2.2.2 npuBeneHa NPUHLMITMAIbHAS CXeMa COBPEMEHHOrO HMCTOYHHMKA CHHXPO-
TPOHHOTO M3yueHus. B HacTosiee BpeMs OCHOBOM TEXHUUYECKON peaiu3alit CHHXPOTPOH-
HOI'O HCTOYHHKA ABJISIIOTCS YHUKAJIbHBIE KOHCTPYKLUMH B BADHAHTE, KOTOPbIH UMEET yTOUHS-
foulee 0003HAYEHUE — Hakonumeasioe Koaoyo (storage ring). OTIMUHS OT MEPBOHAYAIBHBIX
CHHXPOTPOHOB 3aK/JIOYAIOTCS B MOIAEPKAHUU CTALHMOHAPHOrO pabovero pexuma, Koriaa
3MEKTPOHHBIH MYYOK MOCIIE JOCTHKEHUA 3aaHHOH CKOPOCTH HE BBIBOANUTCS M3 YCKOPUTEIIA.
[ToTepu sHEPrUM IEKTPOHOB HA U3JTy4eHHUE KOMICHCUPYIOTCS BHCIIHUM MATHHTHBIM TOJIEM
C K@XKIbIM 06OPOTOM, U ITO 0OECTICYNBAETCS B TEYEHHE HECKOIIbKMX YACOB HEMPEPbIBHOI pa-
60Tbi. Pa3Mepbl OpOUTHI M CKATHE MEKTPOHHBLIX MYYKOB 00ECMeunBACTCS CrELUaTbHBIMU
MATHUTHBIME cicTeMaMu. Ha opOuTe 371eKTpoHbI 00palaoTcs B BUAE CIYCTKOB UTMHON He-
CKONbKO CaHTUMETpOB. [ookeHHe 371eKTPOHHOTO MyUYKa OTHOCUTENBHO pabOvHX OKOH M
CreKTpaIbHOE pachpeeNieHie H3IYUeHHs! COXPAHSIOTCS B TEYEHUE BCEro padouero UMKIA.
JInsl KOpPEKLMH CIIEKTPATIbHOTO COCTaBa MCIOJB3YIOTCA CHELHANbHbIE BCTPAMBAEMbIC YCT-
pOIiCcTBA, B KOTOPBIX 33 CUET 3HAKOMEPEMEHHBIX MATHUTHBIX MOJIEH yNpPABISICMBIM 00pa3oM
MCKPHBJIAETCS TPAEKTOPHS 3MEKTPOHOB. DTH yCTPOHCTBA (BHITICPBI, OHLYIATOPDI, CBEPX-
MPOBOAALINE 3MEHKH) TO3BOJISIOT JIOKANBHO FEHEPUPOBATH HEOOXOAMMYIO KECTKYIO MOJIOCY
MpH MEHBILMX MOTEHUMATAX. B KOHCTPYKIIMK HAKOMUTEIBHOIO KOJIbLA MPEAyCMOTpEHA Ce-
pHsl OKOH, KOTOPBIE CIIYKAT [/Isi BHIBOJA U3NTYYEHHMS B 3&/Ibl HCCIIE0BATEILCKONH M TEXHOJI0-
rMYecKOil annapaTypsl. Beuenenye B KOHKPETHbIX CITydasx 3alaHHbIX AIHH BOJIH obecredn-
BAETCS CHCTEMOM KPUCTAJUI-MOHOXPOMATOPOB. B 11eI0M, CHHXPOTPOH OKa3biBACTCA BECHMA
CIIOKHBIM TEXHUYECKUM KOMILJIEKCOM KaK B COOPYXEHHH, TaK M B IKCIUIyaTauuu. B nacros-
1ee BpeMs YMCIIO UEHTPOB CHHXPOTPOHHOTO M3/TyYeHHs B PABIMUHBIX CTPAHAX HCUHMCIIAETCHA
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JecATKaMu (CM. MPHIIOKEHHE
3), ¥ npoBeAeHHE IKCIEPUMEH-
TOB HAa HUX BOLIJIO B NPAKTUKY
J1abopaTopUil CTPYKTYPHOTO U
MaTepUasoBea4ecKoro npodu-
na. TakHe COBpEMEHHBIE KOM-
TUIEKCHI, KaK MPAaBUIIO, SBJISIOT-
cf UEHTpaMH KOJUIEKTMBHOTO
NoJILb30BaAHUSA 1711 MHOTOOOpa3-
HBIX 3a7a4 puzndeckoro mMare-
pHanoBeeHUs M MPELUU3UOH-
HOW TexHojnorud. B kaudecTse
npuMepa MOXHO Ha3BaTb BBE-
JEHHBI HeIaBHO B JeiCTBHE
cuuxporpoH B Poccuiickom
Hayunom Llentpe «KypuyaTos-
ckuit HMuctutyr». CoraacHo
puBefeHHOH cxeme puc. 2.2.2,
3IEKTPOHBI MHXXEKTOpPA pasro-
HAIOTCS B JIMHEHHOM yCKOpHTE-
ne go sxepruun 100 M»3B; nanee
B MajloM HakKOIHUTEIbHOM
KoJiblle (CHHXPOTpPOH-OycTEp

JIuuciHbIH

yCKOpHUTEIIDh
3 CHHXPOTPOH -
JIEKTPOHHAS Gycrep
A | N m— e —
X-nyuu

/ HaxonurejibHOE
/ KOJIBIIO

/BetpauBacmoe
yCTPOHCTBO

Puc. 2.2.2. TIpuHUMAYAIbHAS CXEMA UCTOUHUKA CHHXPOTPOHHOIO
U3IY4EHUS,;
A.1O.Pymsuues, Bectiuk PAH 70, (2000), 710

Cubups-1) onn npuobperatoT suepruio 450 MaB. 310 KOIBLO ABJISETCA HCTOYHHKOM Gonee
«MATKOTO» CUHXPOTPOHHOTO M3TydeHus (B AMANa30He BAKYYMHOTO yabTpaduoeTa) 1 yc-
TAHOBOK B CMELHUAIBLHOM 3KCIEPUMEHTAIBHOM 3ane. M3 Manoro kKoybua 31€KTPOHbI NOCTY-
MaioT B OCHOBHOE KONbLO — Cubups-2, rae pabounit mapaMeTp YCKOPSIOIIETO NOTEHUMATA
nocturaet 2.5 I'B. D10 KoJbL0 060pyA0BaHO BCTPAUBAEMBIMU YCTPOHCTBAMH U obecneun-
BaeT ABAALATh IKCIEPUMEHTAIBHBIX YCTAHOBOK MOIUHBIMU TOTOKAMH M3J1yYeHUs C IHEPIH-
eif KBAHTOB )XECTKOTO PEHTIeHOBCKOro AHana3oHa. B cpaBHEHMH CO CTAHAAPTHBIMH PEHTIE-
HOBCKHMH TpYOKAMH TAKOM MCTOUHHK COOTBETCTBYET YBETMUYEHHIO HHTEHCHBHOCTH pabote-

ro ny4yka Ha 7-10 nopsaakos.
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Maea 2.3
UCTOYHUKU HEUTPOHOB

[TpuHuMne! 1udpakK YacTHL (AIEKTPOHOB) B KPUCTAITMUECKOH pelieTke ObUTH yxe yeTa-
HOBJIeHBI, koraa B 1932 r. Jx. Uensuk oTkpsuT HeitTpor. Ha BO3MOKHOCTL QUdpPaKUMH Heil-
TPOHOB (KaK U B CTIy4ae JIEKTPOHOB, cM. I'11. 2.4) BnepBble yka3zan B. Dne3accep (1936); nepsrie
IKCIIEPUMEHTBI OCYLICCTBHIIM B TOM e roay Mutyenn, Xanban u [peiicsepk. PaccMorpum
KOHCIIEKTUBHO CYILECTBEHHbIE OCOOCHHOCTH 3THX crelUPHYeCKHX HCTOUYHHMKOB. B Hayae —
«aHKETHBIE TAHHBICY:

HEMTPOH — 37IeMeHTapHas Yacruua; Macca 1.675-10%7 kr; 3apsan <107'¥-1022 ¢; ciun S=1/2 B
eNUHNLAX /1, T.€. 3TO PepMHU-YACTHLA; MATHUTHBIA TUIOAbHBIA MOMeHT 1.91 marweToHoB bopa.
B cBOOOIHOM COCTOSIHUM HEATpOH HecTabuIleH, uMeeT nepuoa nonaypacnaaa 500-700 ¢; npo-
JIYKTBI pacnaja — IpoTOH, JIEKTPOH, 3IEKTPOHHOE AHTUHEHTPHHO.

U3 ypaBHeHus ne-bpoityiss MOKHO MOYYUTH pacyeTHYIO (DOPMYITY JTHHBI BOJHBI U3JTyUYCHU S

MpU M3BECTHON CKOPOCTH ABMXKEHUSI HEUTPOHA: A=0.287/<JE . 3nech anuHa BonHbl B AHTCTpe-
Max onpeaenseTcs, ecid £ — KUHeTHYecKas I3HEeprusi HeHTPOHA — 3aJaHa B AIEKTPOH-BOJIbTAX.

BHe cieuManu3MpoBaHHbBIX PEAKTOPOB MOTOKH HEUTPOHOB MONYHAIOT, UCMONB3YA AACPHBIC
peakuuu: 1) pagon-6epuuinesas cmech, peakins *Be(a,n)>C; notok na scwo chepy 107-10% ¢ ';
2) ¢ MOMOILBIO Y-UCTOYHHKA B peakiuH (Y, #) 1OCTUraeTcs Harnpaieiisit notok 106 ¢'; 3) ¢ mo-
MOMIBIO YCKOPUTEISI TPOTOHOB (AEHTPOHOB) B HEHTPOHHOM I'€HEPATOPE MO peakiiuu (p, n) Uiu
(d, n) nonyuaror nmoToku go 1043 ¢!,

AKTUBHOE CYLIECTBOBAHUE Neiimponocpaguu Kak THPpakiMOHHOTO HATIpaBAEHUS CTAIO0 BO3-
MOXHBIM Oraroaaps pa3BUTHIO TEXHHUKH HCCIIEAOBATEIbCKHX SAEPHBIX peakTopoB. McxoaHble
NPUHLMITBI pabOThI YPAHOBBIX «KOTJIOB» CeYac XOPOILLIO U3BECTHBI; Mbl OCTAHOBUMCS JIMUIb HA
XapaKTEePHCTUKAX, CYIIIECTBEHHbIX 111 AUPPAKLIMOHHBIX 3a1a4.

B nccienoBaTenbsCKOM peakTope B pe3ysibTaTe AeeHus siep ypaHa oOpa3yroTes HEHTPOHbI
B IUMPOKOM HHTEpBasie 3Heprui. [Uts BbIBeJeHUS] HEHTPOHHBIX MYYKOB B KOpIyce peakTopa
[pPENyCMOTPEHA CEpHS CTIEUHATBHBIX OKOH, Y KOTOPBIX MOHTHPYIOTCS 3KCMEPUMEHTANbHEIE YC-
TaHoBKH. 115t AU paKLUMOHHBIX 33444 My4OK HEHTPOHOB MPOIYCKAETCS Yepe3 KOJUTUMaTop, Ja-
Jiee romnajaeT Ha KPUCTAIII-MOHOXPOMATOP M 3aTEM Ha HERTPOHHBIA IMpaKTOMETp, rae ycTa-
HOBJIEH UccenyeMblid obpasert.

CriektpalibHbIH cOCTaB HEUTPOHHOTO U3TYyUYEHH, BBIXOISILErO Yepe3 KOJLIUMATOP, B LIEJIOM
OnaronpusTeH I CTPYKTYPHBIX UCCAENOBAHUNA. B MPUHATON TEPMUHOIOTHHK 3TO — TEIUIOBBIC
HEHTPOHBI, KOTOPBIE MOCIIE PEAKIMH pacliaja UCHBITAIM MHOTOKPATHOE paccestHhe Ha MATepU-
asie 3aMeJUTMTeNs (a TAaKKe Ha BCEH MACCHBHOM KOHCTPYKUMH KOTJIA); UX pacHpeeneHHe Mo CKO-
pOCTSIM COOTBETCTBYET TEIIOBOMY paBHOBeCHIO. i1 nepBOHAYATBLHON OLICHKH XapaKTEPUCTHK
TETUTOBBIX HEUTPOHOB 3a/1a1MMCH U1 Jie- bpoieBCcKOM NMHMHBI BOSHBI 3HaYeHeM A=1 A, coot-
BETCTBYIOLIMM pabounMM MapaMeTpaM peHTreHOBCKUX TpyOok. Torma no pacuery nojyyaem
sHepruio HeiirpoHa £=0.08 3B, uemy conocTtaBnseTcs CKOPOCTh YacTHLbl Ha ypoBHe 4000 m/c,
Hcexoas U3 MAKCBE/IIOBCKOrO pacnpeie/ieHus HEHTPOHOB TI0 CKOPOCTSAM, MOXHO OMNpeAeUTh
cooTBeTcTBYIOLIYIO (3 deKTUBHYIO) TeMIlepaTypy HeHTpoHOB T=600 K. Dta Benmumua 61u3ka
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K CTAaHAAPTHOMY TEMIIEPATYPHOMY PEXHUMY CTaLMOHApHOro peakTopa. Takum obpa3om, KpHc-
TaJI-MOHOXPOMATOp, YCTRHOBJIEHHBIH Y «OKHa» MCCIIEAOBATENICKOTO PEaKTOpa, MOXKET ObITh
HACTPOEH Ha JUTMHY BOJIHBI BOIM3M MaKCUMYyMa CIIEKTPajIbHOro pacnpeaeneHus. 1o obecneuu-
BA€T JKCIIEPHMEHTAJIbHBIE YCIOBUS HEUTpOHOrpadHUeCKUX MCCAeNOBaHUM MpU AJIMHAX BOJIH,
OJIM3KUX K IPHHATOMY AMANa30HY PEHTIEHOBCKOM MUPPaKLMH.

Kaxnplil HccnenoBaTenbCKuii peakTop — 3TO KPYIMHOE, TEXHUUYECKU CIIOXHOE COOPYXEHHE.
Kak npasuiio, peakTopsl SBSIOTCH LUEHTPAMH KOJUIEKTMBHOTO TOJIB30BAHUS (CM. npuiodice-
nue 3). KoHCTpyKUMM MEpBOHAYAIBHBIX CTAIMOHAPHBIX PEAKTOPOB IMOABEPIIIHCH 3HAYNUTETBHO-
MY YCOBEPILEHCTBOBaHUIO. [IpHUMHO# 3TOr0O IBUNACh CPAaBHUTENBHO HU3KAs CBETUMOCTH IOTO-
Ka TerIOBbIX HEHTPOHOB Ja)Xe€ B YCIOBHAX ONAronpUATHBIX XapaKTEPUCTHK paciipefesicHUs Mo
ckopocTsiM. [lapanokcansHo, HO B aDCOIOTHBIX EAUHUIAX SPKOCTD U3NYYEHHS OT HEHTPOHHO-
IO MOHOXpOMAaTOpa (B yKa3aHHOM JHAIAa30He [UTMH BOJIH) HA TPU-YETHIPE TIOPSIIKA YCTYMAET Xa-
PaKTepUCTHKAM CTAaHAAPTHOI PEHTIE€HOBCKON TPYOKH.

st 10CTaHOBKY CTPYKTYPHBIX 33124 00Jiee BBICOKHE XapaKTEPUCTUKH NMEIOT COBPEMEHHBIE
PEaKTOpPBI CO CHEeLMATbHOW CHCTEMOH 3aMensiuTesieil, KaHanoB, cHaOXeHHble OycTepoM-pas-
MHOXHTENEM U T. 1.

[oBbilLIeHHE ypOBHS HEHTPOHHOTO MMOTOKA OOECIIEYNBAIOT PEAKTOPHI C HMITYJIBCHBIM PEXH-
MOM u3iy4eHHs. I¢pdeKTHBHON OKa3anachk cucTeMa UMITyabcHOro peaktopa UBP-2, yenewno
pabortarouero B Jlabopatopuu nelitponnoi ¢pusukn uM. U.@panka (OUAU, Ay6Ha). B ynpo-
ILIEHHOM OMMCAHUM NMPUHUHUIT METOJA — 3TO BeCbMa KPaTKOBPEMEHHOE (M MOBTOPSOLIEECT MHO-
TOKpAaTHO) BO30YyKAEHHe-NpepbIBAHKE LIEMTHON sinepHO# peakumu. KOHCTpyKTUBHas cxeMa BOC-
pOU3BOAUTCS Ha pHC. 2.3.1. AKTUBHBIE BKJIAABIIIH C TOIAKPUTHYECKUMH MaccaMHy ypaHa (Tuty-
TOHHUA) CMOHTHUPOBAHBI B
paGouNxX AMCKAaX M B CTa- JOTIONTHUTENLHBIN TUCK (2)

Tope. B neiictByroueM pe- (2) [
KUMe 3apsibl «BCTpeYa-

U235

IOTCA M pACXOAATCH» 33 CT, [ CT,
CYET YMpaBIsAEMOro Bpa- Y NN [OJIOKEHUE
UIeHUs IBYX pabounx 11510- § \\\ § k\\ craropa
koB. [lo nmpoxoxieHus 3a- e (CT)
pS40B OUCKA MEXIY BKJIA-
IbIIIAMH CTATOPA PEaKTOp
rny60oKko  MOAKPUTHYEH. (1) y23s
OCHOBHOH AMCK MMeeT IH- — ~

~amerp 1.5 M, ero ckopocTh ocrosHOH potop (1)
Bpawenus xo 5000 o6opo- Puc. 2.3.1. KOHCTPYKTHBHAS CXEMA UMITYJIbLCHOTO peaKTopa:
TOB/MI/IH. ‘IaCTOTy BCIIBI- MO3HUHU AKTHBHbIX BKJ'IaZlb!LLlCﬁ; BpalleHUue pa6o'-mx AUCKOB poTOpa

IIeK MOXHO MEHATh 3a
CYET BTOPOTO IUCKA, ECITH PEAYCMOTPETD YCIOBHS LIENHOM peaKLUU TONLKO MPH OJHOBPEMEH-
HOM IPOXOXACHUH BKJIAAblIUeH ABYX BPAILAIOIIMXCSA IUCKOB POTOPAa MUMO BKJIAABIIIEH HEMo-
ABWXHOTO cTaTopa. Bpemst umnynbca rmyuka HeHTPOHOB UMeeT WHpUHY okoto 30 Mkc. [laHHas
cucTeMa O0OeCredyMBAET 3HAYMUTENILHOE YBEMUYEHHE IUIOTHOCTH HEHTPOHOB B MYYKE — Ha He-
CKOJIBKO TOPSKOB B CPABHEHUH CO CTALIMOHAPHBIM PEAKTOPOM. ‘
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Masa 2.4
ANMNAPATbI ANA SNEKTPOHHOU ANOPAKLNA

O6Hapyxenue AMbPaKUMU ITEKTPOHOB HA KPUCTAIMYECKUX OOBEKTAX SBUIIOCH, MO-BHIH-
MOMY, TEPBBIM 3KCHEPHMEHTATIBHBIM 3((HEKTOM, OCHOBAHHBIM Ha BOJIHOBOM YDAaBHECHHWH Jle-
Bpoitns (1924 r.). TpeanonoxeHus Ha 3TOT npeamet caenan B.Dnw3accep (1925), a skenepu-
MEHTBI ObUIH peann3oBanbl B 1927 . B OMbITax ABYX HccreqoBaTenbekux rpymi. K. [13Buccou u
JI. JlxepMep perucTpupoBaIM YIIOBbIE 3aBUCUMOCTH PacCessHUs 3JIEKTPOHOB € MAJIbIMH 3Hep-
rusamu (65-600 3B) na moHokpucraiie; . ToMCOH HCNONB30Bal YCKOPSIOUIME HANPSOHKEHUS
10-60 kB ¥ noiy4m1 nepsbie AEKTPOHOTPAMMEI C MOIMKPHCTATUTMUECKUX TUICHOK. B HacTos-
uiee BpeMsi Takxe (haKTUYECKH CYLUECTBYIOT J1BA JKCMEPHUMEHTA/ILHLIX HAMPABIECHHS, KauecT-
BEHHO pa3IMYHbIX 110 XapaKTepHCTHKAM YCKOPSAIOLIETO HAIIPKEHUS:

a) coberrenHo aexmponozpagus (HEED — high energy electron diffraction); 6azoBoe ycTpoii-
CTBO — 3JIEKTPOHHBIIH MHKPOCKOII (3IEKTPOHOTpad) ¢ YCKOPAIOIUMMHU HANPSHKEHUSIMH NTOPAIKA
100 xB u BrI1E.

0) Jugparyusn meonennvix 3nekmponos, unu MO (low energy electron diffraction, LEED);
CHeUHagbHOE BBICOKOBAKYYMHOE YCTPOWCTBO C YCKOPSIIOIUMMH HANPSDKEHHUSAMH Ha ypOBHE
100 B u Huxe.

OLEHMM METPUYECKUE XaPaKTEPUCTUKU U OCHOBHBIE OCODEHHOCTH, CyILECTBEHHbIE TS 110~
JIy4eHus: TUPPaKUHOHHON KapTHHBIL.

HTtak, BONHOBOE ypaBHeHHe A=h/(mv) ucroap3yeTcs MpH 3a1aHHOM CKOPOCTH 3JIEKTPOHA v
IUTS. BBIYKCIICHHS OIUHbI BoaHbl. [ToacraHoBka PU3MUECKUX KOHCTAHT AaeT (Oe3 yyera pensiTu-

BHCTCKOM TMOMPABKH IS Macchl 3JIEKTPOHA) pabouyio hopmyiy A=12.23U , 3IeCh pa3Mmep-
HOCTB JUTHHBI BOJIHBI A B aHICTpEMaXx, HanpsbkeHue U B BOJbTax.

a) DutekTponorpadus. UKcIoBbIe OLIEHKH [TOKA3bIBAIOT, YTO CTAHIAPTHBIH 3ieKTpoHorpad obec-
neunBaeT IUPPaKUMOHHbINH IKCIEPUMEHT NP [UTMHAX BOJIH Ha MOPAIOK MEHBIIMX, YeM B PEHTre-
Horpaduu. Tak, s yckopstroiero HanpsbkeHuu 100 kB anuna Bonns: A=0.0387 A; cHnmkenue Ha-
npsbkeHus 1o 3Hadenuit 40-60 kB naet uarepsan A=0.061-0.050 A. [Toouepxnem, umo 6 xapaxmepu-
CPUHECKUX PEHMZEHOBCKUX CNeKMPAX XUMUYECKUX INeMEHMO8 MAKOoi OUana3oH He npec)cmaejzeu s
MOPMO3HO20 U3NYHUeHUS PEHMREHOBCKOU mpybKu KopomKosomiosas epaiuya yposiisi 0.05 A coomeem-
cmeosana 6bl 8o3pacmanuio paboue2o nanpsicenus npumepho 00 250 kB.

HMrak, unTepBan IMQpakLHOHHBIX YITIOB B 3/IEKTPOHOrpaguu s OOBIYHBIX MAaTEPHATIOB
OKa3bIBAETCS CPABHUTEIBLHO MaJIbIM. DIIEKTPOHOTPAMMa Ha NMPOCBET PErUCTPUPYETCS B Mpefe-
nax 0=3-5°. DTo MO3BOJIAET YIIPOCTUTH 3aMUCh ypaBHeHus bparra-Byneda.

JleficTBUTENBHO, UTS MaJIBIX 3HAUYEHHI YIJIOB cIpaBeUIMBO sin(0)=0=tg(0). DTo o3Hauaer,

r
4TO /IS 37EKTPOHOrPaMMBbI IMOMUKpUCTaIa OyIeT BEPHO tg(26)=z, rae L — paccTosinue oOpa-

p
3el-(pOTOIUTACTHHKA, r — paauyc aedbaeBckoro konbua. danee sanuuem tg(0)= B“‘z [ > oTciona
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M3 aTtoro BelpakeHHUs CIEAYET, YTO 3HAYCHUE AL MOXET CIYKUTb HEKUM CTaH/JapTHBIM Ma-
paMeTpoMm 3ekTpoHorpada, MOCKONbKY CTaOMIbHAS ITTMHA BOJIHBI IPAMO CBSi3aHa C TOYHOC-
THIO TIOUIEP)KAHUSA YCKOPSIOIIErO HATIPSKEHUA HA MEKTPoaaxX. DKCEPUMEHTAIbHBIE YCIIOBUS
TAKOBbI, UTO BeMUKHY AL rpu paboTe Ha 3eKTPOHOrpade HeoGX0MMO CTAHIAPTH30BAT 1y-
TEM CbEMKH U IPOMEPOB 3IEKTPOHOTPAMMBI 3TAJIOHHOTO BEL{ECTBA.

M3 ckazaHHOrO ciieflyeT, YTO [UIS EeKTPO-
HOrpadpum chbeMKa MIeT B MajIOM HHTEepBase
yIJIOB BOSTM3U MEPBUYHOrO Ny4YKa U IPEATo-
YTUTEJIBHOM SIBIASETCSA CXeMa MOMyUYeHHUS AU-
(bpakUMOHHOM KapTUHBI «Ha npoceem». [lpu
3TOM (OTOTUIACTHHKA 3aMETHO YIajieHa OT
npocBeyYrBaeMoro o0weKTa, 4ToObl Obecre-
YHTh PPEKTUBHYIO pPErHCTpalivio audpak-
LMOHHBIX MakCUMYMOB (puc. 2.4.1). Ouesua-
HO, UTO Majas MPOHMUKAKMAA CIIOCOOHOCTH
3JIEKTPOHOB OIMpPENeNISeT HEOOXOUMOCTE HC-
MOJIb30BAHUSA B 3JIEKTPOHOTpadU4eCcKOM IKC-
NEpUMEHTOB BECbMA TOHKHX 0Opa3IioB. I

6) Jlnppakuus MeLTEHHBIX IJIEKTPOHOB Puc. 2.4.1. TlpunuunuanbHas cxema
NpUMEHSETCS B BECbMAa TOHKHX JKCIIEPHUMEH- anekTpoHorpada:

TajdbHBIX pa3menax (U3MKH MOBEPXHOCTH. K - xaton u anexrponnas nywika; A, JE u ] - one-
[Tpu 3HAYUTEILHOM CHIXKEHMH YCKOPSIOLIE- menTe foxyenpyiouiei enstemts -~ ofpasew;

. 1 - doronnacrunka
ro HampspKeHWs auana3zoH ne-bpoitneBckux
IUIMH BOJIH OKa3bIBaeTcs OJIM3KUM K CTaH-
JlapTaM peHTTeHOBCKHX XapaKTepPUCTUUYECKHX crieKTpoB. Tak, cornacHo popmysie, yekopsioulee
Hanpspkenue nopsiaka 100 B 3agaer mist anekTpoHa MTMHY BOJIHBI Topsaka 1 A. dnst pacrpocTt-
PaHEeHHBIX MApaMeTPOB CTPYKTYP 310 obecnieunBaet paboTy B LIKPOKOM MHTEpBane Judpakiiu-
OHHBIX YTJIOB, KaK ¥ B peHTreHorpaduu. Ha sToMm cxoacTso 3akaHuYMBaeTCs, NOCKOIBKY OYEBH-
HBIMU CTAHOBATCH crielMduyeckye, HO O4EeHb CTPOrUe OrPAHUYEHUS BOZMOXKHBIX 0OBEKTOB HC-
cnenoBanug Merogamu JIMD. I1pu yka3aHHBIX HANPSKEHUAX IPOHUKAONIAS CTOCOOHOCTD J1e-
KTPOHOB BECBMaA Mala, Aa)xe B cpaBHeHHH co cxeMoit HEED: Teneps o6bekToM nudpakiivoH-
HOTO HCCIIeOBAHHS OKa3bIBACTCS JIUIIb CIIOM TONILUHOM ABA-TPH NMApAMETPa PELIETKH, MpHIIe-
rafolmit K noBepxHocTU. B aToMm cmbicie s [IMD 3anavya o paccestHUM Ha KpUcTasie Oau3ka
K AByMepHo#. [1pu 3kcriepuMeHTanbHON peann3aliii BO3HHUKAIOT BECbMA BLICOKHE TpeOoBaHUs
K YMCTOTE MOBEPXHOCTH oOpa3sla. be3 cnenuanbHoit 06paboTKU MPENSTCTBUEM IS PErucTpa-
UMM UCTMHHOH AU(PPaKUMOHHOH KapTHHBI OT oOpasua Oyaer 3KpaHHPOBAHME TOHYAMIIUMUH
OKHCHBIMH TJIEHKAMH, a TAK)KE MOJICKYJISIPHBIMH CIIOSIMH KHUCIOpPO/a, a30Ta, TH60 nuddy3non-
HOro Macla, aacopOMpoBaHHBIMU Ha MOBEPXHOCTHU. COOTBETCTBEHHO, MPUOOPBI WIS AUPpPAK-
UMK MEIJICHHBIX JIEKTPOHOB IOJKHBI padOTaTh B YC/IIOBHSX BBICOKOTO BAaKyyMa, H BO3MOX-
HOCTh MPOBEICHHUS UCCIENOBAHMHA ObecrerBaeTCs CrieliMajbHONH BaKyyMHO-TEPMHUYECKON 06-
paboTKOIH ¥ HOHHBIM TPABIIEHUEM HUCCIIEAYEMON MOBEPXHOCTH.
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YacTtb 3
OCHOBbI TEOPUU PACCEAHUA
HA NEPUOOUYECKOU ATOMHOW CTPYKTYPE

Masa 3.1

PACCEAHUE PEHTFTEHOBCKUX NYYEWN.
ATOMHASA AMIMNUTYAA

IMpu nepBoHAYATEHOM OMUCAHMU MPUHLIKMIOB CTPYKTYPHOTO KCIIEPUMEHTA Le1ecoobpa3Ho
UCIIOJIB30BATh JIOTHYECKYIO HEPAPXHIO XapaKTEPUCTHK PacCestHUS:

* Ha aTOME — aTOMHas aMIUTUTYJa, aTOMHBIH hakTop;

* Ha 3JeMEHTapHOI suYeiKe — CTPYKTYpHas aMIUTUTYa, CTPYKTYPHBIH dakTop;

* Ha KpucTanne — uuTeppepeHuronnas Gpynkuus Jlays.

B 3TO# ¥ MOCIEAYIOIINX ITIaBaX PACCMOTPEHNE YKa3aHHOM IOCIIEA0BATENBHOCTH OyAeT Npo-
BEJEHO B OCHOBHOM /IS 3JIEKTPOMArHUTHOI'O M3/Ty4eHHs peHTIeHOBCKOro auanaszoHa. Creuu-
¢uka AMdpaKUHMOHHBIX 3324 B 3JI8KTPOHOrpaduM U HeATpoHOrpaduu 6yneT BBOIUTLCA 110 Me-
pe HeoOxoaumocTH. OroBopHMCs, YTO 06beM JaHHOTO Kypca ONnpeaessieT HEKOTOPYIO JTaKOHHY-
HOCTB B OIIMCAHMH SIBJICHUM, U3BECTHBIX YUTATENIO U3 CMEXHBIX Pa3iesioB (pU3MKH.

3.1.1. dnemMeHTapHbIK aKT paccesHUsA

HTak, peHTreHOBCKOE U3TyUEHHUE NIONAaeT Ha KPUCTAILI, M 3[eCh MPOUCXOAAT pa3sHOoOOpas-
Hbl€ IPOLECCHI MTOTTIOIEHUS 1. paccesiHis nepBUYHOro ny4yka. HecoMuenso, 4o 3HAUUTETbHAS
POJIb MPHUHAMIEKHUT (POTOITEKTPUUECKUM SBICHUAM, BO30YKIEHHUIO CIIEKTPOB XapaKTePUCTHYE-
ckoro uznydenus, a¢pdexty KomnroHa. B HameM u3noxxeHuH 1udpakLiHOHHBIX 331a4 OCHOBHOE
BHMMAHHE CIIeAyeT yAeauTh 3(¢EKTy yIpyroro KOrepeHTHOro paccesuus. B perrrenorpaduu
3JIEMEHTAPHBIN aKT paccesHUs peasin3yeTcsi BO B3aUMOJEHCTBHH JIEKTPOMArHUTHOIO HM3JIyye-
HMS C JIEKTPOHHBIMU 000I0YKaMK aTOMOB. B repBoHa4yanbHON MNOCTAHOBKE 3TOMY COOTBETCT-
ByeT 3aJa4ya — CBOOOIHBIN 3JIEKTPOH B MOJIE U3JIyYeHHs, KoTopas pemanack Jx. k. Tomco-
HOoM. CBOGOIHEIN — O3HAYAET B JAHHOMH MOCTAHOBKE — c71a00 CBS3aHHBIN, JUIS KOTOPOTO IMpeHe-
OperatoT CHIOH CBSA3M C aTOMOM U TOPMOXKEHHEM.

Haodo ckazams, umo npsamas 3a0a4a — 63aumooeticmeue usnyueHus co c60600HbIMU INEKMPOHA-
MU — 8 PearbHOM 3KCNepUMeHme 8He KOHOEHCUPOBAHHBIX CPEO OKA3bIBACMCS MANO O0CMYNHOU.
IIpensmcmeuem 3Momy A6AAOMCS HUSKUE KOHYECHMPAYUU INIEKIMPOHO8 8 KAMOOHbIX 1YYAX U 8 HU3-
Komemnepamyphoii niazme (0 cpasneiua. ¢ eewecmee — 1073 cm3, 6 nnazme — 10'° cm=3).

Hrak, cxema pelieHus 3a1a4uu — IIEKTPHUECKOE NTOJIE MaAAIOLIEH BOJIHBI IPUBOAUT JIEKTPOH
B KojIebaTenpHOE ABMKEHHUE; KOIEOMIOUIMICS IEKTPOH OMMCHIBAETCS KaK AUIMOIb, CO3AI0IIMUNA
nepeMeHHOe MEKTPOMATHUTHOE T0JIe; YacTOTa M AJIMHA BOJIHBI IIPU 3TOM COXPAHSIFOTCS HEU3-
MEHHBIMH. B COOTBETCTBHM C 3IEKTPOAMHAMUKOM, 3aMMChIBAETCS BbhIPAXKEHHE [UIS AMILTUATY/IbI
IEKTPUYECKOro noJis E¢p Ha paccTOSAHUU R OT LIEHTpa JMIIOJA B HAITPaBJIEHUH, COCTABJIAIONIEM
C OCBIO Ao yronu 20,

CyuTas mepBUYHOE M3IyYeHHE BOOJIb X HEMOJAPH3OBAHHBIM, BbIOMpaeM ocu Y U Z Tak
(puc. 3.1.1), uTo6si B tutockocTH YOX pacrionarajiiocs Hanpassienue P paccessHioro nyya. Tor-
[a A1 MHTEHCHBHOCTH [TOJIy4aeM BbIpaKEHHE
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Jq, E; _ ez ) . 1 .2
J, EI |mc Fsm @).
0 0

VyurbiBaeM EYZ=E5=EE§ IS HEMONSAPU30BAHHOTO HU3JTy4eHHUS.

1
Torma J =J, = EJ o> OTCIOJIA B HTOTE MMEEM:!
* [UIl HEMONAPU3OBAHHOTO U3JTyUEHHU
R g
* IS TUHEHHO-TIONAPU30BAHHOTO U3JTy4eHUS
2

e’ 1
J =J,- ~| -—-sin’(g).
@ 0 (mc‘) R’ (9)

mc”

2 8\ 2
J=J()-(.f_7) 1 1+cos"(20)

Pacripenenenye MHTEHCUBHOCTH PACCEIHHOTO M3Iydve-
HUS B TEX e OCSX MpeacTasieHo Ha puc. 3.1.2. B ceyenuun
TockocThlo YOX Mg nydya AHHEHHO-NIONAPU3OBAHHOIO
B10Jb OY 3aBUCHUMOCTD J=sin’(¢); yKasare/bHas MOBEPX-
HOCTh MHTEHCHBHOCTH MOJlyyaeTcs IpH BpaILEHUH JIH-
Huu | Bokpyr ocu OY. s HeNnonsapHU30BaAHHOTO JIy4a 3a-

1+cos’(28)

BUCHMOCTB J = , TOraa ykasaTeJIbHast IOBEPX-

HOCTb MHTEHCHMBHOCTHU COOTBETCTBYET BpAILEHHMIO KPH-
Bo# Il Bokpyr ocu OX.

OrMeTHUM aBe OCOOEHHOCTH pACCESHHS HAa TOYEYHOM
3JIEKTPHYECKOM 3apsiie:

V4

Puc. 3.1.1. Opuenra-
LMA OCeH B 3aJa4e O
paccesiHMM Ha IJeK-

TpOHe
y
11 P
) 20\
X

z

Puc. 3.1.2. PacnipeaencHue HHTEH-
CHMBHOCTH MPH pacCesiHUH HA JIeK-
TPOHE :

I- MOJIAPH30OBAHHOE U3JTYHCHME,

1) B meficTBUTENBHOCTH MpPH paccestHUH (a3a BOJHBI T - TR Wy e

MeHsieTcs Ha /2. ) . :

2) B dpopmyny 3anoxeHa 3aBUCUMOCTb J=1/m?. DTo 03HauaeT, 4TO MU ATOMHOH KOHDH-
rypaudy B KauyecTBe CyOBbeKTa paccesHUs PEHTTEHOBCKUX JIydeH MOXXHO paccMaTpH-
BATh TOJILKO EKTPOHBI. [JeHCTBUTENBHO, AaXe AAPO BOOOPOoAa (OAMH MPOTOH) JOJIXK-
HO B CPABHHMBIX YCIOBHUSX AaBaTh HHTEHCHBHOCTb PACCESHHOrO jiy4a B 106 pa3 meHb-
YO, YeM 3JIeKTpOH. TeM caMbIM, B PEHTTEHOCTPYKTYPHOM aHajin3e NPEeIMETOM H3y-
YEHHUs] OKA3bIBAETCA MMEHHO pacrlpelesieHHe JIEKTPOHHOH MIIOTHOCTH B NEPHOANYEC-
KOW pelleTKe.

CoOoTBETCTBEHHO, [UIS AU(PPAKUMOHHBIX 3a1ad TOMCOHOBCKAas aMIUIMTYAa HCNOJL3YyeTCd B
KayecTBe HIEKTPOHHOMN eIMHHLIBI [TPH YUCIIEHHBIX pacyeTax aMIUIMTYIbl PaCCESHHOrO jlyya Ha
KaXXJIOM YpOBHE: HAa aTOME, Ha JJIEMEHTAPHON A4YeKe ¥ KPUCTAJIIE B LIETIOM.

[MpeaMeT JaHHOIM rMIaBbl — KOJIMYECTBEHHAS XapAKTEPUCTHKA PACCEIHMs, KOTOpast UMEET He-
CKOJIbKO paBHO3HAYHBIX HAUMEHOBAHHUI: QyHKLIMS aTOMHOTO paccesiHHsl, aTOMHas aMILTUTY/a,
aTOMHBIN (hakTOp. DTO OHO U3 KITFOUEBBIX MOHATHI B CTPYKTYpHOM aHanu3e. Ilpunsaroe 060-
3HAYeHHE f OMpeie/iseTCs KAK OTHOLUEHHUE aMIUTUTYdbl BOJIHBI, PACCESHHON OJHUM aTOMOM, K
AMIUIMTYE BOJIHBI, PACCESHHOM OTAENBHBIM 3JIEKTPOHOM. 17 onMcaHus 3TON BEIUYMHBI HC-
MOJIb3YETCS CPAaBHUTEIBHO HeCTporas TPaKTOBKa, 0MYCKaoIlas HEKOTOPoe CMellleH e KIACCH-
4eCKOH 3MIEKTPOIUHAMHUKY C KBAHTOBBIMH IMOHATHAMH (B MEPBYIO OYEPEIb, INEKTPOHHAS IUIOT-
HOCTb KaK KBaJpat BoJaHOBOH ¢yHkunn). [Ipu BBEAEHHH ITOTO NOHATHS UCIIONBL3YETCS MEPBOE
DOpHOBCKOE MPUOIHKEHHE — CYUTAETCS, YTO Ha BCE TOUYKH PACCEMBAIOMIETO OOBEKTa ICHCTBYET
TOJIBKO BOJIHA MEPBUYHOIO My4Ka. JIpyrue rnpeanoaoxeHus:

1) PaccMaTpuBaeTcs 3a1a4a paccestHUs IIIOCKOM BOJTHBI B IAJIbHEM I1OJIE, T.€. OOBEKT MasIbiit

10 CPABHEHHIO C PACCTOSTHHEM 10 MCTOYHHKA;
2) DNeKTPOHBI B aTOME PAaCCEMBAIOT KaK CBOOOIHBIE — ClIE0BATENBHO, TN6O0 YacToTa
NafaoWero H3ay4YeHns yaaaeHa OT XapaKTepPUCTHYECKHUX YACTOT, U0 CBA3b BECh-

Ma ciaba;
5.
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3) Ilepuon obpamenus 31eKTpOHA MHOTO G0JIbLLE [IEpHOAA KoJlebaHHil MaJalolero n3nyye-
HHUA, T.€. 63 N3MEHEHU KOH(PHUTYPALMH OCYIHECTBIAETCS MHOXKECTBO KONIEOAHMI, 1 MOX-
Ho npenedpeus addexrom Jdormrepa.

| Cxema, nosicHIOIAs TOTHYECKUH BBIBOJI MCXOQHOIO aHAIH-
S THYECKOro BBIpAXeHHs, MpejcTaBieHa Ha puc. 3.1.3. 31ech s, So

€IMHUYHBIC BEKTOPbI B HANPABJIEHUIX MaJAIOIEr0 U paccesH-
” / HOTO JIy4a, I; — paJinyC-BEKTOP TOYKHM, 26 — yros Mexay naaaro-
o
0

LIMM U PACCESTHHBIM JTy4oM. 3anuceiBaercs GopMyia Itst pa3Ho-

.2
cti pa3 0 =—-r;(s-s,), Aanee BBOAATCS BOIIHOBbIE BEKTOPBI
A ’

[k|=[k|=1/A, a Taxxke Bekrop paccesnns g=k-k, Torma pas-
HOCTh (a3 npuodperaer Buj 0=2nrg, rae |g|=2sin(B)/\h. Atom-

Puc. 3.1.3. K ananutnyec- HbIH HOMEP JaHHOT'O XUMHUYECKOTro ieMenTa Z; [UIs 3TOTO YHC-
KOMY BbIPAXXEHHIO IJIA
y BbIP A JIa DJICKTPOHOB PACMpENC/ICHHE B aTOME COOTBETCTBYET palu-
ATOMHOMW AMIUTUTY/IbI .
anbHON QyHkuMu mioTHoct p(r). Teneps ammuTyna pacces-
HHS A MHTerpupyercs mo o6beMy OTAEIBHOIO aTOMa KaK

A= At,fp(r)exp(ié)dv ,
‘/

rae A, - ykazaHHas 2JICKTpOHHAA eAuHHuLa. TakuM obpasoM, rmojyuaercs obuias HHTeErpaabHas
dopmyna st GyHKIIMH ATOMHOIO paccesHus

f =fp(r)exp(i2nrg)dv.

M3 510 3anucK BUAHA CTAHAAPTHAS POib BekTopa paccesitus g. OTCloaa ciieyeT v npuHaTas
¢popma 3aBucuMOcCTH f oT audpakiumonHoro yria f=f(sin(0)/A). Tlpx pasMepHOCTH 37EKTPOHHOI
IJIOTHOCTH [p]=cM™ 3Ha4eHue f B HANPABJIEHUH IEPBUYHOTO NMyuka 11d 6=0 coBnaaer c aTom-
HbIM HOMepoM Z . CtannapTHas Kpuas gopm-gpakmopa Ul aTOMHOM aMIUTUTYABI TIPUBEAEHA
Ha puc. 3.1.4a.

CylecTBeHHO, YTO peallbHbIH PACYET AMIUTUTY bl PACCESIHUS KOHTPOIUPYETCS 3HAHUEM P(T),
T.€. CPEIHEr0 M0 BPEMEHH PACIPEle/ICHHs JMEKTPOHHOH MIOTHOCTH B aToMe. TeM caMbIM, BO3-
MOXHOCTb NOITyY€HHs 3HAYCHHH f U3 TEOPETUUECKOTO PACcUeTa COOTBETCTBYET YPOBHIO, KOTOPO-
FO yAaNoCh JTOCTUTHYTh MIPH PEIIEHHH K3 MEPBBIX MPHHLMIIOB 3aJa4i 00 JIEKTPOHHOI CTpYK-
TYpe aTOMOB XMMHYECKUX 37ieMeHTOB. COOTBETCTBEHHO, ISl BHIUUCIICHHS 3HAYEHUH aTOMHBIX
aMIUIMTYZ OBUIH Pa3BUThI TEOPETUUECKHE OCHOBBI MCTIONB30BAHUS TIPHOTHKEHHBIX ITOAXOI0B,
Hanpumep, u3secTHble MeTodbl Doka-Xaptpu, Tomaca-DepMu U psin Apyrux. YMeCTHO HOA-
YEPKHYTh, YTO MPOCTPAHCTBEHHOE pacipeeeHHe TIEKTPOHHBIX YPOBHEN OTHOCHTENBHO LIEHT-
pa aToma onpeleaeT UX yJde/bHbIH BKJIaJ B ATOMHYIO aMIUTUTYy U KPYTH3HY YIJIOBOM 3aBH-
cuMocTH. B kayecTBe npumepa Ha puc 3.1.40 mokasaHbl HMHANBUAYAJILHBIC KPUBBIE IS pa3iny-
HBIX YPOBHEH; BUIHO, KAK 34 CUET MEHbIIEH KPYTH3HBI TP YBETHYEHUH AU(PPAKLHOHHOTO Y-
JIa BO3pACTAET OTHOCUTEBHAS! 1OJIsi BHYTPEHHHUX S U p YPOBHEH.

F A a £4 g
z 71
6.
5-
2' Is
— — 1’\35 2 _
02 04 06 08 1.0 sin@®) 02 04 06 08 10 srin(G)
A A

Puc. 3.1.4. a) Bua KpUBbIX aTOMHO# aMIUTMTYAbL NPU PA3HBIX TEMMEPATYypax; 6) OTHOCUTEIbHbBII BKIaA
OTAENBHBIX JIEKTPOHHBIX YPOBHEMH
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B crannaprHbIX Tabnauuax 3HaveHus f Ui aTOMOB M HOHOB XMMHYECKHX 37IEMEHTOB MPUBO-
AATCA B 3aBUCUMOCTH OT IM(PPAKUHOHHOTO yria. [TpH KOHKPETHBIX pacueTax caefyeT UMeTh B
BHIly HEOOXOIMMOCTD y4eTa AMCIIEPCHOHHBIX MOMPABOK, ECIM YaCTOTa MaAAIoNIEro W3IyYeHHs
OnM3Ka K Kparo MOTJIOEH s TAHHOTO aToMa. B 3ToM cryyae aMIuIuTyIa aTOMHOTO paccesHus
CTAHOBHTCS KOMIUIGKCHON BENMYMHON f=f +Af+iAf", Tne Af, Af" — nonpaBku, 3aBUCAILME OT

JUTMHBI BOJTHBI U3ITYYCHHA U TOPSAKOBOTO HOMEpa aTtoMa. Tenepb 3HaYEHUE aTOMHOM AMIUINUTY-
ABbl ONPpEaCACTCA KaK

N={U+ A1)+ 2

3.1.2. TemnepaTtypHas nonpaBka (rennosow ¢akTop)

Temnepatypa o6bekTa MOXET OKa3bIBaTh CYLIECTBEHHOE BIMAHHME HA AMIUTUTYIY aTOMHOTO
paccesiinst. McxoqHas TpaKTOBKA 3TOTO BJAMSHUS OCHOBBIBAETCS HA JOCTATOYHO OGIIMX MOHS-
TUSAX AMGPAaKIMOHHO! ONTHKM. B KpUCTAITMUECKOM pelIETKe aTOMBI COBEPIIAIOT XA0THYECKHE
Konebanus BOKPYT CBOMX TOJIOKEHHU paBHOBECHS. AMIUIMTYa 3THX KOJIeGaHMIl B IEIOM BO3-
PacTaeT ¢ yBenuyeHHeM Temrepatypbl. C TOUKM 3peHHs MPOBEICHHOTO PACCMOTPEHHS, BO3pac-
TaeT 3hPeKTUBHBIH pa3Mep aTOMa, OTHECEHHBII K epuo/y peweTkH. Kak cpeanee o BpeMenw,
9TO AOJDKHO NMPHUBOANTD K CHH)KEHHIO aMIUIUTYAbl PACCESHUS NOJ AAHHBIM YIJIOM, TO €CTh K 00-
nee pe3koit 3aBucumoctH f(sin(0)/A). CrannapTHBIN BUI aHAIUTHYECKOH 3aBUCHMOCTH TMpE-
CTaBIISIETCH KaK

.2
/= frexp(-B2D),
A
3aech f, - aTOMHas amIUTUTYy/Ia, BBIYMCIIEHHAs Ge3 yyeTa TErUIOBBIX konebauil; B=8m<u>2;
<u>? — cpe[HeKBaAPATHYHOE CMeLlEHHE (COCTaBIIAOLIAs, MEPHeHIUKYIIAPHAsA K OTpaxaroue
aTOMHOH [UIOCKOCTH B KpUCTasLie). Bennuuna B o6o3Havaercs, kak gaxmop Hebas-Bannepa. B
TNIEPBOHAYAIILHOM BBIBOJIE 3TOT0 (haKTOpa MPEanoNaranach NpocTeHIuas MOAEb SBIEHUS: aTO-
MBI TONBKO B BEPUIMHAX MPHUMHMTHBHOW KyOWYECKOH pelICTKH; TEIUIOBbIE KOMEOAHHUS aTOMOB
M30TPOTHBIL, CPENHAS aMIUTHTY/Ia TEIUIOBBIX KONCOAHUI OAMHAKOBA [UTS BCEX aTOMOB. B peastb-
HOM CTPYKType yKa3aHHbIE NPHUOIMKEHHS, ECTECTBEHHO, HE COGITIONAIOTCS ~ HATIPUMEp, B KPHC-
TaJuIe aMIUTUTY bl KOJIEOAHUIA ATOMOB Pa3HbIX COPTOB MOTYT 3aMETHO Pa3iUYaThCA, KOJeOauus
OTACJIbHBIX ATOMOB B3aUMOCBA3aHbI. [103TOMY CyIIECTBYIOT ClleLMalIbHBIE PACUETHBIE TPUEMBI
OUECHKH TEMIEPATYPHBIX MOIMPABOK B KOHKPETHOM AN PAKLUMOHHOM 3KcriepuMenTe. TeM He Mme-
Hee OOLLMI XapaKTep H3MEHEHUH aTOMHO# aMIUTHTYIbI [IPU Aepexoe K 60JIee BBICOKMM TeMIle-
patypam ocraercs oJo6HBIM CXeMaTH4eCKOMy rpaduky puc. 3.1.4.

3.1.3. AToMHbIA chakTOp paccessHUst ANA 3NEKTPOHOB
Hpu mageHuy 31eKTPOHHOTO MyyKa B NMpPOLECCAX PACCESHHUA yYacTBYET MEKTPOCTATHYEC-
KMl [TOTEHLMA, KAK COBOKYIHOCTB JIEKTPUUYECKUX MOJIEH AIEP M EKTPOHHBIX 000JI0UY€eK aTo-
MOB. OCcOBEHHOCTH 3TOrO B3aUMOJIECHCTBHUS MPOSIBIISIOTCS KK B Pa3MepHbIX 3bdeKTax, Tak 1 B
3HA4YEHUSIX aTOMHOM aMIUTMTYIbl U popM-dakTopa.
Teopernyeckuit aHaNMU3 U peasbHbIe U3MEPEHUS TTOKA3bIBAIOT BHICOKKE abCOMIOTHDIE 3HAYE-
HUsl aTOMHON AMIUTMTY Bl PACCEAHUS INEKTPOHOB [ ~108 cM. [Ly1st cpaBHEHUS — ATOMHBIE AMILTH-

TYAbl A1 PacCesIHHs PEHTICHOBCKMX JIyYel B TeX XK€ eAMHULIAX COCTABISIOT TOPa3l0 MEHbIIHE

BEJIMUHHBI fp==’10““+10‘12 cM. Takum obpaszom, 3(peKTHBHOCTD paccesHHs 37EKTPOHOB BEChbMa

BEJTMKA U MPEBBILIACT AHATOTMYHbIN [I0KA3aTeNb i PEHTTEHOBCKHUX JIydeld Ha 2-3 nopska.
ATOMHasl aMIUTHTY/a JUTA J/1EKTPOHOB HETOCPEACTBEHHO CBA3aHA C Z — ATOMHBIM HOMEPOM

JIEMEHTA, OJIHAKO 3Ta 3aBUCUMOCTh MEHEE BBIPAXKEHA, YEM T PACCESTHUSI PEHTTEHOBCKMX JTyUeit:
—~ B HampaBJIeHHH Mafatowero myya f,(0)~Z";

— CpeflHee 3Ha4YeHHe MO ManbiMU yriiamu f(6)~Z23,

IIIISI HH(i)p&KLII/IOHHbIX 3aa4 3TO OTKPBLIBACT OOIMOJHHUTENLHBIE BO3MOXHOCTHU 3JIEKTPOHO-
rpa(bml IIpHU PICCHCIIOB&HHM CTPYKTYP, COUETAIOMMUX TIKEIBIE U JIETKUE aTOMBI. HanpnMep, Ha
JJIEKTPOHOTI'paMME METATHYECKOMN cba31,1 BHEIPEHUS OTHOCHTENIbHBIA BKJIA/ yriaepoaa 60 BO-
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J0pOa B MHTEHCUBHOCTH pedieKCOB OKa3bIBaeTca 0oJiee 3HaUNTEIbHBIM, YEM TPH PEHTIEHIAH-
(GhpakUMOHHOM HCCIIEOBAHUN TAKUX MATEPHUAJIOB.

3aMeTHM, YTO B IKCIIEPUMEHTAIBHOM IUTaHEe CBOEOOpa3HbIe MapaMeTphl 371eKTpoHorpadHye-
CKOI'0 3KCIMEPHUMEHTA — Maas AJHHA BOJIHBI U Majble TU(PPAKUMOHHBIE YIIbl — 33JaI0T BECbMa
IIHPOKHI IMATIa30H U3MEHEHHII BEKTOPa paccesiHus sin(8)/A B y3xoM paboueM HHTepBaJIE YITIOB
0=0+2.5°. Harnpumep, mansa yckopsowero HanpsbkeHuss 100 kB mnuHa BOJIHBI COOTBETCTBYET
0.0387A; Toraa B pabouem MHTepBasie yIIOB 1A 3MekTpoHorpada 0=0+2.5° umeem:

0 sin(8) sin(0)/A
0.1 0.0017 0.044
0.5 0.0087 0.224
1.0 0.01745 0.450
1.5 0.026 0.627
2.0 0.035 0.904
2:5 0.0436 1.127

DTO YCIOKHSET aHAIN3 HHTEHCUBHOCTEN pedhieKCOB Ha 3JIEKTPOHOTPAMME, UMes B BUIY, YTO
34 CUET CTOJIb PE3KOH YII0oBO# 3aBUCMMOCTH BKJIa[ OTAENBHBIX aTOMOB 3aMETHO BapbUpYETCH
JlaXe MPU MAJTBIX pa3anuuax I1MGpaKLUMOHHBIX YIJIOB.

3amemum, umo 8 peHmaeeno8CKoM IKCnepumMenme nodobHbslil OUAnA30H BEKMOPA Paccesitus 603-
MODJICeH TUUb RPU UCHOb30BAHUU JHCECIKO20 usydenus (nanpumep, Mo-anoo), eciu éecmu cvem-
Ky 60 8cem unmepaane 9 0o /2.

Jlob6aBuM K 3TOMY, UTO B MPAKTHUECKUX pacyeTax [Ulsl 3JIeKTPOHOrpaduu OKa3bpIBAETCH HeE-
06XOMMBIM YUUTHIBATH BO3MOXKHBIC OTKJIOHEHHS aTOMHOro ()akropa OT TaO/IMUHBIX 3HAue-
HMIA. DTH NONPABKH CBA3aHBI C BAPUALMSIMHU B 3JICKTPOHHOM CTPYKTYpPE HOHHOTO OCTOBA, C 0CO-
BGEHHOCTAMH pacripeeeHus BOJTHOBOH (PYHKIIMH B CTPYKTYPE NEPEXOAHBIX METANINIOB U IPYTHU-
MU ocobeHHOCTAMH 0OBeKTa uccienoBanus. [1o muTepaTypHbIM TaHHBIM, TOJOOHbIE [TOITPABKH
MOTYT JOCTUTaTh ACCATKOB IPOLIEHTOB.

Cka3aHHOE OTHIONb HE ClieAyeT NMOHMMATh KAK HAarpOMOXAECHHE OTPULIATEILHBIX KA4eCTB
neKkTpoHorpadguueckux MeToauK. i pakuns GbICTPBIX MIH MEMATEHHBIX 31eKTpoHOB (JIMD)
6e3yCITIOBHO MMEET 3HAUMTENBHYIO H YHUKAIBHYIO HULIY B 3KCIIEPHUMEHTAIBHBIX pasienax $husu-
4ecKoro MaTepHanoseaeHus. Peub uaer nuuib 0 HeOOXOAMMOM THIATEILHOCTH U IENETUIIBHOC-
TH MPH MPOBEIEHHUH YUCTOBBIX OLICHOK MHTEHCUBHOCTEH peIeKCOB Ha 3JIEKTPOHOrpaMMaXx.

MoHO, MOABOAA UTOT, CHOPMYIHPOBATH OCOOEHHOCTH IEKTPOHHO-AHPPAKLIMOHHBIX Me-
TOMHMK, 3aJlaHHbIE CIIELU(PUKOM TEMEHTAPHOrO aKTa B3aUMOAEHCTBHA. B nepsyio oyepens, 3T0
MaJibie pa3Mepbl UCCIEIyEMOro OObEKTA :

— Juist snektpoHorpaduu — 10-1000 anrcTpeM Ha MpoCBeT;

— s JIMD — MOHO- (Tpex- , YHeThIPEX-) ATOMHBIE CIIOH.

TakuM 06pa3oM, HAHIIO 3aMETHBIH MacIITaOHbIH pa3pbiB MEXIy PEHTITEHOBCKOH M 3/ICK-
TpoHHOM audpakuueit. s pentreHorpaduun pabouni pasmMep oOpaslia Npu CTPYKTYPHOM HC-
CIICIIOBAHMHM MOXET COCTABIATh, HanpuMep, 0.1-0.2 MM, 0JHAKO KPHUCTA/ITUTHI B HAHOMETPO-
BOM JHMAaIa30He OKA3bIBAIOTCS JOCTYITHBI JIMILB [0 UX UHTETPATIBHBIM Pa3MEPHBIM XapaKTepHC-
THKaM. B oTnuume ot 3T0r0, 25eKTpoHorpadus, Kak U AEKTPOHHAsE MUKPOCKONHs, obecneyu-
BaeT MpPSMBbIC CTPYKTYpPHBIE U3MEPEHH U1 TOHKHMX IIJIEHOK W BEChbMa MaJIbIX YaCTHL KpHCTall-
JINYECKUX BEILECTB.

3.1.4. AToMHbIN hakTOp (CeyeHue) paccessHUA ANA TennoBbIX HEUTPOHOB

[Npu nomnagaHuu MOTOKa HEUTPOHOB HA BEILECTBO NMPOUCXOAAT PAa3HOOOpA3HbIE MPOLIECCHI
paccesHUsA U Mepen3yueHus. B KOHTeKCTe JAHHOTO Kypca BBIACJIEHHBIMU SABJIAIOTCA IBa U3~
YeCKUX MEXaHH3Ma B3aUMOJEHCTBH: TMOO C [OJIEM SIIEPHBIX CUII (siIepHOE paccesHue), TMbo ¢
MATHUTHBIM MOMEHTOM /IEKTPOHHON 000JI0UKH aToMa (MarHuTHoe paccesiHue). [Ipu sTom B
3JIEeMEHTAPHBIX AKTAaX CYLECTBEHHON OKa3bIBAETCS yNpyras KOTepeHTHass KOMIIOHEHTa pacces-
HMS, KOTOPasi MOXET y4acTBOBATh B (POPMHUPOBAHMH AM(PPAKUMOHHON KaPTHHBI.

B nutepatype uMeroTcs o6LLHe AaHAIMTHYECKHE BbIPAXKEHHS, OMUCHIBAIOLLME H3YyYECHHbIE JJ1e-
MEHTAPHBIE aKThbl PACCESHUS HEMTPOHOB. ATOMHBIE AMIUTUTYbI SAEPHOTO PACCEsHUS HEUTPO-
HOB (KaK ¥ B C/ly4ae peHTT¢HOBCKHUX JIyueil) He MOTyT ObITh PACCUMTAHBI U3 MEPBBIX MPUHLHIIOB
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M YCTaHOBJICHBI K HACTOSALLEMY BPEMEHH [UTs GOJILUIMHCTBA 3JIEMEHTOB B XOJI€ TEOPETHYECKHX U
3KCMEPUMEHTANBHBIX UCCeJOBAHHUH. Mbl JIUIIb pACCMOTPHUM CYIIECTBEHHBIE [UTSI CTPYKTYPHBIX
3aja4 OCOOEHHOCTH ITHX MAPaMETPOB B3aMMOJEHCTBUS.

KonuuecTBeHHOM XapaKTEPUCTUKOM paccesHUs HEATPOHOB HA aTOME CIIY)KUT BEJTMUHHA, Ha-
3pIBaeMast dauna paccesnus b (s aMruiaTyael), 160 ceyeHue paccesHus o=4nb? (119 HHTEH-
CUBHOCTH PACCesTHHOM BOJHBI). Pa3MepHOCTH 3THX BETMUUH, COOTBETCTBEHHO, [b]=cM U [o]=cMm?2.
B paborax ucnonb3yercst Takxke exuHuia usMepenus 1 6apu=10-2* cm2,

Imu nonamusi, npunsmele 8 s0epHoll usuxe, OMIAULAIOMCA MEM, YMO uzmepsemas dgpexmus-
HOCMb paccesnus omuecena K 001ot yacmuye. B amux mepmuiiax ons paccesanus snekmpomaz-
HUMHOU 80HbL HA IEKMPOHE MONCHO 3ANUCAMDb

5 - 8 &\
3 (mcz) ’
m.e. 30eCh ceueHue pacceanus 3a0aem Kaaccu4ecKul paouyc INeKmpona.

JUIsl KOTePEeHTHOTO paccessHUA HEWTPOHOB Ha MOTEHLMALHOM MOJIE SApa XapaKTEPHBIM SB-
JISETCS OTCYTCTBME MOHOTOHHOM CBSI3M C aTOMHBIM HOMEPOM 3J1eMeHTa. bojiee Toro, pe3ko pas-
JIMYHBIMU MOTYT ObITh CEUEHHs PACCESHHS IS U30TOMOB OAHOrO 3neMenTa. K aToMy n06aBum:
JIOTIYCKAaeTCs YNpyroe paccesHue 6e3 MoTepH MOJIYBOJIHBL, T.€. MOXET BAPbHPOBATHCS 3HAK aAMII-

JIUTYABl PACCESTHUS.
B kavectBe npumepa — 3HaueHus B (cM~!2) 1715t HEKOTOPBIX 37IEMEHTOB:

H -0.37 Cr 0.36 ke 1.01 Co 0.28
H 0.67 Mn -0.37 e 0.23 Ni 1.03
‘H 0.59 Cu 0.76
Zn 0.57
Vv -0.04

OTH JaHHbIE CPa3y e WITIOCTPUPYIOT crielinduyecKkie BO3ZMOXHOCTU HEUTpOHOrpadhuH B
CpaBHEHHMM C APYTUMH TUGPAKLIMOHHBIMH METOIaMH. Bhillie GbUI0 MOKA3aHO, YTO B PEHTTEHO-
rpadui ypoBeHb YNIPYroro KOrepeHTHOTO paccessHUsl KOHTPOJIUPYET ATOMHbIH HOMEpP dJIeMEH-
Ta. COOTBETCTBEHHO, B CITIOHBIX KOMIIO3ULIMAX OKA3bIBAETCA HEAOCTYITHOM 3a/1a4eil pa3inunuTh
BKJIaJl B paccesiHue [IBYX 3JIeMEHTOB — «cocenei» no Ilepuoanueckoii cucreme. B nporusomno-
JIO)KHOCTb 3TOMY, [UIsl HEUTPOHHOM IHdpaKUMK HET 3aTPyIHEHHH YCTAHOBUTH IMO3HLIUU aTO-
MOB, HANPHUMED, B CILIABAX MeAb—LMHK, KOOAIbT-HUKENb U T. [. DKCIIEPUMEHTAJIbHAA 3a1a4d O
KOOpPAMHATAX JIETKMX aTOMOB (HallpuMep, BOAOPOAa B META/UIMYECKHUX THAPUAAX H T. I1.) TAKXKE
CTAHOBUTCS peasibHOH MPHU UCTIONB30BAHUN HEHTPOHHBIX UCTOYHHKOB. I HEHTPOHHBIX SKCIIe-
PUMEHTOB in situ (IIPU 3aIaHHbIX TeMIiepaTypax WIM JaBICHUSX) OKA3bIBAETCS MOJIE3HBIM HC-
nonb308aTh (HEHOMEH pAacCesHUS C MPOTHUBOIIOIOXKHBIMHM 3HAKAMH aAMIUTUTYH; HAIMpUMEp, U3
CIJIaBa XpOM—MapraHell MOKHO U3rOTOBHTH HYJIEBYIO MATPHILY KaK KOPNYC AYEHKH BBHICOKOTO
JABJIEHNS, KOTOPBIH HE BHOCHUT JOTOJTHUTEIbHBIN (HOH B IKCMIEPUMEHTAILHO U3MEPSEMYIO IH-
(bpaKLUMOHHYIO MHTEHCHBHOCTB 00pa3sia.

Hpyras obnacte npumMeHeHns HelTpoHorpaduu csa3aHa ¢ 3¢heKToM MAarHUTHOTO pacces-
HUS HEHTPOHOB.

Hexotopbie nonoxenust Teopun. Cozaacio Xaavnepuy u Aoconcony (1939), npu é3aumodei-
CMBUU HEHUMPOHOE CO CRUHOBIM MAZHUMHbIM MOMEHMOM amoma oudgepenyuanvroe cevenue pac-
cestnus (Ha eounuyy menecnoo yena,) 3anucbleaemcs, Kak

do, =§5(5+1) ZrY. g,
mc

30ece S — cnunogoe K6aimogoe YuCI0 amoma, Y — MAzHUMHbIL MOMEHM HEUMPOHA 6 MAZHEMOHAX
bopa, [ — amnaumyousii popm-gakmop — 6oaee peskas 3agucumocms om sin(0)/\, wem das penm-
eenogckux nyyve. Ilpu ougppaxyuu na napamaziemuke (becnopsidounoe pacnpedenerue opuenma-
YUl MASHUMHBIX MOMEIINOE ANIOMO8 ) MAZHUMIOE PACCEsiHUe HEelmpPOoio8 RopoXcoaem Oupgynvli
gon, pesko cnadaiowuii ¢ yenom ougppaxyuu. B npunyune, omcioda uzenexaiomes daniivie 06 3¢h-
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exmuerom macnumHom Momenme amoma. B cayuae maznumno-ynopsaoouentblx cmpyKkmyp Kasic-
0OMY aAMOMY MONCHO RPURUCAMb AMNAUNYOY MAZHUMHO20 PACCEAHUSL

e’y

p=z[ <L) s s,

mc®
Dma eerununa, 8 npunyune, PAcCUUMbIEAeMCA U3 MAZHUMIBIX U CREKMPOCKONUYECKUX OQNIbIX.
[lanee, OKA3bI6ACMCSH, 4O UHMEHCUEHOCb PACCESIUA HEUMPOHO8 3A8UCUM OM 63AUMHOT OpUeH-
mayuy MaZHUMHO20 MOMEHMA U RAOCKOCMY PelemKy. Ima 3a8ucuMocmb 3aKI0Hena 6 6vlpasice-

a3l
Huu 01 ougdepenyuansiozo s¢dexmugnozo cevenus paccesnus do, =q°p*.

W3 Teopuu Clenyer, YTo IJIaBHBIM MapaMETPOM PACCESTHUSt CTAHOBUTCS ( — BEKTOP MarHUT-
‘Horo B3aumozneiicteus q=e(ek)—k, 31ech € — BEKTOp paccesHus (€AMHUYHBIH BEKTOP HOPMAIIH K
MIO0CKOCTH); K — eXHHMUYHBIH BEKTOP B HAIIPABJIEHMHM MArHUTHOIO MOMEHTA aTOMA.

N3 BektopHO# cxemsl puc. 3.1.5 HarmsagHo
0 BH/IHO, UTO |[¢|=sin(c) ¥ MO3TOMY KOHTPOJIUPYIO-
. X . IIMM [apaMeTpoM CTaHOBHTCH yrosa o. Takum
n obpasom, 3(heKT MAarHUTHOTO paccessHUs Hew-
o & TPOHOB UMEET YETKYIO 3aBUCMMOCTb OT OpUEHTa-
k kK UMM MAarHUTHBIX MOMEHTOB aTOMOB IO OTHOLIIE-

HUIO K oTpaxarouied miockoctu. [Tosromy -
(dhpakums HEUTPOHOB OOECTIEYNBAET MPIMOE IKC-

SJ g NepyUMEHTaNbHOE OIpeNe/IeHue KpHUCTaIorpa-
(pMUECKUX MAHHBIX MAarHUTHOIO YIOPSAJOYEHUS
(MarHuTHLIX CTPYKTYp) B deppo-, auTudeppo- u

Puc. 3.1.5. K opHeHTALIMOHHOMN 34BHCUMOCTH
MATHHTHOTO PAccesHUsI HEHTPOHOB: § — BEK-

TOp MATHHUTHOTO B3aUMOEHCTBHA, € — BEKTOD ¢eppnmarHeTnkax.
paccestHus, K — eAMHHYHBIH BEKTOD B HAMpPaB- B 3akmntoueHue rj1aBbl KPaTKO OTMETHUM HEKO-
JIEHHH MATHUTHOrO MOMCHTA 4TOMA TOpbIe OCOOEHHOCTH HEHTPOHOB B CPAaBHEHHUM C

PEHTICHOBCKHMMU Jly4aMu Y 3JIEKTPOHAMM.
CBogHble JaHHBIE AT IIH(bpaKLIHOHHbIX XapaKTCPUCTUK B COMMOCTAaBUMBIX CAMHHULAX !

PEHTreHOBCKHE JTy4H INeKTPOHbI HeWTpoHs!
[MepBuuHBLA My4OK (MHT.) 1 103 10-4
AMIUIHTY/1a paccesiHHUs 1 103 10!
M HTEHCHBHOCTb pacce SHHA 1 106 10-2

34aBUCUMOCTb ATOMHOMN aMIUIMTYAbI OT sin(8)/A 3aMeTHO pa3jin4yaeTcs 1T UCNOJb3yEMBbIX BH-
0B u3ydeHus. Cxema, rpeacTaBiieHHAs Ha pUC. 3.1.6, moka3pIBaeT, YTO B Clly4ae AAEpHOro pac-
cesaHus HEUTPOHOB (POpM-PaXTOp NMPAKTHYECKU
MOXHO He yuuTbhiBaTh. [IpHUMHON 3TOrO ABIIS-
___________________ €TCs HcUe3aollie Majiblid IHaMeTp saapa o cpas-
(n) HEHUIO C TTEPUOIOM TU(PPAKLIMOHHON PELIETKH.
B MpOTHBOIONOXKHOCTE ITOMY JIJIS MarHUT-
HOT'O paccesHus HeMTPOHOB poiib hopM-dakTo-
pa OKa3bIBaeTCid O4YEHb CYLIECTBEHHOH B yClO-
BHSX 3JKCIIEPUMEHTAIbHBIX M3MeEpeHHuil. Biau-
0.2 0.4 0.6 08 1.0 sin® MOHCﬁCTBHC MArHUTHOro MOMCHTA HeﬁTpOHa
Y onpenensieTcsi HECKOMIIEHCHPOBAHHBIMU CITHHA-
MU BHEIIHEH 3]TEeKTPOHHOI 000JI0UKH aTOMa, U

OTH.CH.

Puc. 3.1.6. CpasHeHue yriaoBbIx 3aBUCHMOCTEN

CAMHHUHOMN ATOMHOfI AMIUTMTYbI: (n) SUEPHOE, 1103TOMY (Pa30Bbie COOTHOLIEHHS, CBA3AHHBIC C
(m) MarHUTHOE PacCcesiHHE HENTPOHOB, pa3MepaMHM aToMa, aKTUBHO BJIMAKOT Ha yrijio-
(X) peHTrEHOBCKHE JyH BYIO 3aBUCUMOCTB CEYECHH I MATHUTHOI'O pacces-

Hus. Ha cxeMe BUAHO, 4TO B 3TOM cllydae Kpy-
TH3HA KPUBO#1 OKa3bIBaeTCs GONbLLIEH, YeM JUTS PEHTIeHOBCKHX Jyueit. B npunumne, 310 Tpeby-
€T TILATEIBHOIO yYeTa NMpPU MOCTAaHOBKE HEHTPOHOrpaUUECKMX UCCIEAOBAHUI MArHHUTHOIO
YIIOPAKOYECHHUS.
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fMaea 3.2

PACCEAHUE HA 3NIEMEHTAPHOW AYENKE.
CTPYKTYPHAA AMMNUTYOA

3.2.1. Obwme NonoXxeHUst

[Mocne paccMoTpenns aTOMHOTO (hakTopa aHanuTHyeckas Gopma CTPYKTYPHOI aMIUTUTYAbI
SIBJTSIETCS JIOTHYECKH CIIENYFOLLMM KITFOYEBbIM MOHATHEM B IM(PAKUMOHHOM aHAIN3e KPHCTAILIOB.
B TepMHHAX ONTUKH MEPBUYHOE OMMCAHUE ITOIM BEIMYMHBI TAKXKE OCHOBAHO HA NMEepBOM OOpPHOB-
CKOM TMpHUOIMKEHUH TS TUBPAKLIMKU MIOCKOH BOJHBI (reoMeTpust PpayHrodepa). B mocraHoBke
3anaud TpedyeTcs OnpeneuTh CYMMAPHYIO aMIUIMTYAY BOJIH, PACCESTHHBIX aTOMaMH OJHOM 3j1e-
MEHTApHON SMEHKH B HArpaBlIeHWH AU(pakUHOHHOro Makcumyma. MHaue rosopd, B JaHHOM
(hopMyNIMpPOBKEe BEKTOP paccestHUs BCEria COBIMAAAET C OJHHUM M3 BEKTOPOB 0OPaTHOI pelleTKH.

CxeMa, MOACHSIOIIAS HCIONb3yeMble 0003HaueHMs, Npea- =
craBjieHa Ha puc. 3.2.1. B saueiike pacnonaraercs N aToMoB; S/'
IUTA j-TOFO aTOMa paccMaTpuBaeTCs paccesiHUe B Hallpasiie- .

HUM S, COOTBETCTBYIOLIEM BOJIHOBOMY BeKTOpy K, Tak, uTo 4 :

hkD=k-k,. AMIUIMTYda paccessHUA IUIs J-aToMa 3allMchIBa-
0
ercs Kak

Fj(g) =fpj(r—r].)exp(i2n:rg)dv_

 JIast Toro, 4ToObI MOMYYHTh paccesiHUE BCEMU aTOMaMH S4eH-
KM, TpocyMMupyeM 1o j ot 1 go N:

>

X
N
F(g)= 2 fpj(r — rj)exp(iZJ'crg)dV). Puc. 3.2.1. K ananutuuecko-
o MY BBIPAXEHHIO JUIS CTPYK-

TYPHOIi aMILIUTYbI.
O603Ha4YEeHUS BEKTOPOB:
exp(iang)=exp(i2nrjg).exp(in2(r—rj)g), I, ¥, ~ KOOPAMHATbI paccen-

Hanee npeobpaszyem

B4IOLIEro JieMeHTa 06beMa

Toraa W LeHTpa j-aToMa;
N . _ S, — NEpBUYHBIHA My4OK,
F(g)= Zexp(lZM‘jg) 'fpj (r-r;)exp(i2n(r - r;)g)dV S - audparupoBaHHbiil My4oK
J= 14 ‘

3aMeTHM, YTO MHTErpabHbIi YeH eCTh aTOMHBIH (aKTOp j-TOro aToMa
fj =fpj(r - rj)exp(12n(r - rj)g)dv.
4

Toraa MOXHO 3aMucaTh MOJYYEHHOE BbIPAXKEHUE ISt CTPYKTYPHOH aMIUTMTYAbI B BEKTOPHBIX
0003HaAYEHHUAX:

F(g) = 2 fj exp(i2m’jg)_
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Y1006BI NepeiiTH K CKAIIPHOMN (OpMe 3aTHUCH, HCIIONIB3YeM ONpeAeTICHHS BEKTOpa 06paTHOMH
peureTky U3 riasel 1.6. [ j-aToMa 3anuceIBaeTCs: rj.=xja+yjb+z,.c, MIpY 3TOM AJIS KaXJI0H co-

CTaBJAOLIEH HCITOJIB3YCTCH Macurtad YEpE3 OTHOCUTECIIBHBIC JOJIN COOTBECTCTBYIOLLUETO OpTA.
IIaJIee, 10 ONpeEACICHNUIO METPUKH O6paTHOI‘O NpOCTpAHCTBA!

g —ha +kb'+ic".

~ Terteps popmMysaa As CTPYKTYPHOH aMIUTMTYABI OTPaXKeHHs ¢ uHAekcamu (hkl) npuobpeTaer BUA:

N
F(hkl) = E fexp(i2n(hx; +ky; +1z))).

7=l
TO OHO W3 BAXKHEHUINX AHATUTHYECKNX BBIPAXEHHH B CTPYKTYPHOM aHAJM3e; KPOME Mpo-
3payHoOro GU3UIECKOro COAEPKAHUSL, ITY POpMyITy OTIIMYAET M0s1e3Has NPAKTHYECKas BO3MOXK-
HOCTb [TPOBEAEHUA HEMOCPEACTBEHHBIX PACUETOB KaK JUISl IEPBUUYHBIX OLIEHOK, TAK U B CITOXHBIX
CTPYKTYPHBIX 3a/ja4yax.

B o0iieM Bujie CTpYKTypHas aMIuuTyAa F ecTh KOMIUIEKCHAs BEIHYMHA U XapaKTEpU3yeTcs

aMIUIMTYA0H U (a3oil. B pazBepHyTOM BuAE MOXHO 3aMucaTh

F(hkD)=F +iF, w FhkD=|F(hkl)tg(c).

CoOTBETCTBEHHO, KBAaApaT MOAYJIS CTPYKTYpHON aMIUIMTYAbl HOCUT HAUMEHOBAHHUE — CTPYK-
TypHbIH pakTop

|F(hkD)*=F(hkl) F" (hkl).
B cTpyKTypHBIX pacyeTax 3Ta BEJTHUUHHA BXOJUT OCHOBHBIM COMHOXHTENEM B aHAJIMTHYECKYIO
($hopMy 11 HHTEHCUBHOCTH AM(PAaKLIHOHHOrO (HanpuMep, peHTTeHOBCKOI0) MaKCHMyMa

J=|F(hk D).

3.2.2. AHanu3 cTpyKTypHbIX aMmnautya. Cucremarnyeckue noracaHumsa

Hcrons3yeM MOMyYEHHOE BbIPAXEHHUE TIPH PACCMOTPEHUH HEKOTOPBIX XapaKTepPHbIX CBONCTB
PEHTIeHOBCKON TU(PPAKLIMOHHOIN KAPTHHBI M TUITHUYHBIX MIPUIOXKEHUN B CTPYKTYPHOM aHAJIU3E.

IIpumep: kpucmaun ¢ yenmpom unsepcuu.

IMycTh B 37IEMEHTAPHOM SUeiiKe KpUCTAJIIA UMEETCs LIEHTP CHMMETPHH B HavaJsle KOOpIUHAT
[[000]], Torna mobo# TOUKE X, y, Z CTPYKTYPBl COOTBETCTBYET IKBUBAJIEHTHAs (MO XapaKTEpHC-
THKE pacCeuBaloOLIeH ClTOCOOHOCTH ) TOUKA ¢ KOOpAUHATAMHU —X, —y, —z. OTCrOAa clieayeT, YTo Ta-
KMM TOYKAaM JOJDKHBI COMOCTABISATHCS aTOMBI OJIHOTO COPTa M BO3MOXKHO Npeobpa3oBaTs Gop-
MYJIy JUTS CTPYKTYPHOH aMITIMTYIbI:

N/2 N/2
F(hkl) ="y flexp(i2n(hx; + ky; +1z))) + exp(~i2n(hx; + ky, +12,))] = 2y f;cos(2mi(hx; +ky, +1z))).
=1 =

BuaHO, 4TO ISl HEHTPOCUMMETPHYHOU KOHPUTypaLK aTOMOB B SYEHKE CTPYKTYpHAs aMIl-
JUTYAA CTAHOBUTCS BEIECTBEHHOM BenMyuHOM. Teneps

tg(a) = % =0 nubo npu a=0, nudo npu a.=mx.
A

CooTBeTCTBEHHO, (pa3a paccesHHOTO CyMMApHOTO Jlyya MO OTHOLUEHHIO K J1y4y, paccesH-
HOMY B LIEHTPE UHBEPCHUU, MOXKET MPHHUMATH JHUIIb ABa 3HaueHus: 0 uam w. DTO o3HavaeT,
HATPUMED, UTO MpH pacinudpoBKe CTPYKTYpbl (0OpaTHas 3agavya gudpakuum) npodiieMa Ha-
yaspHOH (a3pl AUGParupoOBAHHOIO J1ydya CBOJAMTCA JIMIIbL K 3aJade O 3HAKE CTPYKTYpPHOM
AMIUTUTYABL.

Ilpumep: kpucmann ¢ 6azoyenmpuposannoi pewemxoiu muna C.

Vil peuteTk pacnosararotces B Toukax 0, 0, 0 u 1/2, 1/2, 0; Hanuune HeTpUBHATIBHOM
TPAHCIISLUU O3HAYAET, YTO aTOMY B TOUKE X, ¥, Z CJIEAyET CONMOCTABUTH JKBUBAJICHTHLIA aTOM B
Touke x+1/2, y+1/2, z. Torna Mo>XKHO COKpaTUTh BABOE MHTEPBAT CYMMUPOBAHMS

N/2

F(hkl) = 2 flexp(i2n(hx, + ky, +Iz,)) + exp(i2n(hx, +ky, + Iz)))-exp(i2n h ; 1y
&
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H 3aTCM HCIIOJIb30BATH HpCO6p330BaHHy10 3arimuch

s h+k
F(hkl) = 2 fexp(2m(hx, + ky, + Lz )1+ exp(i2n=—2)],
£

Pe3ynbTaT KOHTPONIHMpYeTCs BETMUHMHON B CKOOKe:
npu h+k=2n (1+exp(i2n)=2;
npu h+k=2n+1 (1+exp(in)=0.

OTBeT, KOTOpBIN 31€Ch MoJiydeH, o603HaYaeTcs Kak YCIIOBHE CYLUECTBOBAHUS OTPaXKEHHH
a5 6a30LEeHTpUPOBAaHHO# penteTku Bpase h+k=ueTHoE.

Hainbiii npumep winiocmpupyem easicroe c80ticmBo OUPPAKYUOHHON KAPMUHBL — LYECMBUMETLHOCb
K HempUBUAIbHLIM MPAHCAsYUsM. Hmenno ananus unoekcog peghnexcos, npucymemeyiowux na penmae-
HoZpamme, U yCMaHOBICHUC CUCIEMAMUYECKUX NO2ACANULE NOCTYHCUTU APSAMBIM IKCHEPUMEHMATbHBIM
ceudemenbemeom peansiiociu pewemox bpase (mpancasyuonnoix pynn). Hanomium, umo 14 eudos
KPUCMQUTUHECKUX Peuemok Obuiu é6edensl 6 X X 6exe Ha oCHOBAHUU Tulub MEOPEMUYeCcKo20 aHAMU3A.

He Tepsist 061HOCTH, MOXKHO BBIBECTH YCTOBUSI BOSMOXHBIX OTPaXKEHHHl 11 IPYyrUX THIIOB
UEHTPHPOBAHHBIX PEILETOK:

Tun pelerku CumMBoI VY Ci10BHS BO3MOXHBIX OTPaXeHHU
BbokoueHTpHpoBaHHAS A k+1=2n
boxouenrpuposanHas B h+[=2n
(Bce)rpaHeueHTpupoBaHHas F h+k=2nh+1=2n,k+[=2n,

unaue 2060psa, 1bo ece mpu undexca yemmvie, b0 8ce
mpu uHOeKca Heyemmble
ODBbEMHOLICHTPUPOBAHHAS I h+k+1=2n

[pumep: 60one X sunmosas ocs 2,

CyuiectBoBanue B CTPYKTYpE TaKOif BUHTOBOM OCH O3HAYAET, YTO aTOMy B TOUKE X, ), Z CO-
MOCTABSACTCS MASHTHYHBINA aTOM B TouKe x+1/2, -y, —z. Micnons3yem 3Ty cBsi3b B npeobpasosa-
HuU o01ei GopMyJIbL:

N/2

F(hkl) = 2 fj[exp(iz:rc(hxl. +kyj +lzj))+exp(i2n(hxj +%—kyj —lzj))].

M3 310ro BHAHO, 4TO NpaBUiIa MOTacaHMit GyIyT OrpaHUYHUBATD TONBKO BO3MOXHbIE MOPIAKH
oTpaxeHus ot mrockoctu (100). @opmanshas 3amuce: a1 peduexcos (h00) paspeleHs! THILE
h yeTHbIE,

Cxomuble paccysJIeHHUs!, TIPOBEACHHbIC [UIsl TIOOBIX APYIHX TUIOB BHHTOBBIX OCEM, TAKKE
TMO3BOJIAIOT CBA3ATH MHACKCHI PA3PELICHHBIX PEGIEKCOB C MOPANKAMU OTPaXeHUst OT KPUCTAI-
norpapuueckoi MIOCKOCTH, KOTopas NepneHIUKyIspHa TaHHON och cummeTpun. Hampumep,
ecnu BRosb ocH [001] Hanpasiena BUHTOBas OCh 6, KOHCTPYKTHBHAS HHTePhEPEHLIMS OT MIIOC-

xoctu (001) BO3MOXKHA TONBKO IS MMOPAIKOB OTPAXKEHHUsl, KPATHBIX 6: AMIIb pedeKchl THIA
(006), (0012) 1 T.1. 6yOYT BUAHBI HA PEHTTEHOI' PAMME.
Ilpumep: nrockocms ckonvzauwe2o ompascenun muna C naparnenvna (010).
B sToM citydae Touke (x, y, z) CONOCTABIAETCS IKBUBAJIEHTHAS ToYKa (x, -y, z+1/2). Torma
BO3MOXHA 3aITHCh:
N/2

F(hkl) = 2 fj[exp(i2n(hx]. +kyj + lzj)) + exp(i2n(hxj —kyj + lzj +é))].

31€ch I yCTAHOBIIEHUS! PABWIT MoracaHus HeoO6Xoaumo npupasHatk k=0. Torma mis rioc-
KocTel ¢ uHaekcamu (h0/) 6yner cnpaBemIuBO:

N/2

F(hkl) = 2 frexp(i2nihx, + ky; +1z,))-[1+ exp(iZJté)].

Takum obpasom, dopmanbHas 3anKch: TS IOcKocTedt ¢ uHaekcamu (A0/) ycnosue cyiecTBo-
BAHHS OTPaxeHUit: /=2n. BUIHO, 4TO 3TO MPaBUIIO OTHOCHTCA K 30HE MIOCKOCTEH; OCHIO 3TOI
30HBI ABJisieTCs HanpasieHue [010]; B 06paTHOM MPOCTpaHCTBE y3JIbl JAHHOMN 30HBI PACTIONOXKeE-
HBI Ha KOOPAMHATHOH TUTOCKOCTH X *OZ*,
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JIns Ipyrux TMAOB IUIOCKOCTEN CKOJB3AILEr0 OTPasKeHUs BBIOOD pa3pellieHHbIX pedIeKCoB
CTPOMTCS IO CXOAHOM CXeMe: NpaBKIa KOHTPOIUPYIOT CYIECTBOBAHUE OTPAXECHUH TS ITOCKO-
cTei, MPUHAJIEXAIHUX ONpeneseHHON 30He. Hanpumep, ecim CyLIECTBYET MIOCKOCTh CKOJIb351-
wero orpaxenns «n» ¢ uuaekcamu (001), popmanpHas 3anuch NPaBUIL 1S IUIOCKOCTEH THIA
(hk0) paspewienst h+k=2n.

3.2.3. KoHdurypaumsa obpaTHOM pelieTKn M NPpocTpaHCTBEHHas rpynna

[TpoBeneHHOE PACCMOTPEHHUE TIO3BOJIAET CENATh HoJIee MPeIMETHBIM MOHATHE 0OPaTHOM pe-
LIETKH, paHee BBeJeHHOe B rinase 1.6.
JI1s HATTISAHOCTH, TIPEACTABUM MMOJTYUEHHbIE BhILLIE JAHHBIE O CHCTEMATHYECKUX MOraCaHUsIX
B BHI€E ()ParMeHTOB OOPATHBIX PELIETOK Ha cXeMe puc. 3.2.2.
(a) v* B B b D= Kongueypayusi (a): paspelueHHbIE Y3JIbl
: 06pa3yioT B 00paTHOM NMPOCTPAHCTBE PELUET-

o *» 0 * : -
ot 2 ™ B Ky C IEpHOOM 2a*, 3Ta peleTKa no pacnoso

x O O = O =« KEHHUIO y3JI0B MMEET BU LEHTPUPOBAHHOMN 1O
0 *
o L o W X BCEM IPAHSM; UCXOAHAS CTPYKTypa B MPOCT-
o 00% 200 o 400 paHCTBE KPHCTA/Ia OTBEYaeT 0O BbEMHO-IIEHT-
3 = R 3
PUPOBAHHOM peLIETKE.
o 8 @ = 9 . Kongueypayust (6): pa3pelieHHbIE Y3IIbl B
. 00paTHOM MPOCTPAHCTBE He 0OPA3YIOT NEPH-
(6) IY h00- h=2n OJIMYECKYI0 PEIETKY, T.K. BIOJb JIBYX OcCei
© 0 000 00 0kO: k= 2n KOOpAMHAT YABOCHHBIE MEPUOABI IOBTOPSE-
MocTtd (2a* u 2b*) HapywiaroT o0liyio nepuo-
o o o 0 o o Y
JUYHOCTB Y3JI0B; UCXO/IHAS KpUCTAJUIHYECKAs
o o o .
d Tos” © @ pelerka — MpUMUTHBHAA, B CTPYKType AEHCT-
o o © 0 o o0 x* BYIOT JIB€ BUHTOBBIE OCH BTOPOIO MOPAIKA.
-—0 Q( = o5 ;1’(\)0 > Kougueypayus (8): paspellieHHBIE Y3iIbl Ha
) 7 -k ok -
o o oo o o KOOPAMHATHOM MIOCKOCTH X *oz* 00pasyioT
CETKY, MEPHOABI KOTOPOH He BOCIIPOU3BOIAT-
v ca B 00OLIEM 00beMe 0OPaTHOTO MPOCTPAHCT-
(8) hOl: [ =2n Ba; MCXOAHas KPUCTAJTMUECKas pelerka —
QO gy 0 @@ NPUMUTHBHAS, B CTPYKTYpe AeHCTBYeT IIoc-
« = x x = x KOCTb CKOJIB3SILEro OTPaXKeHH .
00 b&do0o 00 O MTak, B Kax/I0M TPHUBEICHHOM IpUMEpE
iy CTaHJapTHAs CeTKa OOpaTHOM peleTKH, 11o-
® n 3 k 3 k 3 ®
100 0 X* CTpPOEHHAsl COMTACHO COOTHOIUEHWSIM Mapa-
300 P
000 200 _ 400 rpada 1.6.3, oxasbiBaeTcss MoaAMGULUPOBAH-
LI 6 o o o HOM 3a CueT MpaBWII MOTAcaHU JaHHOH npo-
CTPAHCTBEHHOMW T'PYNIbL.
Puc. 3.2.2. ®parmeHTbi cevueHuit obpaTHo# pe- Ha 3TOM OCHOBAaHHMH TIPEICTABIIACTCS yMe-

LIETKM /18 IPOCTPAHCTBEHHBIX rpymi: (a) Im3,
(6) P2,2,2, (8) P2/c,

O - BO3MOXHBIE OTpAXECHHUA, X — 3alPELICHHbIC
OTPpaXEHNUA

CTHBIM BHOBb JOTOJHUTH «AOChE PAIHUHUI»
MEXAY MOHSATUSAMH KPHUCTAJUIMYECKOH M 00-
paTHO# perueTok. Ui KpHCTAIIIMYECKOH pe-
‘ LIETKH TPAHCAALUUOHHAS MEPUOIAHYHOCTD
OJMHAKOBBIX IEMEHTOB CTPYKTYphl SABJISETCS UCXOAHBIM (PyHIAMEHTAIbHBIM ycnoBueM. s
06paTHOM pelIeTKH YCIOBHIO MEPHONIMYHOCTH OAYHHEHA TONBKO METPHKA, TOCKOJIBKY OCH KO-
OpIMHAT U MO3ULMH y37I0B 0OPATHOTO MPOCTPAHCTBA XKECTKO 3a[aHbl OCAMH M NapaMeTpamMu
3MEMEHTAPHOI UelKY KpUCTaLia. i MTOrOBOH (JOCTYMHOM KCNIEPUMEHTY) KOHBUTYpaLHH
pa3peILeHHBIX y3I0B 00paTHOH pelieTky ob1was TpaHCIAUMOHHAS [IEPUOAUYHOCTb OTHIOAB HE
ABJsieTca 00sa3aTeNbHBIM TpeboBaHueM. Tak, B IpUuMepax, MPUBEACHHBIX BBIIIE, TOKA3aHO, KAK
obias TpaHCISALMOHHAS EPHOANYHOCTD Y3JI0B OOPAaTHOMN PELIETKH YTPAUUBACTCS IPH HAJH-
YMH B CTPYKTYPE BUHTOBOM OCH MJIH TUIOCKOCTH CKOJIB3SLUETO OTPAXEHHUS.

J1/g KaXI0ro KOHKPETHOr0 KPUCTAJUTHYECKOTO 00beKTa 0OpaTHas pelieTKa CTPOUTCS, Kak
«MHAMBUAYANIbHBIM HOCHTEB» IUGPAKLIMOHHBIX XapaKTepuCTHK. CllenyeT MOAYepKHYTh, YTO B
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JaHHOM abCTPaKTHOM 00Opa3se Tpe/CTaB/IeHbI ONpe/esieHHbIE YPOBHU CTPYKTYPHOI HH(pOpMa-
UMK, M3BJICKaEMbIe U3 CTPYKTYPHOTO JKCIiepUMEHTA. BUAHO, 4TO aHaIM3 CBOMCTB CHMMETPUM
00BEKTa HA yPOBHE NPOCTPAHCTBEHHOMN IPYIIIbl OCHOBAH Ha MPABHUIAX 0T6Opa AT MPUCYTCT-
BYIOILMX y3JI0B. DTO O3HAYAET, YTO A PELICHHs 33J1a4M O MPOCTPAHCTBEHHOM IPYIIe KpHC-
Tasa TpebyeTcs ONnpeaenuTh No TMGPaKLHOHHON KapTHHE HHAEKCHI pediekcoB (MPOHHINLIM-
POBAaTb PEHTICHOTPAMMY); CIIEAYIOIMH ITall — TIOTMYECKHIA: ClIeyeT MPOBEPHUTH, AEHCTBYIOT 1
B MOJIy4eHHOM Habope crienuduyeckue npasuna noracanuit. [loquepknem, uTo He Beerma pe-
LUEHHE STOH 3a/[a4M JIHILIb N0 PEHTIeHAM(PPAKUMOHHBIM 1aHHBIM OKa3bIBACTCS PUHLHMITHATIBHO
ORHO3HAYHBIM. HeomnpeeneHHoCTh BEIGOpa CBSI3aHA C (pYHIAMEHTATBHOM dazoBoii mpobaemMoit
OTTHUKH : KBAIPATHYHOE IETCKTUPOBAHKE HE MO3BOJISET PA3IMUUTD YYaCTHE LIEHTPA UHBEPCHH.
Hanpumep, npoctpancreennbie rpynmst P2, i P2,/m oka3sIBaroTCA HepasaMuuMBbl 110 MPABHIAM

noracaHuii. B mogo6HbIx ciiy4asx sKCHepUMEHTATOP MOMYYAET JNLIb HA6OP BO3MOXKHEIX «PaB-
HOMPAaBHBIX» BAPUAHTOB MPOCTPAHCTBEHHOM I'PYNITbI AJIS HCCIAEAYEMOM CTPYKTYphI. J1s ofHO-
3HAYHOIO BHIOOPA NPOCTPAHCTBEHHOMN IPYINIBI, KPOME KPUCTAUIOXMMUUYECKHUX (YITAKOBOYHBIX U
T.IL.) YMO3aK/IIOUEHHH, MOXET MOTPe6OBaThCA MpPHBIIEYEHHUE HOMOIHUTENBHBIX IKCIIEPUMEH-
TAJIbHBIX METONMK, B TMPHHLMIE YYBCTBUTENBHBIX K (DEHOMEHY LEHTPOCUMMETPHYHOCTH (Ha-
[pUMED, IBYITy4ENPENIOMIICHUE, IIMPOIJIEKTPHUECTBO, Mbe303hdEKT U Apyrue).
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Masa 3.3

PACCEAHUE HA KPUCTAIE.
MHTEPOEPEHUUOHHASA ®YHKLUA NAYI

3.3.1. NocTaHoBKa 3aga4n

[Tocrte TOTo, KaK paccMOTpeH 3h(heKT KOHCTPYKTUBHOM UHTEP(hEPEHIIMH TTPU PACCESHUH [PYIINOiH
ATOMOB U BBEEHO IOHSTHE CTPYKTYPHOM AMIUTUTY/IbI, MOJIE3HO MEPEHTH K PACCESTHUIO KPUCTAIL! OM
KaK COBOKYITHOCTBIO JJIEMEHTapHBIX siueek. Pelnenne Takod 3afauu ABJISETCS CaMOAOCTATOYHbIM,
IIOCKOJIbKY MO3BOJIAET HE3ABMCHMO BOCIIPOM3BECTH YCIIOBUS BOBHUKHOBEHMS! MM(PPAKLIMOHHBIX MaK-
CHMYMOB M TIOJTY4HTb 50JIee MOHYIO CHCTEMY CBEIeHUI O CBOMCTBAaX OOPaTHOIO NPOCTPAHCTBA.
HcxonHble MpearnoioxkeHuss 0003Ha4arnTca TEPMUHOM paccesi-
/ HUe HA MAOM KpUCMAaiie:

1) KpHCTa/T IMEET COBEPIICHHYIO NIEPHOANYECKYIO CTPYKTYPY;
L, 2) KpUCTa/l MaJIblif, T.€. MOTJIOLIEHHE HECYLLECTBEHHO;
- 3) KpHCTaJI MaJiblii O CPaBHEHMIO C PACCTOSIHHEM 10 TOUKH Ha-
v 6monenus (MI0CKas BOJIHA, PErUCTPALMS B NATIbHEM [10JIE).
L, JUts ynpolieHus aHaTUTH4YeCKOH (GOpMbl NPEACTABHM KpHC-
Ta/Ul B BH/E Mapajuiejienunena ¢ pedbpaMu, OpUEHTUPOBAHHBIMU

Puc. 3.3.1. K 3anaue no ocsm pewerku (puc. 3.3.1). Pasmepst kpuctamna L =Ma,
O pacCesiHUM HA MasioM

KpuCTasie

A
v
=

[}

L2=M2b, L3=M3c, oblee YUCIO 3IEMEHTAPHBIX  AUYEEK
M=M M,M,. Tekyllyi0 HyMepaLHIO TYEEK B KPHUCTAILIIE 0003Ha-

YUM LIEITBIMY YHCIIAMH M, R, p; IJIEMCHTApHAaA sueika COOCPXKHUT N aToMoB; Hauajlo KOOpAUHAT

SAYEHKH COOTBETCTBYET rmnp; J-TBIH ATOM BHYTPU SYCHKH HMEET KOOpAHUHATY r=rmnp+rj. Oobuee

YHCITO aTOMOB B KpHCTasuie onpedensercs, kak MxN=M xM,xM xN.
3Ha4eHUs HHIEKCOB MEHSAIOTCS B Ipeaerax;

m=0,1,2, ............ , M -1,

n=0,1,2, ............ , M1,

P=0, 55 2, comvesassens , M1,
J=L2, , N

3.3.2. Cxema pelieHmnna

MO>HO 3amucaTh aMIUIMTYdy PAcCesHUs j-TOro aToMa B siyeiike HoMmep [[mnp]] B Hanpase-
HHUH, COOTBETCTBYIOILIEM BOJHOBOMY BekTopy k-k,=g ¢ yueTtoM mpuusToro 0o603HaueHus u Be-

JINYUHBI PAa3HOCTH (1)33 IO OTHOLICHHUIO K HaYajly KOOpAWHAT KpUCTaJljad:

E,. ; =E.f exp(i2nrg) = E, exp(i2nr,, ) f;exp(i2nr;g).

mnp, j

Janee, TpebyeTcs IPOCYMMHPOBATB 110 BCEM aTOMAM KPHCTAJLIA U 110 BCEM YETBIPEM HHICKCAM:

M -IM—1M5-1 N

E, =E, 2 2 2 Zexp(iZJtrmnpg)fj exp(i2nr,g).
m=0 n=0 p=0 j=
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IMocne pa3IcicHUsA 3HAKOB CYMMHUPOBAHMUS MOJyYaEM:

M-I M1 M-I

E, =E, 2 Z 2exp(z2n "pg)2f exp(i2nr,g).

Buono, umo nocaeonss cymma (no «j») cosnadaem c evipaxcenuem ons cmpykm YPHOU amMnaumyobt

u3 npedeidyweii 2nagvl. Hado nomuume, odnako, umo eekmop g onpedenen nutub Kax Koopounama

MOYKU 8 0OPAMHOM npoCmparcmee; yciosue, 4mo smo 0oadxcen Bbimb paouyc-eekmop y3na o6pam-

HOU pewemKu, Ha OGHHOM IMane He 8600UMCA: “HAM NOKA HEU3BECMHbL ypasHeHus oudpaxyuu .
Hlanee 3amucbiBaeM B COKPAILEHHOM BHJIE

E =E,-®F.
31ech
M -1 M-I M-

D= 2 2 2 exp(i2nr,,,g) — nHTepteperunonnas gynxius Jays.
mm p=
BoinuceIBaloTCs cKanspHbIe MPe06pa30BAHMS MOKA3aTe/eH IKCIIOHEHT. BekTopsl UMEIOT B
g=pa +nb +vc',
r,. =ma+nb+ pc.

3nech W, M, v MOTYT NIPHMHMMATD LIENOYUCTIEHHBIE H APOOHbIE 3HaueHus. [is CKaJISIPHBIX MPOM3-
BEAEHHUH MOJTyyaem:

gr,,, =mu+n+ pv,
gri=xu+ymn+zy.
B utore

N
F(unv) = 2 frexp(2n(x p+ y m+z,v)),
2

M -1 M-I M;-1

@ (unv) = 2 2 2 exp(i2n(mu + rm + pv))
INepexons x MHTEHCHBHOCTAM, MTOIyYaeM:

* @)l

c Cc
J, =_8_J.;.|Ek|2 =§.

- UJIH

Jo=J.: * e )

3nech |<D(m]v)|2 =@(unv) @ (uNV) HOCUT HAUMEHOBAHHUE UHMeEPPepeHyUOHHbILE paxkmop unmen-

custocmu. Ero noseJieH!e NPH H3MEHEHUH HHIIEKCOB (1, 1], V ONPEAENSET H36UPATENbHOCTb pac-
CeSHMUH, T.€. YCIOBUS BO3HMKHOBEHHS MaKCHMYMOB HHTepEPEHLIUH.
BuaHo, 4To B TPOiHO# CyMMe Mo HHAEKCaM BO3MOXHO pa3fielieHHe HAa COMHOXKHTEH:

M -1

M1 M,-1
& = ) exp(i2nmp)- 2 exp(i2nnm)- 2 exp(i2mpv)
n= p=

ma=l

2 ey 2 2
o] =l @l @)
PaccMoTpuM oaHOMepHBIi parMeHT Kak IpOrpeccHio
M, -1
D(n) = E exp(i2mmp) = 1 + exp(i2np) +exp(2-i2mu) +...... + exp((M, - 1)-i2nu) .
m=0

" Cymma Takoit mporpecciu
_exp(M, -i2mp) -1
exp(i2mu) -1
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Terneps MOXHO MOJIY4UTh HHTEPGHEPEHIMOHHBIH (HaKTOp, KaK KBAApPAT Sinc-QpyHKUHH:
. 2
« sin” (M
& ¢ =0 (2 i
sin” (mp)
CpoiicTBa MHTEpGhEPEHIIMOHHOM (YHKIIMM NOACHSAIOTCA Ha cxeme puc. 3.3.2. Buano, 4to sta
BeJTM4MHA oOpalaercd B HyJb IIPH BCEX

2 Ipu nenvix 3Hauenusix u=1, 2, 3,... obpa-
I{AIOTCA B HYJIb U YACIIUTEND, H 3HAMEHATEb,
BO3HMKAET HEOIPEACICHHOCTh;, mocne aud-
depeHurpoBaHus no npasuny Jlonurans mno-
Jy4daem:
sin* (M ) _, 2
=M,
sin“(mp)
MpHU JI0O0M LIETIOYUCIIEHHOM .

Taxkum o6pa3omM, 1aHHOE OJHOMEPHOE pac-
npeaeieHNue UMeeT TIaBHble MAKCUMYMBI, CUC-
TeMy HyJieil ¥ MOOOYHBIE MAKCHMYMBI, TMUKa-
3aHHble Ha puUcyHKe. COOTHOLUEHUE BBLICOT
MaKkCUMYyMOB: riiaBHbli — 100, nepBbIii Mo6o4-
HEIH — 4.5, BTOpO# obounslit — 1.6 u T.0. Hy-
1 GYHKLMH OnpefesoTcs napaMeTpoM 1/M,
HHA4Ye TOBOPSA, IIHPHHA MAKCMMYyMa 3aBUCHUT
OT YMCJIa SYeeK KPUCTAJIA BIOJIb JAHHON OCH. B TpeXMEpHOM OMUCAHUH MOJIOXEHHUS I1aB-
HBIX MAKCHUMYMOB TPeOYIOT BHIONHEHHS ycinoBust u=h, n=k, v=I.

[@hkt)| =M} -M}-M}.

-1 0 , 1

Puc. 3.3.2. MakcuMyMbl H MUHUMYMBI HHTED-
(epeHLHOHHOMH QYHKUNN B ODHOMEPHOM pac-
npenencHUH

Torna 0611[66 BBIPpAXCHHUE IS WHTEHCUBHOCTH KOHKPETHOI'O III/I(bpaKHI/IOHHOI'O MaKCUMyMa
J (hkl) = J - M*-|F (hkD)|".

TeM caMbiM MONy4YeH HEOOXOMUMBINH pe3ynbTar: (pakTHUYECKH B MPOBENEHHOM PAacCMOTPEHHMU
BOCIPOU3BOIUTCSA AU(PPAKIIMOHHOE YPABHEHHE:
npu h, k, [ — uensix yncnax quppakUHOHHBIA MakcuMyMm 3aaan k-k,=g(hk/).

TMpu 3TOM B IPOCTPAHCTBE BOJTHOBBIX YHCEN (PUKCHPYETCS CHCTEMA TOUEK /ISt TIaBHBIX MaK-
CHMMYMOB, KOTOpasi U 00pa3yeT 0OpaTHYIO PEILiETKY.

3.3.3. ®opma U pa3mepbl y3noB 06paTHOW peLueTKu

JIs paccMaTpUBaEMOro KpHCTAIlTa pacnpeieneHue HHTepHEepeHUMOHHOM QYHKUMHU cXema-
THYecKH H306paxaercs Ha puc. 3.3.3. JIuHeiHble pa3Mmepbl Y3/0B (ITIABHBIX MaKCHMYyMOB)
BIOJb Ka)XI0H KOOPAMHATHON OCH 0OpaTHOM PEHIETKH 3aJaHbl Pa3MEPOM KpPHUCTalIa (YMCIIOM
sueek) BIOJIb JAHHOTO HanpasieHus kpucrauia. Kak BugHo u3 puc. 3.3.2, Ha rpaduxke sinc-
(YHKUHMHK pacCTOSHUE OT min X0 mMin B OTHOCHTENBHBIX EMHHKIAX cocTaBnseT 2/M,. B Maciura-
6e obpatHoro mpocrpaHcTBa Ox*=a*2/M,. Torma o6mem y3na oOpaTHO# peLICTKHU
V*=8a*b*c*/(M,M,M,) cBsi3aH 06paTHBIM COOTHOLLEHHEM ¢ 06BeMoM V=abc(M M, M,) kpuc-
TAJUTMYECKOT0 00BEKTA, YUACTBYIOLIEro B Ipoliecce AU(paKLuu.

MOXHO CHeNIaTh KOIMMYECTBEHHBIE OLeHKH. MMeeM kpucTarmiueckuit obpasen — KyOuk co
cropono#t L,=0.1 MM=102 cM; anemenTapHas sueiika a=10A=10"7 cM; uHCcIO sueeK
Ml=Ll/a=105; LIMpHHA y3na o6paTHol pemerku 8x*=2-10% A™! ; ucrone3yerca K -usnydenue
meanoro anoma A=1.54 A, [k|=0.65 A-'. CornacHo noctpoetuio puc. 3.3.3, yriosas WHPHHA K-
dpaKUMOHHOrO MAKCHMyMa B HAMpPaBlIeHUH BEKTOPA K OLEHHBACTCS KaK

8506=58x*/|k|=3.08-10° pamuan =0.2 yrioBbIX CEKyH/bI.
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ITocnedosamenvuslii ananus ceoicmes uii-
mepgepenyuonnoil ¢yukyuu ¢ coomeemcm-
suu ¢ obugumu npunyunamu ougpakyuu Ppa-
yueogepa obecneuusaem 6onee noanoe onu-
canue «cybcmpyKkmypoly pacnpeoeneHus uH-
mencugHocmu 6Hympu sueiiku obpaminoll pe-
wemku. B mepmunax ¢usuueckoi onmuxu
@yuryus @ onpedenena 6 obpammom npocm-
paicmee u Kaxcowlli yzen (MaKcumym) onu-
cbleaemces Kak @ypve-obpas enewnux gopm
Kpucmanauiecko2o obvekma. 3dece ymecmHo
HOOYEPKIyMb CHO8A pazodenelnue ROHAMULL.:

Mempuka 06pamHo2o npocmpancmsa —
3amo & boavbwei cmenenu opmansras mame-
Mamuueckas npobrema;

obpamuas pewemxa u 8ud unmepgepen-
YuonHou Gynkyuu — 3mo obpasioe npeo-

y*
el
[ ]

N ° ° °
— N
K, ~
17
010 ® [ ] ®
///
//
rTe ® ° _:
000 100 200 300 *

Puc. 3.3.3. Pacnpenenenne uutepbepeHUMOHHOM

GYHKLIMH B Ce4eHUH OOPAaTHOM PELIETKH: TOYKH —

MO3ULMH INIABHBIX MAKCHMYMOB, JIHHHUH — «HYJIH
byHKUMU», TTaBHbIE U NOGOYHbIE

CMasaenue KOHKpemHo20 Qu3u4ecko20 IKCnepumenma, 30ecb Ha KOHQU2ypayuro e1usIom pamep
KpUcmana, yuacmeyroueco 6 Ougpakyuu, OMuHa 80aHbl, 2e0MeMpUs IKCREPUMEHMANLHOT CXEMbl.

B 3mom nodxode cmanogumesi NOHAMHbIM pacnpocmpanenitblii mepmun — obpamnas pewemxa
Kkak «F7-meno». Pacnpedenenue unmepepenyuoniio2o gaxmopa nakiaosiéaem ocHosHble YC108Us.
HA RUKOBYIO UIMENCUBIOCHTL U NPOPULL OUPPAKYUOHIIO20 MAKCUMYMA 8 KOHKPEMILOM IKCHEpuMeil-
me. B paccmompentiiom evluie npumepe pasmbimue peghaekca okazanoce nesnavumensiiim. Kak 6y-
dem nokasano 6 yacmu 4, cywecmeyiom ceoeobpasile CUMyayuu Pu3u4ecKoz0 Mamepuaiosede-
nust (HQnOKpucmaibl, 08yMepHble CA0U 1a KPUCMALIUECKOU ROBEPXHOCMY, cmpyKkmypa ouchep-
CUONIO-MBEPOCIOUUX CRIABOE, NOCMOSHHBIX MAZHUMO8 U 0. ), 20¢ 0cobenocmu Ou@pakyuonno-
20 IKChepuMenma Konmpoaupyliomes pe3ko anuzomponioi opmoi yzna obpamnoii pewiemxu.

6-445
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Masa 3.4
PA3JTOXEHMUE B PAQ ®YPLE U NPUHLUMNDbI CTPYKTYPHOI'O AHANTU3A

3.4.1. TpexmepHbIA pAa 3NEeKTPOHHOW NMOTHOCTH

OCHOBHBIE TOJIOXKEHUSA VTSI PEHTT€HOBCKOH paciiMdpoBKH aTOMHOH CTPYKTYPBl OCHOBBIBA-
IOTCS Ha MPENCTABJIEHHM KPHUCTAJUIa B BUIE HEMPEPHIBHOTO MEPHUOJUYECKOTO paclpeleieHus
3EKTPOHHOMN MIOTHOCTH. JTa pu3Myeckas MojeNnb, He Tpedylomias yuera aTOMHBIX faep, otoc-
HOBaHa peaJbHBIMM XapaKTePHUCTUKAaMU YIIPYTrOro pacCesHUs 3ACKTPOMArHHTHOTO U3JTy4eHHs
B TBepAbIX Tenax (cm. . 3.1).

KpaTkoe M3JI0XKeHHe MOCTAHOBKH 3a/1a4y HaYHEM C WHTErpajabHOi (GOpMBbI 3aIMCH CTPYK-
TYPHO#M aMIUTUTYIbI, IPEACTABICHHON paHee:

F(g) = fp(r)exp(i2n(rg)}dV.

IT0 KOoCTATOUHO O6ILEe BhIpaXKeHHE W1 ONTHYECKOH 3a1auH (B npubmmxenun PpayHrode-
pa) O paccesiHUH MTOCKOMH BOJIHBI, B IPHHLUMIIE, IPUTOIHO M I aTOMA, U U MOJIEKYJIbI; B IAH-
HOM CiTydae CyObeKTOM paccesiHHsS CUMTAETCH JIEMEHTAapHas AYeHKa KpucTaia.

[MepeiineM Kk 3anucu Ui $hasbl yepes3 CKaIsApHbIE NPOU3BENCHHS B MTOKa3aTelle IKCIIOHEHTEI,
HANOMHUM 0003Ha4YeHus u3 ri. 1.6:

g=ha +kb +Ic,
r=xa+ yb+zc.

3nech h, k, | — nesble uMcna I JAHHOTO OTPa)KEHUS; KOOPAWHATHI X, ¥, z IPUHAMAIOT 3Haye-

Hug ot 0 mo 1;
X, » %

SR TR

Xp V2~ KOOPAWHATHI TOYKHU B aHICTPEMAX.
C Y4€TOM CKA3aHHOr0O MOXXHO 3aIHUCaTh!:

abece

F(hkl) =fffp(x,y,z)exp(i2 Whx +ky +12))dx dy dz | =

11
= Vofffp(x,y,z)exp(iZn(hx +ky +1z))dxdyd:z.
000

Teneps chopmynupyem cBoiictBo GyHkuMH p(xyz). Pacnpenenenue 3n1ekTpoHHOH IJIOTHOC-
TH YAOBJETBOPSET ycnoBusaM Jupuxie: QyHKLMA HEMpepbIBHASA, NEPUOIMYECKAs B TPEX U3Me-
PEHHUAX, UMEET MPOU3BOIHYIO B KaX10H TOUKeE X, y, z. COOTBETCTBEHHO, BO3MOXHO Pa3oXeHHe
B TpexMepHbIi psn Pypbe:

® ® ®

pxyz) = E 2 EKW exp(—i2n(px + qy + rz)).

—~00 —2 -
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3anucana SKCMOHeHNUHaNbHas GopMa psima Kak camas KOMMakTHas. 31ech KodddHUHEHTHI

qur=qur—inqr CyTh KOMIUIEKCHbIC BETUYNHBI, 3aBUCSLINE TOJIBKO OT p, ¢, .

Cnpaska uz mamemamuxu 013 00HOMEPHOZO CAYHAA.
1) Hcxoonas 3anuce psoa @ypee

f(x)=a, + i(an cos(2mn2) + b, sin(2rnl));
’ n=l a a

2) Lenmpocummempuunas gopma moeo sce paoa
f(x)= E (A, cos(2nn ﬁ) + B, sin(2nn ﬁ)) ;
_ a a
3) «Kocunycnas» gopma sanucu

- x
f(x)= ZC" cos(2mn P P,)

f(x)=C,+ 22C,,cos(2nn f— 9,
4) Dkcnonenyuanshas gopma
f(x)= 2 K, exp(-i2nnZ);
= a

CxBo3Has cBs3b MeXIy KO3bHLHEHTaMU albTepHATHBHBIX GOPM 3aTTHUCH
K, =C,exp(-ig,) = A, +iB,;
a b a .b
A=A, =", B=-B, =", K ="_4+i",

2 2 2 2
Hanee ucrione3yercs CTaHAapTHas JIOTHYECKas CXeMa 3a1a4u o KoadduumnenTax pana Oypoe:
1) Iloncrasnsiem pasnoxenue p(xyz) B UHTErpasbHyIo popmy F(hkl):

111

F(hkl) = E 2 2 f f fVoqu, exp{-i2n(px + qy + rz)}-exp{i2n(hx + ky + Iz) }dxdydz .

3nech V¥ — 06beM 3neMEHTapHO# SUeiKH.
2) PaccMoTpuM npeobpa3zoBaHus HHTErpala BUAA

f exp{i2n((h - p)x)dx = j’ cos(2n(h - p)x)dx +i j‘ sin(2n(h - p)x)dx =

_ sin(2n(h - p)) vi —cos(2n(h - p)) . 1
T 2n(h-p) 2n(h-p)  2n(h-p))

Ilpu h v p uenbix BCeraa MHTErpas paBeH HyJO, KPOMe cilydast h=p, KOTIa HeoNpeaeIeHHOCTb
packpseiBaetcs kak sin(0)/0=1. Oto o3HayaeT, 4To B NOIHON dopMe psina Beerna F(hkl)= LN -

T.€. U3 TPOHHON CyMMBI COXPAHSAETCA €AMHCTBEHHBIH WieH, JUIst KoToporo p=h, g=k, r=I.
3) Urak, koabduumeHT psaa:

F(hkl
Ky = v )
0
Jlnst HyneBoro wieHa psiaa
F(000) _
Koo = Ay =2 = 5(292),
0

TO €CTb CPeAHEMY 3HAYEHUIO (PYyHKLMM MO NEpHOAY pasoxeHus. Bo3mMoxHa u apyras 3amuch
IUT CTPYKTYPHOMH aMIUIMTY/ABI B HATIPABIIEHUH [1aJAIOUIErO JIyYa:

F(000) = Vofffp(xyz)dxdydz = 221._

5%
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Taxum o6pa3zom, rnosyyena urorosas popmyna
1 oo x ®©
p(xyz) =— F(hkl)exp(-i2n(hx + ky + Iz))
VO hZoc k=2—oc 120

O6paTnM BHUMaHME Ha COOTBETCTBHE pa3MePHOCTH [p(xyz)]=cM~. YMeCTHO 31ech MpUBECTU
anpTepHaTUBHBIE POpMbI paaa. Ucnonb3yem

F(hkl) = |F (hkl)|exp(io,,),

e |F (k) = \[F;(ikl) + F (hkd;
F, (hk)

18 () = FA(hkl).

B 3THX 0003HaYEHUSIX

[T]

©

p(yz) = — > z | F(hkt)|cos[2m(hx + ky + 12) = 01y, ];

v() H=-0 k== [=—00

[IT}

BB = — 2 E 2 F, (hkl)cos[2n(hx + ky + [z)] - iF, (hkl)sin[ 2r(hx + ky + [2)] .

VO h=—00 k==00{ =00

3.4.2. CemeitcTBO BONH Pypbe n obpaTHas pelueTka Kpucranna

Lenmp cummempuu o6pamioti pewemxu. IlonydeHHbIE aHATUTUYECKHE BBIPAXKEHHS MOJIEZHO
UCIIOIB30BATh JUIA (PU3UUECKON TPAKTOBKU KOHGUTrypauuu OOpaTHOH PEIIETKH H OCODEHHOC-
Teil TMPaKUMOHHOTO IKCTIEPUMEHTA.

ObpalllaeM BHUMAaHHUE, YTO B Psill C KOMIUIEKCHBIMU KO3(QQHULHMEHTAMHU pa3iiokKeHa Heco-
MHEHHO BELLECTBEHHAs BENMUYKHA — pacrpenesieHne p(xyz) 3lIeKTPOHHOH MITOTHOCTH. DTO BO3-
MOHO TOJIBKO [PH BHITIOTHEHNUH YCITOBUS: KAX/I0MY YIEHY PSJIa COTIOCTABIISETCS BXOAALIMIA B
CYMMY KOMIUIEKCHO-COTIPSDKEHHBIN YiIEH A, ¥ TOTAa CyMMa psla CTAHOBUTCS BELIECTBEHHOM.
TeM caMbIM, 3a[laHa XecTKas CBA3b Mexay koaddrunentamu Pypee:

F(hkl)=F"(hkl)
M, 3HA4YUT,
|F(hET)| =|F(hkD)|, a(hkT)=—o(hkl).

OTcioaa CilelyeT, uTo peanbHbl 06pa3 0OpaTHON peLIeTKH, Wi F2-1eno, o61aaaeT HeHTPOM
MHBepcuM B Hauasie KoopauHat (000); uHa4Ye roBops, ABa y3na pewetkH (hkl) u (-h —k —I) Bcerna
MMEIOT OfMHAKOBBIH «Bec». HanmoMHUM, YTO HHTEHCUBHOCTH onpenensercs, kak J~F? . Creno-
BATEJILHO, €CIIU B PACIIOJIOKEHHHA U MHTEHCHBHOCTSX AUGPAKLHOHHBIX MAKCUMYMOB Ha pEHTIe-
HOrpaMMe YCTAHOBJIEH LIEHTP HHBEPCHH, 3TO €l1€ HEe CBHUAETENbCTBYET O LEHTPOCHMMETPHYHOM
TOYEYHOM rpymne Kpucrayuia. Hanpumep, Kpucmann ¢ moueuHol 2pynnoti 2 npu cbemre 6001b 0Co-
601l ocu nokasicem Ha 1AYIZPAMME NAMHA, PACHONONCEHIIbIE 8 COOMBEMCBUU C OCbIO 8MOPO20 NO-
paoka. Eciu nogepryme Kpucmait u pacnonoicums och 2 nepnenoukyisipHo nepeuiHomy nyuky, Ha
JAYIZPAMME PACRONONCEHUE NsimeH Bydem 0eMOHCIPUPOBAmb NAOCKOCMb 3ePKANbHOU CUMMEMPUU.
Ima cummempust «m» ROXYHUNACh, KAK PEe3YIbMam nepemHoNCeus NOOPOMIOT OCU KPUCIMANNA U
YeHMpa uHepcuU, 8ce20a nPUCymcmayouie2o 8 obpammnoi pewemke. M3 amoeo npumepa credyem,
YMO U KPUCMATbL 2PYRAbL 2, U KPUCIMAIbL 2PYANbL M, 0a0yMm HA 1ay3zpamme makylo xce (no cum-
mempuu) Kapmuity, kak 2/m. Dmom genomen, ocrosanibiii na obweil 01t ORMUKU npobreme K8ao-
PAMUYHO20 0eMeKmUPO8anUs, 8 IUMepamype uno20a 0bo3navaemcs Kak «3akon Ppuoens».

TakuMm 06pa3omM, CbeMKa Jlay3rpaMM Mo3BOJISEeT YCTAHOBUTh CHHIOHHIO KPUCTAILIA U TO- -
YEYHYIO TPYIINY «C TOYHOCTBIO IO LEHTpa HHBepcuu». [ToaToMy B muTepaType Hcnonb3yeTcs
TEPMMH JIay3IBCKH Kjiacc 11 0003HaUYEHHs] CHMMETPHH BCEX BO3MOJXHBIX Y30pOB HATEH Ha
Jay3rpamMmax.
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3.4.3. 06 obpaTHo# 3agave audpakumum. CuHtes Oypoe

Vsaor (hkl) v (~h—k—I) — obpas cunycoudanshoii eonnsl 3nexkmponnoii nromuocmu. Ecnu vc-
nosb30BaTh Gopmy [I] pasnoxenuns B psax, MOKHO 3aIHCATH:

p(xyz) = i i i |F(hk0)| cos[2m(hx + ky) - o] +

Vo h=— k==
+ VEZ 2 2[F(hkl)|cos[2n(hx +ky +Iz) -, )
0 h=l k=[ [=

Kaxp1ii ieH psiia cooTBETCTBYET ONpene/leHHOMY 3HaY€HHUIO aprymenTa hx+ky+lz=const.
Ecin paccmaTtpuBath pa3ioxeHne U1t KOHKPETHOH TOYKH (X)z), JAHHOE BHIPaXKeHHe Xxapakre-
PH3YeT B KPUCTAJLIE HEKOTOPYIO MIIOCKOCTB, MAPaJUIENbHYIO y310BOi miockoctu (hkl) u npoxo-
asutyro 4epe3 (xyz). Torma cnenyer ydects, uto mpu Ax+ky+lz=const onpeaeneHo 3HadeHue
NEKTPOHHOM MIIOTHOCTH p=const. CilenoBaTeNbHO, paclpee/icHHE, COOTBETCTBYIOILEE OIHO-
My WIEHY psiia, €CTh IUTOCKasl, HETIOBMXKHAS (3aMOPOXKEHHAS) BOJIHA JIEKTPOHHOM [UTOTHOCTH:
OpHEHTALMs BOJIHBI 331aHa BEKTOPOM HOPMaJIH K IIOCKOCTH (hkl); mepuon cuHycouas onpene-
JIAETCS NIOPSIAKOM OTPAXEHHA U3 d/n.

Hasee, npumMeM BO BHUMaHME M3BECTHBIA Pe3y/lbTaT TU(PPAKLUHOHHON ONTHKH — NpH IU-
bpakiimm Ha CHHYCOMIANBHOI peleTKe PACCEMBAIOIMX LIEHTPOB CYLIECTBYIOT TONBKO MAaKCH-
MymbI opsinkos 0, +1, -1. Toraa ectecTseHHsIM 06pa3om Kaxaas napa y3nos (hkl) u (<h —k -0
paccMaTpHBaeTcs Kak nepssie (+,-) NOpaaku AMQpakUMOHHBIX MAKCUMYMOB OT CHHYCOMIAIb-
HOTO pacnpe/e/ieHHs MIOCKUX BOJH. ClieloBaTeNbHO, KaXIbli y3ei (napa y3nos) o6paTHoi pe-
IIETKH COTOCTABIAETCSA C OAHON rapMOHHKON TpexMepHoro psina Pypee.

WUraxk, obpatHas peweTka maer noinHoe GpopManbHOE IPEACTABIEHHE O COBOKYMHOCTH
AuPaKUHOHHBIX MAKCHMYMOB JaHHOTO KPUCTAIIA U O CeMeNCTBE BOJIH Pypbe, nyTem cym-
MUPOBAHHS KOTOPBIX MOXHO MOJIyYHTh MPEACTABIEHHE O PACHPEEICHHH PacCENBAIOLIE
MaTepuu (3MeKTPOHHOHN MIOTHOCTH). [Ipn 3TOM, OrpaHuYeHHe YHCTA y3710B (YHCIIA YIEHOB
pfila) paBHOCHJIBHO YMEHBLUIEHHIO alepTyphl IPU GOPMHUPOBAHHH U306paXeHHs B OMTHKE
BHIAUMOIO CBETA. ' ‘

3 NPOBENEHHOM PACCY>KIEHHH MOXET CO30aThCs YNPOLIEHHOE MHEHHE OTHOCHTEIbHO TaK-
THKH paciiMpPOBKM HEU3BECTHOH KPHCTAIIHYECKOH CTPYKTYphI. JleHCTBUTENBHO, B NIpUH-
1une BEPHO, YTO JUIS BOCCO3AaHUs BEIIECTBEHHOTO 3HAYEHUS JEKTPOHHOM IIOTHOCTH B
. MaHHOH TOYKe (Xyz) NIEMEHTAPHOM AYeiiku TpeOyeTcs «BCEro JIMIIb» ONpPedeHTh 3KCHEPH-
MEHTAJILHO IOCTATOUHO DOJIBIIOE KOJIMYECTBO KOIYPHIIMEHTOB psilla (CTPYKTYPHBIX aMIUTH-
TYI) M 3aTEM NPOMU3BECTH HEOOXOaMMOe CyMMHUpoBaHue. Janee Takoe e CYMMHPOBaHHeE
NPOBOIUTCS 11 ITOJTHOM CEPUU TOYEK BHYTPH 3JIEMEHTAPHOI sueliky. [TonyuyeHHbIe JaHHbIE
TMO3BOJISIOT MOCTPOMTE M3OIMHUH (3AMKHYTBIE IOBEPXHOCTH) PaCIpeNeeHUs JTEKTPOHHOMN
IUIOTHOCTH B sYeiKe. LIeHTpbl TaKMX MOBEPXHOCTEN HOJIKHBI COOTBETCTBOBATEH IO3UIMAM
LEHTPOB 4TOMOB B SYCHKE.

B peasibHoii npakTHKe Takoi MyTh (CHTe3 Dypbe) 3aMETHO YCITOXKHSIETCH, MTOCKOIIBbKY, KaK yKa-
3aHO BBILIE, MIPENATCTBUEM SBJISETCS onpe/esiehue (asbl IS CTPYKTYPHOI aMIuuTyasl. B 3toit
CBA3K JUTA MOJTHOTO PEILIEHHst CTPYKTYPHOM 3a/1aui pa3paboTaHsl JOCTATOYHO CIIOKHBIE IKCTIEPH-
MEHTAJIBHBIE M PAaCUeTHbIC CXeMbl. KopoTko 0 cTanzapTHOM myTH paciumdpoBok 6yaer ckazaHo B
CIIEMYIOLLEH YaCTH. 31€Ch Mbl JIMLIb OCTAHOBUMCS Ha OHOM W3 aHATTUTHYECKHX CXEM, HCTIONB3YIO-
LueH JIOCTYTHbIi B IKCIIEPUMEHTE NapaMeTp — KBaAPaT MOAYIIS CTPYKTYPHOM aMIUTHTYbL.

3.4.4. Cunre3 MNartTepcoHa

IIpocmpancmeso mescamomibix sexkmopos. PaccMoTpum noapobHee BbIpakeHHe CTPYKTYPHO-
ro ¢axropa F*:

F@f - F@)F @)= 3 3 /.1, expliznl(x, ~r,)e),

mml
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CYMMHPOBAHHUEC 110 «nm» U «m» HE3ABHCHMOE. 3aMCTI/lM, 4YTO 30€Ch NMPEACTABJICHA 3aBUCHMOCTD
CTPYKTYPHOTI'O q)aKTopa HE OT KOOPAYHAT, a OT MEXATOMHBIX BEKTOPOB. O0bo03HayaeM COCTaB-
JIAIOIHE MEXATOMHBIX BEKTOPOB B CIIEHHAJIBHOM IIPOCTPAHCTBE

r,-r,=au, +bv, ‘+ew, =au +bv, +ew,,

Toroa MOXXHO 3aITHUCATh:

M
|F(hkt)|" = Y a, exp(i2n(hu; + kv, + bw))).

=l
Takum 00pa3om, BBEIEHO MPOCTPAHCTBO MEXATOMHBIX BEKTOPOB; B 3TOM IPOCTPAHCTBE HMe-
FOTCS «y3/TbI», KOTOPBIE PACIIONATAIOTCS B TOUKAX U VW, M HMEIOT «Beo» ¢,=f, f, . MexaToMHble
BEKTOPBI OTKJIANBIBAIOTCS OT OOIIEro Hayala KOOPIHMHAT, H X YHCIO ompenensercs M=N2.
VYuTeM COBIMacHHE B HayaJle KOOPAMHAT BCEX Y3JIOB C HYJIEBBIM MOAYJIEM MEXaTOMHOI'O BEKTO-
pa u nonyyumM M=N?-N. Ha puc. 3.4.1 npousBeneHbl HEKOTOPLIE HOPMasbHbIE IOCTPOCHHUS IS
npeaMeTa M3 TpeX TOoYeK. BUIHO, 4TO pe3yTbTaTOM SABISAETCS MOTHUB TOYEK, HMEIOLUIA LIEHTP
MHBEPCHHU B Hayalle KoopaAUHAT. M3 3TOro ciefyeT, uTo [l CTPYKTypHOTo (hakTopa OCTaroTes
TOJILKO BELIECTBEHHBIE CllaracMble

M
" |F kD[ = qucos(2n(huj vk, +1Iw)))
=
JUns mepexojia K MHTerpanbHoN GopMe 3anucu BBoAUMTCA GyHkumns P(uvw), CBsi3aHHas npeobpa-

3oBaHueM Dypbe co CTPYKTYPHBIM akTOopoM. [lanee MOXHO 3anMHUcCaTh:

|F (hkl )l2 = f P(uvw)exp(i2n(hu + kv +Iw))dV,,, .
3 o

YcTaHaBIUBAaEM CBs3b Mexay P(uvw) u p(xyz):

F (hkl)- F"(hkl) = fp(x'y'z') exp(i2n(hx’ + ky' + lz'))dV'fp(xyz)exp(—iZn(hk +ky +12))dV,
V0 V()
¥ nocne nepeobo3HayeHuii x'=x+u, y=y+v, z'=z+w

|F(hkD)|* = [ [p0r2)-p(x+u,y +v,z+w)dV texp(2n(hu + kv + W)dV,,,
'VO VO

31eck BIGpPAH MapIIPYT HHTETPUPOBAHHUS — BEKTOP C COCTaB/IAIOLINMH TIEPEMELLAETCS 1O BCeH
s4eifke, a 3aTEM U3MEHSIOTCS MapaMeTphl BeKTopa. Mrorosas 3anuce:

P(uvw) = fp(xyz)-p(x +u,y+v,z+w)dV .
Yo

STO OnpeeneHHe MeXAaTOMHONH (QYHKLHMH C TOYHOCTBIO 0 MOCTOSHHOTO MHOXHTeNs. 31ech
p(xyz) u (x+u, y+v, z+w) ecTb SJICKTPOHHAS TUIOTHOCTb HA KOHLAX BEKTOPA.

Benuuuua P(uvw) HOCHT HAUMEHOBaHUE — @ynkyus [lammepcona 1 COOTBETCTBYET B MarTe-
MaTHKe TEPMUHY @YHKYUS ABMOKOppesayuu (camoceepmru).

(2) ds ©6) %4 99;

4, q, 9.9, o CIIR o {9,

q;q, 9:4;

Puc. 3.4.1. (a) - npeaMeT U3 TPEX TOHEK ; ¢; — CBETUMOCTH TOYEK; (6) — xoudurypaums pyHkuun Iarrepcona;
4/, — CBETUMOCTH TOUEK
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3TOT BBIBOJ BbIpakeHUs (PYHKIMH MEXKAaTOMHBIX BEKTOPOB HWILTIOCTPUPYET (HOPMATIBHYIO
aHaJIOTHIO B3auMOcCBs3el yepe3 Pypbe-npeodpazosanus D:

F—"—p(xy2),
|F‘2L>P(uvw).

Torpa no aHasorUM MOXHO 3aMKcaTh paznoxenue P-pyHkuuu B psja, v nocne npeodpa3zoBaHuii
OyAeT MOJIYyUYECHO:

P(uvw) = VLOZ Z:Z |F (hkD)|” exp(~i2n(hu +hv +Iw)) .

OTOT pAA CONEPHKMUT TONHKO CYMMUPOBAHHE MO KOCHHYCaM Oe3 (a30BbIX KOHCTAHT.

Hrak, BBUOY KBAZApaTHUYHOrO AETEKTHPOBaHUS Habniogaemas AUQpakUMOHHAS KapTUHA
KpHCTasia He ecTh ypbe-nmpeoOpa3zoBaHue MPEeAMETa, a COOTBETCTBYET HEKOTOPOH (HyHKUMU
aBTOKOppEJUTALIMY peaMeTa. Ecnu mons30BaThes TEpPMHUHOJIOTHEHR rojiorpaduu, BOCCTaHOBIE-
HHE CTPYKTYPbI KpUCTAIA U3 ero AUPPaKLHOHHON KapTHHBI 1aeT pacnpeaencHue QyHKINUHN aB-
TOKOPPEISIMU KaK YCIOKHEHHBIH 00pa3 npeaMeTa B IPOCTPAHCTBE MEXATOMHBIX BEKTOPOB.

Mosicho kpamko nepequcaums 0Co6eHHOCMU IMO20 PACNPEOCNEHUS ;|

1) pyuxyus eewecmeennas,

2) koaghuyuenmeor paoda sewpecmeerible U NONONHCUMENbHbBIE, M.€. 8CE 2APMOHUKU PA3NONCEHUS

nNPOX00AM 2pebHAMU Yepe3 HaAuYai0 KoOpoOuHam,

3) pacnpedenenue P(uvw) umeem my sce nepuooudnocms, Yymo u (xyz),

4) wucno maxcumymos N? — N snauumenvro npesvaem yucao N-amomos ¢ aueiike;

5) 6ec  kascdozo makcumyma onpedensemcsi nNpou3lBeOeHUEM  AMOMHbBIX  HOMEPOS

[PV =2, 2,

ww

6) Makcumymbl pacnonodicenbl 8 moukax (Uvw) NnpocmpaHcmea MedCamoMHbLX 8eKMOpOs,

Makcumymsl bonee pasmoimol, yem (Xyz);

7) maxcumymol P-gpynkyuu ceszansl nonapro yenmpom uneepcuu 8 Hauaie Koopounam.

Iockonbky K03 ULUUEHTHI psiIa HEMOCPEACTBEHHO U3BIEKAIOTCH U3 IKCIEPUMEHTAIBHO U3-
MEPEHHBIX HHTEHCUBHOCTEMH, UCMOJIb30BaAHHE MEXATOMHON (QDYHKIIMHM MOXET 06eCreuuThb ornpe-
JIeJIeHHOE TMPOJBM)KEHHE B CTPYKTYpHOH pacimgpoBke. ITO 3HAYUT, YTO pacrpelnesieHHe
P(uvw) BoIUMCIIsETCS O€3 TIPEABAPUTENBHOM CTPYKTYPHON MOIENM, U UCTHHHAS KOH(HTYpaLHs
aTOMOB B sfyeiiKe MPEACTABIICHA YACTHIO CIIOKHOTO y30pa MexXaToMHOU pyHKuuK. JlanbHeiumnit
NYTb PELLEHUS CTPYKTYPHOM 3a1a4H 3/1€Ch COIAEPXKUT CBOH CJIOKHOCTH — CHUMMETPHS BEKTOPHOM
CHUCTEMBI COACPXKUT «U30BITOUHBIN» HEHTP HHBEPCUH, BbIACIIEHHE HCTHHHOTO MOTHBA PACIIOJIO-
KEHHUSI aTOMOB B siuciike TpebyeT crenHanbHbIX NOAXO0NOB U T.N. TeM He MeHee Ha onpeleneH-
HBIX CTaJMsX AaHHAs MPOLEAYpa OKa3biBaeTCs peajbHON M HAXOAMUT MPAKTHUECKOE TIPUMEHE-
Hue B 1Jabopartopusix.
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'nasea 3.5
VIHTEHCM'BHOCTb PE®JIEKCOB. 39®PEKThI ﬂVIHAMVlLIECKOVI TEOPUMU

3.5.1. UnTerpanbHan UHTEHCUBHOCTb

IMposeneHHOE B MPeAbIIYIIHMX naparpadax paccMOTPEHHE MO3BOJIHIIO MOMYHHTE BEIPKECHHE
U1 MHTEHCHBHOCTH pedieca, eciu KPHCTAJITMYECKHUI OGBEKT conep T M 3/1eMEHTapHBIX

2
sueek J,(hkl)=J, M d -|F (hkl)| . JlaHHas 3aBMCMMOCTb TO3BOJISET AENaTh MpeABApPHTEIT.HBIC

OLIEHKH, OJJHAKO Ul MHTEPNPETALMK PEanbHOr0 IKCIEPUMEHTA OIDKHA 6bITh AOTOJIHEHA CIIe-
LMATHHBIMH COMHOXHTENAMH. BaxHeHIne MHOKHTEH, WX ¢aKTOpBI MHTEHCUBHOCTH, pac-
CMATpHBAIOTCS HHXKE.
®aKTOp HHTErpaTbHOCTH. YUHTHIBAET peabHbIR OTKa3 OT YIMPOMAOLIHX TIPEATIONOXKEHUH
cTporas MOHOXPOMATHYHOCTb M3JTy4eHUd, CTPOTO napasnenbHbli MepBUUYHBIH MY4YOK, HACAIIb-
HOe cTpoeHHe KpucTasa 6e3 pasOueHus Ha Onoku
¥ T.0. B 3KcnepuMeHTe Bce HapyLICHHA TaKoro pona
YCIOBHi JOIDKHBI IPMBOAUTE K M3MEHEHHIO BBICOTHI
u dopmbl AUPPAKUMOHHOTO MAKCHUMYyMa. CxemaTn-
YecKH BIIUSIHUE PACXOANMOCTH My4Ka NpeacTaBicHo
Ha puc. 3.5.1 — 31eck Ha MecTe «OGe3yKOPH3HEHHO y3-
Puc. 3.5.1. JIndbpakunoHHbl MAKCHMYM KOro» MakCUMyMa MOSBIACTCH cHCcTEMA MMHKOB, KO-
KaK CyTiepro3Hius THKOB TOpbIE NMPH B3aUMHOM HAJIOXKEHHHU OTpPE/IeNA0T pa3-
MBITHE H CHIDKEHHE BHICOTBI CyMMapHOTO pedriekca.
AHaToriuHbIiA 5QdeKT MOXeET GbITh CBA3AH C MO3aMYHOCTBIO KpHCTalia. B 0606111eHHO# dop-
Mée MOXHO TOBOPHTH 06 yueTe HEMIealbHOCTEH TaKOoro pona rnpH NOCTpOEHHAX B 0OpaTHOM

000

Puc. 3.5.2. (a) — AKCrepcHs 1O yrily PasOPUEHTALMH, (6) — aucnepcHs No AJIMHE BOJIHbL
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npoctpancTee. Hanpumep, pacxoquMocTs (M HEMOHOXPOMATHYHOCTD) IEPBUYHOTO ITy4YKa OTO-
OpaxaeTca Kak pasMbITHe cdepbl DBajibla; MHOTOUYHCIIEHHBIE PA30PHEHTHPOBAHHBIE OIOKH
M300paxaroTcs Kak pa3sMbITHE KQXAOTO M3 y3JI0B 0OPAaTHOM peleTKH BOKPYT HAEAIbHOTO T0-
JIOKEHHs. B MpakTH4ecKoM TUlaHe 3TO O3HAYaeT, YTO HENb3s XapaKTepu30BaTh AUPPAKIIHOH-
HBI MAKCUMYM TOJIBKO H3MEPEHHEM €ro BeICOThI. Teneps HEOOX0IMMOI perHCTpHPYEMOit Xa-
PaKTEpUCTHKON CTAHOBUTCSA MHTErpajbHasi MHTEHCUBHOCTb J . JTa BeJMYMHA NPH MEPBOHA-

s
4aTbHOM paccMoTpeHuH |@|>-dyHkuuu Ha puc. 3.3.3 onpenenseT TOAbKO NPONOPLUHOHATEHOCT
MHTEHCHBHOCTH paccenBarouleMy obbeMy Kpucraiia. B peaqbHoM skcnepuMente TpeOyercs
Y4€eCTb, COTTIACHO cxeMe pHc. 3.5.2(a): pa3bpoc e-yriia pa3opueHTauuu 6JI0KOB KpUCTaIlIa BOJTH-
30 OTPAXAIOLIETO MOJIOXKEHHS I OJHOTO HANPABJIEHHUS NaIAKOIIETO JTyya; BADUPOBAHHE Te-
JIECHOTO YIJIa W-OPUEHTALIMH AN(PPAKLIMOHHOTO JIy4a MPH HEMOABMXHOM KpHcTaie. s MeTo-

JIOB BpAIIEHHA M MOPOLIKA ITO COOTBETCTBYET MHTETPUPOBAHMIO, COTNACHO J, = f f J dode.
£EwW

[Ipu cbeMke B MONMXPOMATHUECKOM H3TydeHHH (MeTox JIays) KpUCTaul He BpallaeTcs, HO Ba-
pbupyeTcs anuHa BoiHbl A. Toraa, cornacHo cxeme puc. 3.5.2(6), MOXHO 3anucaTh

J o = [ [1 dwd.

[ 4

Pe3ynbTaThl HHTErPUPOBAHUS BCEr/1a 3a1AI0T JOMOTHUTENBHYIO YITIOBYIO 3aBUCHMOCTD B BU-
Ae MHOXUTENS L U1 MHTErpanbHoi uHTeHcuBHOCTH. PDopMa 3Toro MHOXUTENs (Ppaxmop Jlo-
penya) 3aBUCUT OT AU(PPaKLHOHHOMN CXeMBI.

[IpakTuyeckyn BaXkHbIH MPUMeEp NEHCTBUS YIIIOBOTO MHOXHTENS — METO/ MOPOILKa. B 3ToM
ciyvae L~1/sin26. [lanee ucronb3yercs yriaosast 3aBHCUMOCTD [UI PACCESIHUS HETTOISAPU30BAH-
HOT'O M3ITy4eHHUs Ha JICKTPOHE, cornacHo ¢popmyne Tomcona (cm. maparpad 3.1.1), u npu 3ToM
YYUTBIBACTCSA pacrpeesieHie HHTEHCHBHOCTH 110 Jeb6aeBckoMy kobly. MTorosetit — Jlopenya-
ROAAPU3AYUOHHBILTL Y2N10601 hakmop —BBITHSINT, Kak L'=(1+cos?20)/(sin?0cosh).

ITOT HhaKTOP MMEET CYILECTBEHHYIO HEMOHOTOHHYIO 3aBUCHMOCTD OT IU(PAKIIMOHHOTO YIIa:

0 1 5 10 20 30 40 80 89
L’ 6560 260 63 14 6 3 11 115

M3 manHbIx TaOIUIIBI CIICAYCT, UTO YTJIOBOE MOJIOKCHUE MAKCUMYyMa OTNpeaesIEHHBIM o6pa~
30M KOHTPOJJHPYET €0 OTHOCHTCIIBHYIO HHTCHCHBHOCTL B oburei zmcbpammom{oﬁ KapTHHE.
TaK, IpU MaJIbIX yrjiax 0 MTMHUU OKA3BIBAIOTCSH apyc. HO3TOMy COOTHOILLIEHHE UHTCHCHBHOCTEH
ABYX JIMHUHA He COXPAHACTCH, €CJIN MCITIOJIb30BATbh I CbEMKHU OAHOTI'0O BEUISCTBA pr6KH C pas-
HBIMH aHOJaMH; HAlIpUMEP, MPHU NMEPEXOac OT Cu-k MO—aHOlIy HCIIOJIB30BAHHE XKECTKOIO U3JTYy-
YCHHUS OCJIACT YIrJIOBYHO 3aBHCUMOCTD MHTEHCHBHOCTEH OoJtee pe3KOﬁ. :

(DaKTop MNorJIoUIeHHA. HpOXO)KIICHI/IC PEHTITCHOBCKHX nyqeﬁ 4Cpe3 BELICCTBO BCErga CoOrnpo-
BOXIOACTCA pa3HOO6pa3HbIMI/I InpoueccaMu ocnabnenus MEPBUYHOTO ITy4YKa, U3 KOTOPbIX CaMBbIH
CyMCCTBCHHb[ﬁ - (t)OTOZ)IIeKTpI/I'-leCKOC MOTJIOHICHHUC. I[,HH HAUIET O U3JI0OXEHUS IOCTATOYHO YUYECTbh,
YTO UHTEHCHUBHOCTH J NPpOLICAIUCTO ITy4YKad CBsA3aHa C HHTCHCUBHOCTBIO IEPBUYHOIO IMyYyKa JO 3KC-

MOHEHUMATLHON 3aBUCHUMOCTBIO J=J eI, rie d — TomuuHa ciost, u= 1/din(J/J) — nuHe#HBIH KO3~

(uimenT noriomeH s KaKk XapaKTePUCTHKA BELIECTBA; PA3MEPHOCTD BEIMUMHLI [u]=cM.
B ¢opmyiie uHTerpanbHON MHTEHCHBHOCTH MHOXHTEIb TOIJIOLIEHHS YYUTBIBACTCA B BHIE

bynxuun A(w, " l"} =1/ er~u(1’+l”)d V. 3neck I’ - nyTh NEPBUYHOTO MyYKa OT BXojaa B 06pasell
v

1o snemMenTa 00bema, [ — myTh AMPParupoBaHHOrO JIyya OT IEMeHTa 06bema [0 TPAHHIIbI
KpUCTaslIa. OToT GaKTop NPUHMMAET MaKCUMAJIbHOE 3HaueHue 4=1 npu p=0, koraa KpucTam
npo3pauen. CooTBETCTBEHHO NP 4 =0 KPHUCTAIT MOTHOCTHIO HEMPO3payeH. ‘

Ecru p sBIsieTCS XapakTepUCTUKOMN BELIECTBA, TO MYTH JIyYei CBSI3aHBI C pa3mepamu, ¢op-
MOt W opueHTauued kpucrauia. OOLIeH 3aKOHOMEPHOCTBIO SBIACTCS YBEIUYEHHE (akTopa
A ¢ Bo3pacTanMem yria 6, MocKoNIbKy BO3pacTaeT ROJIs Jiydeil, paccesHHBIX HOBEPXHOCTHBIM
citoeM. M3BecTHHI pa3paboTKH, B KOTOPBIX [UIS HOIIOWAIOUIEr0 KPUCTAIIIA BIIMSHUE TOUIMHE
obpas3ilia Ha UHTEHCUBHOCTh MAKCHMYMa PACcCMATPUBAETCH KAK 3aj1a4a «Ha ONTUMYM». YUHTHI-
BaeTCsl, YTO OONbIIMHA paccerBalolUMi 0OBEM JOMKEH MOBBINIATH SPKOCTH peduiekca, HO MpH
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3TOM Ha BBIXOJE U3 00pa3la yaavHeHHe NmyTel aud-
parMpoBaHHOTO JIy4a CHHXKAET €ro MHTEHCUBHOCTD.
B npumepe (puc. 3.5.3) cbeMKKH Ha TNPOXOXKACHHE
NyTh MEPBHYHOTO Jiy4ya ['=x/siny, myTh Audparupo-
BaHHOrO Jiyua 3anaH ["=(t—x)/sin(y-20). Hanee npo-
BOJMUTCA TMOJCTAHOBKA B HHTETPAlbHYIO (POpMyITy
M MILETCS TONLIUHA ¥, [UIs KOTOPOI HHTEHCUBHOCTD
JIMHUM OKaXeTCs MaKCHMaIbHOM. B mpocToit reomer-
pyM — HOpMajibHOe majeHue (Y=n/2) MepBUYHOIO
ny4Yka Ha TIoCKUit obpaseu — TONbKO AU(pPAKLHOH-
HBIi1 yroJl onpenensieT pe3yabTaT

ut*=In sec20/(sec20-1).
®dakTop nosTopsieMocTH. MiMeeT npusioxeHue s

ChEMKH MOJMKpHUCTA/UTMYeCKUX oOpa3uos. [Ipowuc-
XOXICHHUE 3TOTO (PaKTOpa ONpeAessieTcs CHMMETPHEN

kpuctauia. B rnase 1.6 npu xapaktepuctuke aebaes-
CKOI'0 MeToja yKa3bIBaJlOCh, YUTO B 0OpaTHOM IpOCT-
paHCTBe 00pa3 MOJIMKPUCTAIITHYECKOTO OOBEKTA €CTh
cucTeMa KOHUeHTpuueckux chep. Otu cdepsl ¢ paguycamu 1/d,,, umeroT OOUINK UEHTD B V371€

Puc. 3.5.3. K anasuruueckoit hopme
¢akTopa norsoieHus

(000), Ha kaxxgo¥ cdepe rycToTa 1 paBHOMEPHOCTH 3AIIOIIHEHHS TOUKAMM ONPEICTIAETCS 3EPHH-
CTBIM cTpoeHHeM 06pasua. K3 aToit Moaenu cleayeT, 4To BKJIa[d B MHTEHCUBHOCTD KaX1O0i 1e-
6aeBCKOM JIMHUKM MOTYT IJaTh OTPAXAIOLIHE UIOCKOCTH C pa3NMYHBIMKM MHAEKCAMH, €C/IH COOT-
BETCTBEHHBIE d — MEXIUIOCKOCTHBIE PACCTOSHUS — ONMHAKOBBIE. YCIOBUSA TAKOTO COBMAACHUS
Npy pa3IMYHbIX KOMOMHALMAX HHIEKCOB ONPENENSAIOTCS F€OMETPUYECKUMH CBOWCTBAMH pe-
meTkd. Harnsaausiii mpuMep asist OpTOrOHAJIBHBIX CHHTOHUM:

KyOuy. TETparoH. opTopoMb.
Vd=(h*+k*+DP)la? (kD) a*+P 2 ha*+ k2 b+ Pl c?

BuaHo, 4T0 KOMOMHATOpHKA U1t KyOHYECKOH CHHTOHUM JOIMYCKAET B3aUMHBIE 3aMEHBI HH-
nexcoB {hkl}n ux 31aKoB 6€3 U3MEHEHHUS MEXIUIOCKOCTHOTO PacCTOSHUA d,,, .

Jli1s1 TeTparoHaabHON CHHIOHuH d,, =d,, =d,, , 1TO O3HAYAET, HATIPUMED, PACILEIIICHHE TMHHH
(110), ¢ Ha (1 10)mp+(101)T erp ECTTH TIPOM3OIIIEN ¢a3oBbIil nepexon Kyo-terparod. [edopmauns
PELIETKH C TIOHWKEHHEM CHMMETPHH 110 OPTOPOMOHUYECKON NPUBEAET K MOCICAYIOIEMY CHATHIO
BBIPOXIEHUS M YBEIMUEHHIO YKcia TMHUA. M3 3TOro paccyxieHus BUIHO, YTO HHTEHCHBHOCTH
1e6aeBCKMX JTMHU TIPH TIOJIHOCTHIO OECTIOPAI0UHOM pACIpee/IeHHH OPHEHTALMA KPHCTaJLTNYe-
CKMX 3epeH ONpeIeNsIoTCs CAMMETPHEH, KOHKPETHO TOYeuHOM rpynmoi kpuctamia. COOTBEeTCT-
BYIOILMI MHOXHTENb, ()aKmop nOSMOpAeMOCcmiL p, MOXET IPUHAMATH 3Ha4YeHHUs OT 2 110 48 B co-
OTBETCTBHH C KPATHOCTBIO OOILIMX H YaCTHBIX OPOUT MIIOCKOCTEM B IaHHOM TOYEYHOM rpymIIe.

PaGouas ¢opMy/1a HHTEHCHBHOCTH Il MOJIMKPHCTAIMIECKHX MATEPHAJIOB.

MOXHO MpPeICTaBUTL CKA3aHHOE BBILIE B BUAE (POPMYIIBI 71 pacyeTa MHTEHCMBHOCTH eba-
eBCKOM JIMHMHU ¢ uHaekcamu (hkl) :

J(hkl)=L'(8)A(8)p|\F(hkl)|’.

B NMpakTHYECKHMX pacueTax poJId COMHOXHUTENEH eCTECTBEHHBIM 00pa3oM pas3an4aroTCs.

1) Benyueit BETMUHHOM, B KOTOPYIO 3aJIOXKEHBI JaHHBIE O KOOPAMHATAX aTOMOB B SYEHKe,
SIBJIACTCS CMPYKmMypHblti hakmop.

31ech YMECTHO MOMYEPKHYTH, 4TO TEMITIEPATYPHBIH MHOXHTENb, O KOTOPOM IILTa pevb B Iiase 3.1,
sin’(0)

€CTh BeJIMYMHA, CBA3aHHas ¢ popM-(HakToOpoM oTAenbHoro aroma f = f,exp(-B 22 ). Cnenosa-

TEJTbHO, €CITH B CTPYKTYpE [IPUCYTCTBYIOT ATOMBI Pa3HBIX COPTOB, YUET BIIMSHUS TEMIIEPATYDbI TPEOY-
€T 3HaHus Aeb6aeBckoro gakropa «By» 1S KaXIOro U3 KOMIIOHEHTOB CTPYKTYphI. B yripoiieHHoM Ba-
pvaHTe (M UIS OJHOKOMIIOHEHTHBIX CTPYKTYP) MOXHO HCIONB30BaTh memnepamyphivii @aknop

_psin’(0),, ’ "
{ (2.4 B } KaK cCaMOCTOATENbHBIM COMHOXHUTEITb (POPMYJIbI HHTErpaJiIbHOM HHTEHCHBHOCTH.
0 p )\.2 rp
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2) @axmop nosmopsemocmu «p» KaK LETOYHCIIEHHDIH «CKaYyLIHil» napaMeTp OQHO3HAYHO
3a/1a€TCA TOYEYHOM IPYIIOH CUMMETPHH.

3) @axmop noznowenus A(0) Oka3bIBaETCsA MEHEE CTPOTMM NAPAMETPOM, BBHIYHCIEHHE KOTO-
poro TpebyeT BHUMaHHUs K BHELIHeH (opMe U pa3mMepaM HcclienyeMoro obpasiia.

4) Yenosoti pakmop L' aBnsieTcsi CTaHAAPTHOM TaOyIMPOBaHHOMN BETMYHHOIA.

5) B Oononnenue Kk cKazannoMy — 3aMe4aHUS O 63AUMHOM NEPEKPbIMUU OeOAeCKUX NUHUIL.
B npakxmuke pabomel ¢ norukpucmaniuueckumu mameparamu Kybuueckoi cunzonuu Heobxooumo
umems 6 8U0y 603MONCHBII «HUCMO apumemuneckuii» Ighghexm cosnadenus MescnI0CKOCmMHbIX pac-
cmosinuti 0ns pasnslx Habopos undexcos. Tak, oounakosomy 3nauenuro B*+k>+IP=9 ydosremesopsiom
naockocmu (300) u (221), ne ceszannbie onepayusmu cummempuu,; opyaue npumepol: (411)+(330),
wi (621)+(540)+(443) — 20e cymma h’+k?+ pagna 18 u 41 coomeememeenno. B cayuae makux
co8nadenuti (803MONCHOCHIb KOMOPBLX ONPEOCTACCS HUCICHHBIM 3HAUCHUEM CYMMbL K6AOPAMo8 uH-
0eKco8), ROAHbILI pacuem UHMEHCUBHOCMU CAedyem 8eCmu OMOCbHO 0N KAHCOOT TUHUL.

[pomexyTounblii koMmmenTapuii. [laHHbIi naparpad B onpeneneHHOM CTeneHu 3aBepilaeT
H3JI0XKEHUE ONTUYECKHX MMPHUHLMITOB, HA KOTOPBIX OCHOBAH aHAJIU3 JAaHHBIX OH(PAKIHOHHOTO
IKCIIEPUMEHTA TMPH MCCIIENOBAHUAX KPUCTANTUYECKOi cTpyKTyphl. ClienyeT UMeTh B BHIY, YTO
CONEpXKaHUE YacTH 3 ajieKo HE UCUEPIBIBAET MHOTOOOpa3ie BO3MOXHBIX CTPYKTYPHBIX 3a/1ay.
Heobxonumas JJaKOHMYHOCTh TEKCTa MO3BOJISET JIMIIL HAaMETUTh TPYMIIHPOBKY MpobiieM,
NPUHLMITHATIBHO Pa3NIMYAIOLIMXCSA B 3KCIIEPUMEHTANILHOM MocTaHOBKe. B 3To# pa36buBke MOX-
HO 0603HauUTh H0JIBILIOH HAOODP KITFOUEBBIX CIIOB, KAaK-TO — HOJHAS PACUUpPOBKaA panee Heu3se-
CMHOUT CIMPYKMYpbl, AMMECMAYUs CMPYKMYPHBLX NAPAMEMPO8 MAMEPUANA C U3BECMHOL CMPYK-
mypoti, ¢azoewiti aHaius, nocmpoenue oUazpamm COCMOAHUS, CMpPYyKmMyphble 0COBEHHOCMU U OC-
HOBHbIE CB0TICMBA MAMEPUAIIO8 (CNIAGLL, CECHEMOINIEKMPUYECKUe, C8EPXNPOBOOSIUE KPUCMATbI,
dlemenmuas 6aza MuKpoINeKMpOHUKU U m.0., u m.n.), ¢azoevie cmpykmypHble npespawyeHus.
ITpuMeps! sKCrIiepUMeHTAIBHBIX 3a/1a4 M3 3TOTO CIIUCKA MPEACTABNIEHb! B 4acTH 4. 311ech yMecT-
HO MOJYEPKHYTh, YTO, HECMOTPS Ha BECbMa 3HAUMTENIbHBIE PA3IHUHs B IKIIEPUMEHTANILHOM 110-
CTaHOBKE, B YKAa3aHHBIX PEHTIEHOONTHYECKMX 3aayax NPOCMATPUBAETCSA UX MPHUHLMITHAIILHAS
06uIHOCTE. Peyb HaeT o ToM, YTO ypoBeHb (He-)COBEPIUIEHCTBA CTPYKTYPBI OGBEKTa AOMYCKAET
HCTIOJIb30BAHUE H3JIOXKEHHOTO BHIILIE YIPOIUIEHHOrO BAPHAHTa TEOPHH paccesHus. B mutepary-
pe JUISt 3TOTO HCTIONB3YETCS TEPMUH — Kutemamuyeckas meopus. LIEHHOCTb U IEHCTBEHHOCTD pe-
3yJIbTaTOB, MOCTPOEHHBIX HA KHHEMATHYECKOH TEOPHH, yOeIUTENbHO JEMOHCTPUPYETCS B MHO-
TOJIETHEH YCIEINHOW MpaKTHKe PEeHTreHOorpadHu: OrpOMHBIN MAacCHB COBPEMEHHBIX AAHHBIX
0 CTPYKTYpE TBEPIbIX Tell, pacindpoBka (0TMe4eHHAst HOOETEBCKUMH NMPEMHUSAMH) CTPYKTYpPBI
. CIIOXHEHIINX OHONOrHYECKUX OOBEKTOB, YCTAHOBIIEHHE CTPYKTYPHBIX MEXaHU3MOB IIPH CO3/1a-
HHY MATEPHAJIOB BHICOKON TEXHOJIOTMH, 3KCIEPUMEHTAIbHOE OOHApYKEHHE aNepHOAHYECKHUX
KPHUCTAJUIOB... U CIIUCOK MOXHO €LE JIETKO MPOIOJIKATh.

3.5.2. Mapapokckl Teopun. NepBUYHAA IKCTUHKLUA

O61wue 3ameuanns. B xone passutHs peHTreHorpaduu BeISBHICS CrieurdUueckuii Kace 3a-
Aad, B KOTOPbIX CYLIECTBEHHBIM YCIIOBUEM ABJIAETCH TMOO caMasi BHICOKAs CTENEHb COBEPIIEH-
CTBA CTPYKTYPBI, TMOO KOHTPOIUPYEMBIH yPOBEHDb NEPEKTOB M KOHKPETHBIX HECOBEPIICHCTB
B CTPOEHHM KPHUCTAJJIOB. 3HAYEHHE TAKMX HCCIIENOBAaHHHA OGOCHOBBIBAETCH MOTPEGHOCTAMH
MPAKTHKA ¥ CMEXHBIX obnactelt Gpu3uku. B 1eHCTBUTETBHOCTH, U3BECTHO, YTO ONpPEAE/IeHHAS
4acTh (PM3MKO-XMMHYECKHX CBOWCTB MaTepuana 3alaHa ero NpaBUIbHON KPHCTAJUTHYECKOM
CTpyKTypoil. CyLIECTBYIOT TaKXKe BIOJHE (PYHIAMEHTAIbHBIE XapaKTEPHCTHKH, HOCTHXEHHE
KOTOPBIX KOHTPOJIMPYETCS Pa3BUTON CHCTEMOM Ae(EKTOB KPHCTAIUTUYECKOH CTPYKTYPhI — CMe-
HIEHHEM aTOMOB C 3aJaHHBIX MO3HUKH B s4yciiKe, HANPaBJIEHHBIM JIOKAJIBLHBIM HCKa)KEHHEM
aTOMHBIX Ci0eB M Ap. [IpumepaMu Takux cmpykmypho-uyecmeumensHbix CBOWCTB SABISIOTCS
M MapameTpbl MPOYHOCTH CIJIABA, H YAEIBHOE 3JEKTPOCONPOTHUBIICHHE, U KOIPLUHUTHBHAS CHJIA
NOCTOSHHBIX MarHUTOB. COOTBETCTBEHHO B TEPMHUHOJIOIHH COBPEMEHHOTO (PU3MYECKOTO MaTe-
pHuasioBefeHHs BBEIEHO pa3aelieH!e NIOHATHI udeanvhas (cogepuennas) mubo pearbhas CTPyKTy-
pa kpucTaia. B peecTp KOMIIOHEHTOB peaNlbHOM CTPYKTYPBI BXOIAT TOYEYHBIE Ae(EKTHI, OHC-
NIOKALUH, TUTOCKOCTHbIE Ae(eKThl MIOTHEHIIENH yIaKOBKH, IPAHULIBI BJIOKOB, TPAHHUIBI 3€pEH
B [IOJIMKPHUCTAILIE, TPEXMEPHBIE KJIACTEPBI U P APYrUX. ONBIT MOKa3bIBAET, YTO AU PAKIHOH-
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HbI€ IKCIIEPHUMEHTBI YCIIELTHO MCIOIB3YIOTCS COBMECTHO C IPYTMMH MUKPOCKOITMYECKHMH METO-
JUKaMHU MIPH aHAJIU3€ CUCTEMBI Ae(EKTOB B HECOBEPIIEHHBIX KPUCTAIUNIMYECKUX OOBEKTaX.

[Tapagokc BO3HUKAET, KOIa COBEPLIEHHONH CTPYKTYpo#l 0bnagaeT KpucTaml B o6beMe, Co-
U3MEPHUMOM C JIMHEHHBIMU pa3MepaMH MEepPBUYHOrO MyyKa Ha BCIO INyOHMHY MPOHHKHOBEHUS
B oOpaseil. B paMmkax JaHHOro Kypca mojie3Ho oOpaTuTh BHUMaHHE Ha CBOeoOpa3HbIil (Haxe
YHUKaJIbHBIIH) HA0Op ONTHYECKUX 3aAa4, CBS3aHHBIA ¢ (TOYTH) MOEATBHOW CTPYKTYpOH KpHc-
TaJl/la MAaKPOCKOMUYECKUX pa3mepoB. Pa3zBurue Takux paboT Hauasoch BCKOpE MOCHE OTKpPBI-
THS JUPPAKLUKM PEHTTEHOBCKUX JIyUuel U SBIISETCA B HACTOSAILEE BpeMsi Pa3BUTOH BETBBIO aHa-
133, OO BETUHAEMOMN TEPMUHOM — 3¢hhekmbl Qunamuieckoii meopuu.

Ha 3ToM oHe nHTepecHO MO3HAKOMUTHCS C KpUTHYecKoH GopmynupoBkoit [1.9Banbaa B Me-
MOpHATBHOM J1ekiuu 1964r. Ilepeuucasiiomen 0onywenus KUNEMAMUYecKot meopun: npu paccesHuy
Kax#COblil AmMOM CHAHOBUMCA UCOYHUKOM 8MOPUYHOL CHeputecKot 80HbL; Y21080€ PACRPeOeNeHUe
MaKo8o, 6yOmo Kaxcoblil AamMoM eChib CaMOCMOSMENbHO UTYHAIOWUL OUNOb, hpelebpezaemcs 080i-
HbIM U MHO2OKPAMHBIM DACCESHUCM, M.e. HA KAXNCObl amom Oeticmayem moabko nepeudnas u He oeii-
CMEYIOm 8MOPUYHbIE BONHbL OM OPYUX AMOMO8,; PACCESNNAS U BIMOPUYILASL 80ILbl OBUNCYMICS 6 Be-
wecmee co cKopocmoio ceema 8 nycmome (nokaszamens npeiomnenus =1). B umoce, meopus oxa3zbi-
8aeMCA CPAGHUMENBHO RPUMUMUBHOT — HANPUMED, YCA08HO KHAPYWACCS» 3AKOH COXPAlleHus Jlep-
2uU, ROCKONbKY NEPEUYHAS 80IHA HEe YMeHbuaemcs (8 npoyecce ynpy2020 paccesius ), npu npoxoic-
Oenuuy uepe3 KpUcmain u 6MmopuiHble KO2epeHmHmble 1yuu KaK Obl He UMEIOm UCMOYHUKA FHEPSULL.

IMepBuuHaf IKCTHHKIUHS.

B 0CHOBY THHAMHUYECKOIT TEOPUH, TAKHM 00Pa30M, N0JDKEH ObITh 3a710KEH OTKA3 OT NMEPBOTO
OOPHOBCKOrO MPUOIKEHHS. DTO O3HAYAET, YTO YUUTHIBAETCS B3AUMOIEHCTBHE U COOTBETCTBY-
IOIIMIT OOMEH HEPrueil TS BOIHBI «IPSMO MPOIIeIILed» Yepe3 aTOMHYIO TJIOCKOCTh ¢ audpa-
TMPOBaHHBIME BOJHaMK. [1pocTelinii XOn paccyXIeHUH MOSCHAETCS C IOMOLLUBIO CXEMBI Ha
puc.3.5.4. Tlpennonaraercs, YTO NEPBUUHBIH Ty4Y S HAITPaB/IEH HA CHCTEMY TUTOCKOCTEH 1O yr-
JI0M, 3aJJaHHbIM ypaBHeHueM bparra-Bysnbeda. Toraa npy kaxaoM NpoxoxaeHHH aTOMHOM 10~
CKOCTH HeKoTopas (Majias)) 4acThb JHEprMM OTAAETCs OTpaXKeHHOMY Jiydy, 0603HaueHHO-
my T. Kaxaplii U3 Takux Jyueit (Hanpumep, T|) B IpUHLHMIE CTIOCODEH MCMBITATH BTOPUYHOE OT-

paXXeHHe. C(bOpMHpOBaHHbII/I [IpHU 3TOM JIYy4 SOI HUMECT TO K€ HANMpaBJICHUEC, YTO U TICPBUYHDBIN ITY-

4ok S. Tenepp crenyeT NPUHATH BO BHUMAaHHE (a30Bble COOTHOLUEHHUS U TIOTEPIO TOJIYBOJIHBI
(=/2) npu AUPPAKUMOHHOM «OTPAXKEHHH». DTO O3HAYAET, YTO ABAXIbI OTPAXKEHHAs BOJIHA S,

npurobperaet cABUT (ha3bl MPHOIM3UTENBHO Ha T [0 OTHOLIEHHIO K ITpoluenei BonHe S,. CooT-

BETCTBEHHO B KAXIOM MOJOOHOM 3MH30/€ ABaXIbl OTpa)(€HHbIC BOJHBI OYAyT HAXOOMTHCH
B npoTtuBodase ¢ BoaHamu S;, S, u T.0. Takum o6pa3oM, ycTaHaBINBACTCS MPUHINITHAIIBHAS

BO3MO>KHOCTh HOBOIO KaHajia KOT€peHTHOrO OC/Iab/IeHHs MEPBUYHOIO My4Ka NMPHU BbIMOTHEHHH
YCIIOBUH 6GpPIrrOBCKOrO OTpaeHHs. DTUM ONpelensercss (PeHOMEH MNEPBUYHOM IKCTUHKLMH
B KPHCTaJUIaX BBICOKOW CTENEHH COBEpILIEHCTBA.

S To, ' Macmtab sBiaeHus 3aBUCHT OT 3PEeKTHBHOCTH
/ obMeHa 3Heprueir B akTe IUPpPAKUHUHU, T.€ OT

CTPYKTYPHOM aMIUIUTYIbI, U MOXET CTAaTh BECbMa

3aMeTeH 1A Oostee ipkux peduiekcoB. B kauecmee
npumepa npueedem u3gecmitvle U3 JUMepamypol

\ \Q‘z oannvie: kpucmann NaCl, uzaryvenue MoKa, pe-
3 S, gaexc (200) ocrabasemces na 50% nocae npoxoxc-
\ \ Oenusi nepgutnbim nyukom nymu ¢ 2000 amomibix
S;

CI0€8; eCU YUUmBbIBams moabKo homodnekmpuye-
cKoe no2nowenue (auneinsiii Kodguyuenm p), no-
mepst Qoaxcua cocmasumes gce2o 0.7%.

Puc. 3.5.4. K onucauuto 3¢dexra nepsuuHOH
IKCTUHKLHU:

1,2,3,4 ... — aTOMHbIE IWIOCKOCTH KPUCTAILIA; Yke B nepBoHAuanbHO# paspaboTke (1914 1.,

S, T,, — nepBHUHbIH 1 AMBPATHPOBAHHBIN T1y4H HapsuH) 66110 1oaydeHo npeodpa3oBaHHOE BbI-
BHe KpHctamna; S, S,, S, ... — iyuu, npoie- paxeHue HHTerpaibHod HHTeHcHBHOCTH. Co-
LLIME Yepe3 ATOMHbIE FTOCKOCTH; S,y , S — IJIACHO IMHAMHYECKOW TEOPHH, I UIEATBHOTO

MOC/e BTOPUUHOIO OTpaeHns Jtyua THia T KpHUCTalla OTpaXXeHUe OT MIOCKOCTH (1k/) mosmx-



Bseoenue 6 penmeenosckyio kpucmainnozpaguio 93

HO COOTBETCTBOBATH 3aBUcHMOCTH J, ~|F(hkl)|. OnHako crieunanbHble U3MEPEHHUS HA TIPUPOLI-

HBIX KpHUCTaNjaX NOKa3bIBaJIM 3HAUUTCITIBHOE PACXOXKACHHUE PACUETHBIX U 3KCNICPUMEHTANIBHBIX

3HAYeHUH, 4 UMEHHO J, 3Kcn>>Jpacq. WMHaye roBops, CripaBeUyITMBbIM OKa3bIBaJIOCh KHHEMATHYEC-

xoe npubmkenne, rae J, ~|F(hkl)]’. Cornacue 3KCriepMMEHTANIBHBIX H3MEPEHUH ¢ THHAMUYEC-

KO¥ TeopHel JOCTUralloCh JIMUIb JUIsl OTAENBHBIX BHICOKOKAYECTBEHHBIX KPHCTAILIOB.

[To-gudumomy, Kk IMoMy RU300Y MONCHO NOBMOPUMD (3A KEM-IMO U3 BEAUKUX ). KPUCIMALTbL HA-
CMONILKO «NAOXUY U HECOBEPUIEHHDL, YMO HE 3ACAYICUBAIOM 1YYutet] meopuu.

NMeHHO HE0OX0AMMOCTH NPEOIOIeHUs YKa3aHHBIX IPOTHBOPEYHH TEOPETUYECKOTO pacyeTa
Y 3KCTIEpUMEHTa MoTpedoBaIa BBECTH B pACCMOTPEHUE CTPYKTYPHYIO MOZEIb MO3aUYHOTO KPH-
crayina. B aToit Moaenu, cuntaroeics B HacTosiiee BpeMst Kak Obl OUEBHUIHOMN, KPUCTAJLT TIpei-
CTaBJISETCS B BHJIE COBOKYITHOCTH BeChbMa MaJlbiX, OECIIOPAAOUYHO pa3OpPHEHTHPOBAHHBIX 0J10-
KOB. Y4TeM, 0JHAKO, 3BPUCTHYECKUH XapaKTep 3MU304a: MOJAEIb BbIABHHYTa B Hadale IMpo-
ILIJIOTO BEKd, KOTOA B OTCYTCTBHE 3JIEKTPOHHOIO MUKPOCKOIIA U €ro crneuuduyeckoro KoHTpac-
Ta OBUIM IOCTYIHBI HaOMIOMEHUIO JTUIIb OOBEKTHI MacliTaba IJTUHBI BOJIHBI BUAMMOIO CBETA
(mecsiThie ONMU MUKPOHA).

B npuHATON TpaKTOBKE CTPYKTYpa BHYTPH Kaxaoro G10kKa COBEpLICHHAS; U3-3a OpUEHTa-
UMK OJIOKM ONTHYECKH HE3aBHCHMBI, U3-3a pa3MepoB 3P dekT nepBHUHON IKCTHHKLIHK B OJIOKe
He3HauuTeseH. K Takoil kKoHGUrypauud NMpUMEHUM TEPMHH UOCANbHO-MO3AUYHBIL KPUCMAILT,
JUT KOTOPOTO COTTACHE C KMHEMATUUYECKOH TEOPHEH SBIISIETCS JOCTATOUYHBIM MPUOIMKEHHUEM.

B oTnuume oT GOTOINEKTPHUUECKOTO MOTIOMIEHHUS OCabIeHUe MPH MEPBUYHON IKCTUHK UK
onpenensieTcss He TIIOTHOCTBIO BEIECTBA U XMMHYECKOH MPUPOIOH aTOMOB, & CTPYKTYPHBIMH
XapaKTepUCTUKAMH.

Bropuunasi sxcTuHKUNA B kayecTBe NOMOIHEHUS OTMETHUM, YTO OJIOYHAs CTPYKTypa Kpuc-
TaJUTa IO/KHA MPUBOIUTE K JAOMOJHUTEIBHOMY OCIA0NEeHHI0 MHTEHCUBHOCTH MU PaKIIHOHHO-
ro MakCHMMyMa 3a CYeT CrieU(UUECKOro IKpAHUPOBaHUA. DTOT (heHOMEH BTOPUYHOM IKCTHHK-
LMK CBA3AH C TEM, YTO B XOJ€ PACTIPOCTPAHEHUS MEPBUYHOMN BONHBI OTIENbHBIE OJIOKM MO3au-
KM B OTPaxaromeM MoJM0XEeHUH OTOMPAIOT YacTh IHEPIUH NAJAIOLIEH BOJHBI Y «HYDKE JIeXa-
1Mx» BJI0KOB; AaHAIIOTHYHO, JIy4Y YK€ OTPaKeHHBbIH MOXET, He BBIXOAA M3 00pa3ia, BTOPHYHO
OTPa3HUTLCH HA «BbILLE JIexauleM» Ojoke. Bo Bcex ciydasix BTOpUYHas 3KCTUHKLIMSA 3aMeTHee
st Tex mnockocted (hkl), koTopeie natot Oosee sipkue oTpaxkeHus. B otiuume oT nepBuuHOM
9KCTHUHKIIMH, 31eCh ociabreHHe HEKOTEPEHTHOE U MPOUCXOIUT HE MO aMIUTHTYIE, 4 MO HHTer-
paJbHON MHTEHCHBHOCTH. _

Tepmunoaorus: ciayuaii Jlays, cay4ait bparra. B peHTreHOBCKON ONTHKE UIEaIbHOTO KpPHUC-
" TaJIa MPUHATO pa3inuyaTh FreOMeTpUYECKHEe CXeMbl 3kciiepuMenTa. Mcnonbsyemas TepMuHosio-
rus nosicHseTcs Ha puc. 3.5.5. ana obpaszua B BUAE MIACTUHBL. 31ecCh cayuati bpseea (mnu obpart-
Has CbeMKa) COOTBETCTBYET perucTpauuu qudpardipoBaHHOIO JIyya, BBIXOMSAILETO C MepeaHeit
nosepxHoctu obpasua. Ecnu orpaxarolias IIOCKOCTh Mapajiie/ibHa MOBEPXHOCTH BX0OJIa Nep-
BHYHOTO Iy4yka (CTaHAapTHas yyeOHas KapTHHKA B peHTreHorpaduun), naercs Kparkoe o003Ha-
yeHue — cummempuuibii cayyai bpseea (puc. 3.5.56). Ilpamas ceemka, wiu cayyai Jlays, onpe-
JENSeT BhIXOJ OUparvupoBaHHbIX JIy4eH C TBUIbHOH IOBEPXHOCTH KpHcTamia. [TonmynspHerii
B JKCIIEpPUMEHTAX cuMMempuunblli cayuai Jlays 3aal OTPaXKaroLKUMH IJIOCKOCTSMH, KOTOPbIE
MEPIICHANKYIISPHBI K BXOJHOHN (M TBUIBHOM) MOBEPXHOCTAM (pHc. 3.5.52).
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Puc 3.5.5. K repmunosnoruu: (a), (6) — cnyyaii Bparra; (B), (r) — cnyyaii Jlays
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3.5.3. UpgeanbHbin kpuctann. ¢ cdexT boppmana.
PeHTreHoBcKkasn uHtepdepomeTpus

JlanbHeitiee yCOBEPUICHCTBOBAHUE U PA3BUTHE IMHAMUYECKON TEOPUH MPOUCXOIUIIO HAYHU-
Has ¢ pabot Jlays u DBanpaa. B coBpeMeHHOM BH/E MCIOJIB3YIOTCA YXKE He MepBOHAYaJIbHbIC
YIPOLIEHHbIE MOJIENTH, HO TIOJIHbIE BO3MOXHOCTH 3JIEKTPOJAMHAMHUKH M ONITUKHU B MPHIIOXKEHUH
K YHHKQJIBHOMY OOBEKTY, KAKUM fBJISETCA TpEXMEpHas MpaBHjIbHAS pEeUIETKa OCUMUIATOPOB.
- 3a 3TOT neproj ObIJIM OTKPBITHI HOBbIE SBIICHUS, YCIIOBHO OOBEIHHAEMBIE KaK 3¢hdhexmbl ouna-
MUYeCKoil meopuu, KOTOPbIE He MOTYT ObITb CBOHCTBEHHBI OOBIYHBIM ONTHYECKMM CHCTEMAM.

IMoka3zaTesb npesIOM/IEHHS] PEHTIEHOBCKHX Jlyueil B KpHcTalLIe.

[Mpexae BCEro OTMETHM, YTO TPAAHLIMOHHAS ONTHYECKAs XapaKTEPUCTHKA BELLECTBA — TMOKa-
3aTeNb MPETOMIIEHHS — B 3HAUUTEIBHOM cTeneny TpaHCOPMUPYETCs NPY PACCMOTPEHHUH 3a1a4H
O NPOHMKHOBEHUH PEHTIEHOBCKHUX JIy4eH BHYTpb KpUcTaiuta. Jlist 3Toro ciiy4asi HEKOTOpbIe aBTO-
* pbl HCTIOJIb3YIOT TEPMUH unmepgepenyuonnoe paccesiue. I'TTaBHOE OTJIMYHKE 3aKITIOYACTCA B TOM,
4TO B KPHUCTAJUIE JIyd, HAYLIMH OT UCTOUHMKA B HAMpPABIEHHUH TOYKU HAOIONEHHs, TIEPECeKAET
BONBIIYIO CEPUIO PACCEHBAOILNX ATOMHBIX ITIOCKOCTEH, PACIIONOKEHHBIX HA PABHBIX PACCTOSHH-
sIX. B TpaIMUMOHHON METOAOJIOTHH 30H (DpeHens Mpu pacCMOTPEHMM (PA30BbIX COOTHOLUECHHH
TPAMO MPOLIEAIETO ¥ PACCESTHHBIX JIy4eH U TIOCIEAYIOUIETO CYMMUPOBAHHUS 3/16Ch BO3HUKAET He-
OObIuUHas CHTyallMs BO3pacTaHus (a3oBOH CKOPOCTH MPENOMIIEHHOTO JIy4a MO CPaBHEHHIO CO
CKOPOCTBIO CBETA B BaKkyyMe. Pe3ynbTaTsl aHANIN3a, TIPOBEJEHHOTO B pPAMKAX THHAMUYECKOH Teo-
pyH, TOKa3aliv, YTO Ui Kpucranné noka3areslb MPEJOMJIEHHUsS PEHTIEHOBCKHX JIy4ed Ha O4€Hb
MaJTyIO BEJIMYMHY OTIHYAETCS OT €AMHULIBL, MITK 1=1-9, rie d onpezensercs Ha ypoBHE 107,

B npsMBIX KCIIEPUMEHTAX 3TOT (EHOMEH MPOSBIAETCS KaK IMOJHOE BHELHee OTPaXeHHE
PEHTTEHOBCKHX JIyueil OT KpUCTAJTHYECKUX Tel.

AHoMaIbHOE NpoXoxkaeHue. B HacTosllee BpeMs KPUCTAIUTBI JOCTATOYHOM CTENEeHH COBEp-
HIEHCTBA YCMEIIHO BbIPAILMBAIOTCS IS LETeH UCCIeNOBAHUS M JUIS YCTPOHCTB COBPEMEHHOM
371eKTPOHHO#M TexHHKH. Ha 3THX KpHCTa/llaX BOCIPOM3BOISTCS U YCIELIHO H3YYaroTCs ABIEHUS
HHTephEpeHLMH U (POPMUPOBAHHE CIIOKHBIX, TIPABUILHO OPraHU30BAHHBIX BOJIHOBBIX MOJNEH
BHYTPH HIICAJIbHBIX KPUCTAJIJIOB.

BaxkHoe MposBeHKe ClielHaTbHON OpraHKW3aliMy BOIHOBBIX MOJICH BHYTPH KpUCTaJLIA BHEP-
ble 0GHapyxwt . BoppMmaH, MMsi KOTOPOTO OTMEYEHO M B HA3BaHMH 3TOTO 3d¢exTa. Bue aHa-
JIATHYECKHX MOCTPOEHHIA, MPHHATBIX B AIEKTPOAMHAMUKE, OOILHe MOACHEHHS MOTYT OBITh Clie-
JIAHBI B CXEMAaTHUYECKOM BH/IE Ha 6a3e BaXHEHLIMX KIIOYEBBIX CJIOB.

1) O6BbeKTOM ABNIAETCS MiCATbHBIH KPHCTAIT B SKCIIEPUMEHTAJILHOM CXeMe — CHMMETPHY-

HBIIA cnydait Jlays.

2) CumTaercs, 4To moriomeHue B obpasue 3HauuTenbHoe (u>10).

3) YuuThIBaeTCs, 4TO NPH BXOJIE U3 BAKyyMa B KPMCTA/UT IPOMCXOAUT HeOOMbILIAst pEOPHEH-
Talus NEPBUYHOTO MyYKa B COOTBETCTBHH CO 3HAYEHHEM NOKA3ATENS MPEIOMIIEHUS PEHT-
I€HOBCKUX JIy4ell (MEeHbLIE EAMHULBI).

4) Cxema KCIIEpUMEHTA COOTBETCTBYET BBIMOTHEHUIO YCIIOBHH IMPAKLMHU TOILKO JUTst OTHOM
cUcTeMBI TUIocKocTeit (hkl); paccMaTpuBaeTcs B3aUMOCHCTBUE MEPBUYHOM (MPETOMIIEHHOM)
¥ QuparupoBaHHOM BOJIH; TEPMUH IHHAMHYECKON TEOPUH — 08YXB0HOB0U CYHAl.

Cornacro puc. 3.5.6, adexripHas 0671acTh B3aMMOJIEHCTBHS JIy4eil BHYTPH KpHUCTasIa
OIMCBHIBAETCA KAK TPEyTroNbHUK (TpeyronbHik boppMana) npu ToYeYHOM (HOKYCHOM MSATHE Ha
obpasue. J{ns wrpuxosoro ¢pokyca obmacTh 0603HaUakOT — nasamka boppmana. OCHOBHBIM Ol
THYECKHM ITPOLIECCOM B Mpenenax 3QheKkTHBHON 00JaCcTH B JaHHOM PACCMOTPEHUH OKa3bIBACT-
sl MHTephepeHLHs NPETOMIEHHBIX H MHOFOKPAaTHO PacCesIHHBIX BOJIH. B pe3yspTaTe aToro 3a-
MMOIEHCTBIS BHYTPH MpPaBHIbHOM KOHOHUIYpaLMM KPHUCTA/LIA BOZHUKAET 0cobas MOMyIsLuMs
ABYX TOJTeit B BUE IBYX KBA3UCTOSAUHX BOJIH, (a3bl KOTOPBIX COTNIACOBAHBI C METPUKOMN aHHOM
CHCTEMbI aTOMHBIX TIOCKocTell. He ocranaBinvBasch Ha (HEMAIOBAXHBIX) MOAPOOHOCTAX rpa-
HUYHBIX YCJIOBHIi M MOJIAPH3ALHOHHBIX XapaKTEPHCTHK, YKAXKEM MPUHIMIHAILHBIH pe3ynbTaT.
B HArJISHOM HCIIONHEHHH puC. 3.5.7 MOKa3aHo, YTOo JUIA OJHOM U3 KBA3UCTOSYUX BOJIH BCE y3-
JTBI (PUKCHPYIOTCS HA ATOMHBIX TUIOCKOCTSAX, @ BCE MyYHOCTH OKA3blBAIOTCHA B CPEAMHHBIX Ceye-
HHUSIX, YOAJEHHBIX OT LIEHTpOB aToMoB. B Takoit koHdurypaunu cHmxaetcs 3GGeKTHBHOCTE
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B3aMMONEHCTBUS BOJHBI C CHCTe- [Manasonmi my4ox
MOH 3NIEKTPOHOB, M MOIJIOLIEHHE
TpeyronbHHuk
JOJDKHO 3aMETHO YMEHBINAThCH.
boppmana

B sroit MOJIEJIH KBA3HUCTOAYAS BOJI-

Ha JBMXETCS ¢ (PMKCHPOBAHHBIMU 0
y3/IaMH H Iy4YHOCTAMH BIOJIb CHC-  KpucTamt
TEMBI IUIOCKOCTEM M HA BBIXOJE Tt

BHOBb MOJpa3sfesnsieTca Ha JIBe CO-
CTaBIIAOLIME ([POIOJDKEHHE Mep-
BUYHOM 1 AdparupoBaHHas) BoJI-
HbI, KaK MOKa3aHo Ha puc. 3.5.6.
Takass «HapouuTO ympoLIEHHAs»
TP4KTOBKA BIIOJIHE COOTBETCTBYET
pesynbrataM 3kcrniepuMeHToB. Ha-
6ronaeTcs MMEHHO anomansnoe —AAADPATMPOBAHHBII
npoxosicoenue — PEHTTEHOBCKOE Aok
XapaKTEPUCTHYECKOE H3JIYYEHHUE Puc. 3.5.6. ['eomerpus sdexTa aHOMATBLHOrO MPOXOKICHUS
HAaCKBO3b IepecekaeT obOpa3ser,

TOJILIMHA KOTOPOrO MNpPH y4eTe CTAHAAPTHOrO KO3(HULHUEHTA W MaTepuajia JOJDKHA OblIa Obl
00ecnevrTh MOTHOE MOTNIOLIEHHE TIEPBUYHOTO MyYKa.

«Komnencupyroum» 3¢dexToM sBIFETCS aHOMAJIBHOE TIOTIIOLIEHHE BTOPOi KBa3UCTONUEH
BO/HBL. [L/1s Hee onpenensomnM sSpiseTcs GUKCalMs MyYHOCTEH HA ATOMHBIX IJIOCKOCTSX (CM.
puc. 3.5.7). B 3THX ycnoBusiXx B3auMONEHCTBUE . ()

C 3IEKTPOHHBIM 00J1aKOM CTaHOBHTCA Hostee ak- ko/\kg k(:) k(z)
THBHBIM, YeM B OOBIYHON «HEyMopsIOYeHHOH» o
reoMeTpud. Takas BOJHAa aKTHBHO TaCcHUTCA Ha
TOJIIVHE, 3AMETHO MEHbILEH, YeM 3HaUEHHE, 3a-
JAHHOE JIMHEWHBIM KO3(QULIMEHTOM MOrJIolLe- 1 [\ ,”[\ 1 I[\ P 1 l [\ 1 P 1 l
HUs 1Sl JAaHHOTO BelecTBa.

IpuBeaeHHBIH MpUMep JEMOHCTPHUPYET, YTO
B IH(PAKLIMOHHBIX CXEMaX HACATbHbIM KPUCTAIUT
NposBAsgeT cBoicTBA crnenuduyeckoro (yHH-

KaJIbHOrO) onTHyeckoro npubopa. Takoi npu-

pPOAHbIA PUOOP MOXKET paboTaTh JIMOO B PEHT-

T€HOBCKOM [MAIa30HE 3JIEKTPOMATHUTHOTO H3-

JiydeHus, 160 npu augpakLUl My4KoB HEUTPO- !

HOB (37IEKTPOHOB) 3a CYeT CBOeoOpa3HON opra-

HHM3ALMH BOJIHOBOTO MOJIsl Ha 6ase NpaBWIBHOM

ATOMHOM CTPYKTYpbI KpUcTalina. SIBJIcHUS 9Kc-

THHKLMA Y aHOMAJILHOTO NPOXOXKIACHHA Haxo- Puc. 3.5.7. Cxema opueHTaUMH ABYX KBA3UCTO-
AT aKTUBHOE NMPUMEHEHHE NMPH HCCICHOBAHUN A4UX BOJIH

peaJIbHOW CTPYKTYpbl KPHUCTAJUIOB, ONMH3KHX

K COBEPILIEHCTBY. B 1e1oM, u3yueHne TOHKHX AeTajled KPUCTAJUIHYECKOTO CTPOEHHUS C TOMOLIBIO
3¢ heKkTOB IMHAMUYECKOH TEOPHH €CTh CAMOCTOSITEIbHBINA OBILIMPHBIN pa3aen AUdPaKLHMOHHOTO
aHanu3a. MOXXHO OTMETHTB 3/1€Ch LIENIbIH HAOOP KITIOUYEBBIX C/IOB, 0003HAYAIOUIMX CIIELIUATBHBIE
IKCMEPUMEHTANIbHBIE HATIPABIICHUS: Memo0 penmeenogckoi monozpaguu Jlanza, uzmepenue Kpu-
8bLX KAYanus, cxembl 08y-(mMpex-)Kpucmaiblio2o CREKIMpOMEempa, Mmoo CIMOSUUX PEHM2EHOBCKUX
80/IH, MasMItuKOBble non0chl unmepgeperiyuu. CpeH 3KCIIEPUMEHTANIBHBIX HANPABACHHUH BbLAECIS-
IOTCSl [IPUEMBI, UCTIOJIb3YIOILME MOBTOPHYIO HHTEP(EPEeHLHIO AU PArHPOBAHHOTO JIyya.

Pentrenaudpakunonnas uareppepomerpusi u myap.

[punuun unreppepomerpa, cornacio MoHorpaduu [CoBpemeHHas Kpucrammorpadus,
nox pen. b.K. Baitnwiteiina, T.1], noscusiercsa Ha puc. 3.5.8a. 3aeck Tpu miockonapaienbHble
MIACTHHBI — Pa3eNnuTelb S, 3epkano M, aHanu3aTop A Kak OIHO Lieloe ¢ OCHOBaHHeM B Boipe-
3aHbl M3 BECHMA COBEPILEHHOrO KpUcTaia (Hanpumep, KpeMuus). TonmpHa kaxaoit miacTu-

N

IIpomenuuit
My4OK
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HbI 3aJaHa yC/IOBUEM utaZO, obecrieunBaOLIMM TMOJTHOE ralleHUe BCeX BOJIH 3a HCKIIIOYCHHUEM
OIHOMN COCTaBHHlOU_[ef;I, KOTOpast OKa3bIBACTCAd B pEXXUME aHOMAJILHOT'O NMPOXOXKIACHHUS.

(a) s (6)
=

w2

LG

YXOO00000Y

TN A

¢) J ¥ H
Puc. 3.5.8. (a) — cxema peHTreHOBCKOro HHTepdepomeTpa; (6) — Myap B COYETAHUM JIMHENHBIX H OPUEHTALIH-
OHHBIX HCKAKEHUN

B reoMeTpyH CHMMETPHYHOTO ciydast Jlay? MCXOMHBIH Jlyd POXOAMT MIACTHHY S U danee
pa3jenseTcs Ha JIBe BOJHbI; 00e — rperomierHas (B HanpasJIeHHH HCXOAHOH) 1 nudparupoBaH-
Has — BOJIHBI MONAAAOT HA M 3/1ech TaKxke oOecrneueHsl yCIOBUS aHOMANIBHOT'O MPOXOXACHHS.
Ha Bbixose u3 M Tenepsb 00pa3syercs 4eTbipe BOJIHBI. MHTepec npeacTaBisieT B3aHMHOE HAJIO-
eHMe ABYX In(parupoBaHHBIX BOJIH HA BXOIHON MOBEPXHOCTH ILIACTHHBI A. Pe3yibTaToM MH-
TephepeHLIMU SBISETCA MOIYIMPOBAHHAS M0 aMIUTUTYAE BOJIHA C NEPUO/IOM, COOTBETCTBYIO-
[IMM MEXTUIOCKOCTHOMY PaccTOSHHMIO. B3auMo/ieHCTBHE TAKOH BOJHBI ¢ KPUCTAILTHYECKOH pe-
WeTKOM ananuzamopa (A) OKa3bIBaeTCsl UyBCTBUTE/IbHBIM K BECbMa MaJIbiM JIOKAJIbHBIM HapY-
LIEHHSAM CTPYKTYPBI, TOCKOABKY BCTYIAIOT B IeHCTBHE MpaBuiia 06pasoBanus Myapa. 31ech Cy-
IL[ECTBYIOT JIBA BAPMAHTA TEOMETPHIECKHUX CHTYALIMH.

Eciu OpHEHTALMU PELIETOK COBIAAAIOT, BOJIHA C MEPHOAOM MOLY/ISUMK d| B3AHMOACHCTBY-

€T C peleTKOM, nepro KoTopoit d,=d,+Ad; Toraa np# CIo)KeHHH BO3HUKAET MyapoBast KapTH-
Ha ¥ pacripejieieHHe TOYepPHEHUI XapaKTepH3yeTCs NEPHONIOM A=(dd,)/Ad.
PaccMoTpuM 1puMep — OTpaXKatolMe TNIOCKOCTH UMEIOT d,=2-10"® cM; MyapoBble NOIOCHI

C MIepHoIoM | MM 3aperkcTpupoBaHbl Ha IUTACTHHKE, TIOMELICHHOH 33 dHAIM3aTOPOM; npocrei-
was apudmerHyeckas ouenka faet Ad=10" cm.

Eciu repyosibl peineTok d coBIANAIOT, HO MMEETCS MalIblif B3aUMHbII Pa3BOPOT Ag BOKpPYT
obLIeii OCH, TO MEPHO MOBOPOTHOTO Myapa A=d/Ag. B 3TOM cry4ae YHHKAIBHO BBICOKOH OKa-
3bIBAETCS YyBCTBUTENBHOCTD K YIIIOBBIM XapakTepuCTHKaM. COrlacHo OleHKaM, 31€Ch 10CTyI-
HBIMM CTAHOBATCS 3HAauyeHUs Ag Ha ypoBHe 107 paamaH, uiM cOTbIE JOJM YIJIOBBIX CEKYH.
Ha puc. 3.5.86 npusenen npuMmep UHTEPPepeHUMOHHON KapTHUHBI NPU HAIMYMH B KpUCTaLIe
JIMHEHHBIX 1 OPHEHTALMOHHBIX HCKAXKEHHH aTOMHBIX IUTOCKOCTEH.



Yacte 4
JKCNEPUMEHTANBHbLIE HANPABIIEHUA B CTPYKTYPHOM AHANU3E

BBoxuas. B nmpakTuyeckoit neATeNbHOCTH CYLIECTBYeT 3HAYMTEBLHOE Pa3HOOBPa3Ue KOH-
KPETHBIX 3a7a4 MPH UCMONb30BAHNH PEHTICHOBCKOTO H CHHXPOTPOHHOI'O U3/y4YeHH, HEUTPO-
HOB M 3NIEKTPOHOB. XapaKTEPHCTUKA HATIPABIIEHUH OTYACTH IIPOBOAMIIACH B NIPEALIECTBYIOLIEM
TekcTe. Yueno npobiieM M MX CI0KHOCTD MMOCTOSHHO BO3PACTAET, UTO AB/ISETCS ITPU3HAKOM aK-
THBHOTO Pa3BUTUS BCEro KOMIUIEKCa (DH3HUECKOro MaTepuanosenenud. g 3Toil obnacTy Ha-
YKH (1 BBICOKO#H TEXHOJIOTMHU) XapaKTepeH YCTOHUHMBBIM TEMIT PA3BUTHS B ITPOLIIOM BEKE U B Ha-
CTOsLIEE BPEMS; IOCTOSIHHO BO3HUKAIOT JMHM30/bl HE MPEACKA3aHHBIX TEOPUEH, IPUHLUITHAII-
HO HOBBIX CTPYKTYPHBIX COCTOSHUH, TMOO HEOKHMAAHHBIX TIPUMEHEHHH [T H3BECTHBIX MaTEpH-
anos. [Mostomy ckobKo-HUOYIb MOMHBIA 0630p JaXe OCHOBHBIX HANpPaBICHHH AUPAKLIOH-
HOT'O aHAIN3a MOXET CIIYXHUTh [IPEAMETOM HE OHON MOHOTrpaduu.

OKCIepUMEHTATbHBIE MPOBIIEMBI, PeLeH e KOTOPBIX TPeByeT npuMeteHns AMAPAKLHOHHbBIX
METOI0B, YCJIOBHO TPYNIMPYIOTCS IO TPEM THIIAM 3a/1au:

(a) ctpykTypHas pacungpoBKa — HOBbIH KPUCTAIUL, TPEOYETCH MOMHBIIH LIMKIT HCCIICIOBAHMIA,
BKJIIOYas 3TaM ONpeaeeHUs] KOOPAUHAT aTOMOB B fueiKe;

(6) kpucraniorpaduyeckas aTTeCTauns — HTOrOM ABIseTCst WACHTUdUKALUS obpa3iua ¢ u3-
BECTHBIM CTPYKTYPHBIM TUMOM, NMPOBOAUTCA (HA30BBIA anaIu3, TPEOYIOTCS M3MEPEHHS CTPYK-
TYPHBIX MMAPAMETPOB M XaPAKTEPUCTHK pealibHON CTPYKTYpbl 06pa3ua (6II0KH MO3auKH, IBOF-
HUKH, BHYTPEHHHE HATIPSXKEHUS U T.IL.);

(B) aHanM3 NpeBpaLIeHNil MM CBOETO POdA «CTPYKTYypHAs APAMATYPIUS» — 3/eCh OCHOBHOE
BHUMAHHUE YIENAETCS MPOUECCAM MPeOoOpPA30BaHUA CTPYKTYPhI MPH BHEIIHUX BO3ACHCTBHX
TEMMEPATYPbl, 1ABJIEHHUS, JIEKTPOCTATUYECKOrO MOJS U AP. HA KPUCTATMUECKUIA OOBEKT.

Ans ueneit foruyeckoi opraHU3aLK Kypea U310XKeH e raBbl 4.1 HAYMHACTCS ¢ aTTeCTallu
MOHOKPHCTAJIIOB, JaJIee KPATKO OMMCHIBAIOTCA MOAXOAbI K PACIIMPOBKE ATOMHBIX KOOPAUHAT
B CTpykType. Cnenyouias riiapa COAEPX)UT XapaKTepHble MIPUMEPBI MOTyYeHHs AMbPAKLHOH-
HBIX XapAKTEPUCTUK MOJMKPUCTAIUIMYECKUX O00BEKTOB. B paMkax KpaTkoro Tekcra yaeneHo
BHHMaHHe Mpobiieme peasibHOH CTPYKTYpPhl H cXeMaM AH(PaKLUMOHHON MUKPOCKOIHH.

Maea 4.1
PACLUNO®POBKA PAHEE HEU3BECTHOU KPUCTANNMUYECKON CTPYKTYPbI

O06ume 3amevanus.

B npogeccuonanbHoi TepMUHOMIOrHH JaHHBIHM KITACC 3a1a4 Hepeako 0603HAYACTCS KAK YuC-
mo cmpyKmypili anaaus. It paboTsl BeAyTcs Ha MOHOKPHCTAIIIAX, MI03TOMY TpebyeTcd ro-
CIIEA0BATENBHOE PACCMOTPEHHE TIPHHLIMITHANBHBIX BO3BMOXKHOCTEH 0a30BbIX AU(PPAKLUHOHHBIX
cxeM. IpakTuyeckuii mpouecc onpeneneHus CTpyKTYpbl €CTh NMOCIEA0BATENLHOCTh ABYX, Kaue-
CTBEHHO PA3JIMYHBIX, <OKAHPOB» IKCHEPUMEHTAILHON AEATEIbHOCTH.

Hauasio uccnenosanus tpebyer nepsudHOi paciundpoBKH AOCTYMHBIX JAHHBIX, LETbIO SB-
JNIAETCSl CHHTOHUS, TPAHCIALIMOHHASA IPYNIA, MEPUOAbI HTEMEHTAPHOMN AUEHKH, YUCIIO ATOMOB B
s4eiike M MpocTpaHCcTBeHHas rpynna. OCHOBA 31eCh — GaKThI, MONyUEHHbIE B IKCIEPUMEHTE, U
HET HeO6XO[1HMOCTl/l OIMHUPATBHCs HA AIlIpUOPHO BBOAHUMBIE MOIEJIH. BTOpOﬁ 3ran — OIIpEACIICHHE
7-445
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KOOPIMHAT aTOMOB B 3JIEMEHTApHON sueHKe. 37ech (32 UCKITIOUEHUEM HECTIOKHBIX CTPYKTYP),

KaK MMpaBHII0, TPEOYIOTCA CTAPTOBBIE MOJEIH, MPHUMEHSIOTCS crielU(pHIeckre pacyeTHble METO-

JIbI, UCITOJIb3YETCSl UIEOIOTHS KPUCTAIUIOXUMHUH, BCIOMOTATEIbHbIE IMITUPUYECKUE TIPUEMBI.
PaccMoTpuM ykazaHHBIE 3TANbl B MX MOCIEI0BATETLHOCTH

4.1.1. NepsuyHas atrecrayua MmoHokpuctanna. Metoa lNaya

B kowiie nepsoit yactu (maparpad 1.6.5) Obu1 KpaTKO NMpeacTaBieH METO/I CbeMKH MOHOKPHC-
TAJJIOB B HEMPEPHIBHOM PEHTIEHOBCKOM CIMEKTPE TOPMO3HOTO M3ITydYeHHs. ITOT, XPOHOJIOTHYEC-
KH NEPBBINA TUPAKIHMOHHBIA METO/I, UMEET U B HACTOSLIEE BpEMsl BAXHYIO «HULLIY» B JabopaTop-
Hoit pakTuke. [TomyueHue nayarpamMmbl SBISIETCS CTAPTOBOM orepauueld B CTpYKTYPHOM Hcclie-
npoBanuK. ['eoMeTpHs OrbITa — MapaIenbHbIN MOMUXPOMATHUECKUHA MYYOK, MPOILEIINI KO-

(6)

Puc. 4.1.1. TeomeTpua cbeMku: (a) —
npsmast, (6) — 00paTHAS NayIrpaMma.
F - nosuuus dorokaccersl, CZ - opu-

EHTALMSA OCH 30HbI OTPAKAIOWHUX TUIOC-
KOCTEH

MaTop, HaMpaBSETCs Ha HEMOABMXKHBIA 0Opasell; 1u-
(paKLHOHHbBIE MAKCHMYMBI (pegaekcol, 1ay3gcKue nsim-
na) pukcHpyroTca Ha rtockyto kaccety. [Mo B3anmuomy
PACITOJIOKEHHIO KACCEThI M 00pa3La pasIM4aroT CXeMbI
— npsyast cvemra aubo obpaminas cvemxa (MHoraa ooo-
3HAYAETCS — CbeMKa murpaMmsl) (puc. 4.1.1).
[lepBuunas GyHKUMA Jay3rpaMMbl — IPSAMOE U He-
3aBUCHUMOE ycTaHOBJIeHHE dakTa, 4YTo JaHHbII obpa-
3€ll eCTb MOHOKpHUCTAILT. CBUIAETEIBCTBOM 3TOrO C1y-
AUT PopMa MATEH U UX PACMOJIOKEHUE HA CHUMKE B
BU/le cBoeoOpaszHoro ysopa (cM., Hanpumep,
puc. 4.1.2). Ha cHuUMKe coiepXUTCsl KOHKpeTHas Ko-
JnyecTBeHHas HHOpMaUHMs O KpUCTasLIE.
[Toctpoenue Ha puc. 1.6.5 xoxa nyueit and Meroaa
Jlay» B reoMeTpuu oOpaTHOM peLeTKH WLTIOCTPUPYET
CBOMCTBA OTAENBHOTO peduiekca. 34ech MNOJIOKEHNKE
y3r1a obpatHoi pewerku (110) nozposiseT 0603HaUUTH
ceuenne chepbl IBanpaa ¢ paauycom /A, ykasaTs ee

ueHtp P 1 nanpasienre N nudparnpoBansoro jayda.
B HenpepbIBHOM CMEKTpe MEPBUYHOIO My4YKa IPHUCYT-
CTBYIOT U HCOOXOIMMblEe AJIMHBI BOJIH, OTBEYAIOLIHE
BTOPOMY M TpETheMY NOPAAKAM OTpaXeHUs OT TOMH ke
unockoct. [ToaToMy MOXHO 0OO3HAYUTBL IMMO3MLHMH
P', P" nns BeIOpanHbIX LEHTPOB chep IBa/IbAA; UM CO-
otBercTBytoT N', N" - HanpapieHus: nudparupoBaH-
HBIX Jydeil. Tenepb BUIHO, YTO U1 BCEX BO3MOXHBIX
NOPSAKOB OTPAXEHUS OT 3aJaHHOMN
Kkpuctamnorpadpuueckoil  TJIOCKOCTH
(hkl) nanpasneuusi audpardpoBaHHbIX
nyuel coBnaaator. [1pu 37oM 3Ha4eHus
A HaxoasATcs Mexay coOOi B KpaTHBIX
COOTHOLICHUSX; HANpUMeEp, Ha pHC.
1.6.5 nnuna Bonuel A, =2\, =3A,.

Takum obpa3oM, ycTaHaBIMBAIOTCSH
MEPBHIE CBOWMCTBA JIAYIBCKOrO MATHA —
OHO MO CHEKTPaJIbHbIM XapaKTePUCTH-
KaM «IMCKPETHO LBETHOe», HOO B HeMm
COBMELICHBI BCE BO3MOXHBIE IMOPSIKH
OTpaXXeHHA OT OJHOH KpHCTALIOrpa-
tdbuueckoit mnockoctu. IlorTomy, u3-3a
HEOMNpeAC/IeHHOCTH 3HAYEHHUSA A, HEHO-
CTYIMHBIM OKa3bIBAETCH MpocTeiiliee u3-

Puc. 4.1.2. [Ipumep naysrpamMmmbl MOHOKPHCTAILIZ MEPEHHE MEXITTIOCKOCTHBIX PACCTOSIHUI
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nyTeM MCMOJIb30BaHUA OUPPAKLHOHHOIO T
ypaBHeHusi. HaobopoT, opueHTalHOHHBIE Xa-
PaKTEPUCTUKK KpHCTAlna MOTYT ObITh Onpe-
JeJIeHBI TpoMepamu naysrpamm. [pesxne Bee- Y
ro paccMOTpuM cxemy puc. 4.1.3. [TepBuunbiin

<

M C M
nydok TQ nomnanaer na kpucramwi B Touke C u 0
JaeT AudparupoBaHHblil MAKCUMyM Ha IUIEH- 20 T
ke B Touke S. Toraa Beixoa HopManu CN k oT- N L
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Ha J{ay?)l‘paMMe B S/IEMEHTAPHON FEOMETpHIC- Puc. 4.1.3. ['ecomeTpuucckas CBA3b NO3HLUNU pe-
Ckou NpOLEAYPE MOXHO COTOCTaB”Tb TR R~ dutekca S Ha nay’rpaMme H TrHOMOHUYECKOH Mpo-
LUK HOPMAJIN K KOHKPETHOU KPUCTAJLIOrpa- extnu P orpakatouteil niockoctu
tuueckoit mmockoctd. TeM cambiM, OAHO-

3HAYHO ONPEAENAETCS OpUEeHTALMs AaHHOM MIOCKOCTH B ocsiX npudopa. CylecTByoT pa3BH-
TbIe MEMOObl HOMONUYCCKUX U 2HOMOCMEPCO2PAPUHCCKUX NPOCKYUTl, KOTOPbIE HCIIOIb3YHOTCS
JUtst 06pabOTKH AAHHBIX ITPOMEPA TayIrpamMM. DTO MO3BOJIAET BOCCTAHABIIMBATL OPUEHTUPOB-
KM BCEX TUIOCKOCTEH, CO3AAOMX ANPPAKUHMOHHYIO KAPTHHY, U UX B3aUMHBIE YIJIbl. 3HAKOMCT-
BO C 3TUMHU METOAHUKAMU BXOINT B 3a7a4YU APAKMUKYMA. 3[1eCh MBI JIMLIb YKaXeM Ha OOLIUi
MOAXOMA K 3a7a4e 00 OPUEHTHPOBAHHH KPUCTAILIA 110 JIay>3rpaMMaM.

Cormacuo puc. 4.1.1 u 4.1.2, nynxTup no3uuuii peekcoB NO3BONISET 0O03HAYUTDL HA PEHT-
reHorpaMme MnpsiMoit CheMKH OOBEAUHSIONINE UX 301 TbIIbIC AUNUY B BUIE SIUTUIICOB, TIPOXOAS-
LIMX Yepe3 TOUYKY, — Clied nepBruyHoro nydka. Ha smurpamMme 30HasbHbIeE KPHBBIE COOTBETCTBY-
10T runepbonam. B oboux ciydasix, cjieloBATENbHO, BbIABIAIOTCS KPHUBBIE BTOPOTO MOPSAKA
(BK/TIOYAS MPAMYIO — BBIPOXKACHHBIN ciyuaii). B cootBeTcTBuM ¢ naparpadom 1.1.2, 310 03Ha-
YaeT, YTO KAXK/1asi CepUs MATEH COOTBETCTBYET OINpe/IelIeHHOMY HA0OPY KpUCTAIITOrpaU4ecKUX
MI0CKOCTEH, OOBEAUHEHHBIX KOHKPETHON y310BOW NMPAMON — OCcbio 30HBI. BbiXoa oceil 304 Ha
IUIOCKOCTh ChEMKH H UX B3aMMHBIE YIJIbl TAKXKE OMPEACSIOTC] U3 HECHOMXHbIX MOCTPOCHUH.
[MoauepkHeM, YTO 3TO MPUHLMMHAIBHO HOBAS BO3MOXKHOCTB — 3KCIIEPHUMEHTATOP «y3HAET» O
CYIHECTBOBAHUM Y3JOBBIX MPAMbIX [Mnp] B KpycTaIMUecKoil peleTke odpasiia 1 00 UX MpocT-
PAHCTBEHHOM PACIOJIOKEHHH B ocax npubopa. [TosiBasercs v crnocod METOAMYHO W3MEHATH
y30p Ha Jlayarpamme. B monenbHoi TpakToBke puc. 4.1.1 3014 MIIOCKOCTEN «paboTaeT» Kak CU-
CTEMA 3e€PKAJi HA OCH, CO3IA0IIast TOBEPXHOCTD KOIYCA OTPAXKEHHBIX JIyuel ¢ PUKCUPOBAHHBIM
yritiom pactBopa W (M ¢ AMCKpETHBIMHI 00pa3yIoKUMH). Bu Konuueckoro cedeHust (3JUIHIIC, TH-
nepbosia, npsiMas) AT JaHHOH 30HBI TENEPb KOHTPOIMPYETCA YIIIOM MEXIy MEPBHUYHBIM Myuy-
KOM M OCBIO 30HbI ITPH COOTBETCTBYIOLLEM PACITOMOKEIHH KACCETHIL.

Wtak, craHgapTHasi CTapTOBAsS CUTyalHs — 0OpAa3€ll C HEU3BECTHOM CTPYKTYPOH, MOJTyUeHbI
nepBbie TAayIrPAMMBbIL; TIEPBAs 3¢/1a4a — ONpe/IeIeHNe CHHTOHWI, B DKCIIEPHMEHTAIBHOM TUTAHE
3TO — MMOUCK OCeH CUMMETPHH KpucTauta. HaM U3BecTHO, 4TO 0Cb CUMMETPHH B KPUCTAILIIE BCe-
TAQ ABASETCA Y3A0BOM NMPAMOH € pALMOHATBHBIMHU HILIEKCAaMK [mnp). DTo o31a4aer, uto Tpedy-
ETCS BOCCTAHABIUBATE MO0 CHUMKAM BbIXOJbI OCEH 30H; JAJIEE CICAYET COBMELIATL BbIOPAHHYIO
OCb 30HBbI C [IEPBUYHBIM MYYKOM M HA KAXKIOM CHUMKE MPOBEPATH HAJIHUME MPU3HAKOB CUMMe-
TPHU B PACTIONOXKEHHH MsATeH. ECM 271eMENT CUMMETPHUH NapasijiesieH NEPBUYHOMY TyUKY, ITa
CUMETPHUS BOCTIPOU3BOIUTCS B y30pe ANDPaKLUHMOHHON KapTuHbl. ObHapyx)elne oot ocu (Jiu-
60 MIOCKOCTHU CUMMETPHH) MO3BOJISCT BECTH HATIPABIEHHbIH MOHCK APYTUX IEMEHTOB CUMMe-
Tpuu. Ha npaxTtuke ykazannas npoueaypa He sBAAETCS MOHOTOHIBIM nepebopom Beex oceit
30H; CYUIECTBYIOT IMIUPHUUYCCKHE M MHTYHUTHBILIC [IPHEMBI, MO3BONSIOLIHE COKPATUTD peallb-
HbI MyTh U, B KOHEYHOM CUETE, ONPEALSIUTE CHHTOHHUIO.

[Moauepkiem, yTO CBEACHHS O CUMMETPHH KPHCTAIUIA, KOTOPLIE JOCTYMHBI HA 3Talle Jlay)dB-
CKOIl CbEMKH, He AOMYCKAIOT OJHO3HAYHOrO OnpeaeneHus Todeunoi rpynnsl. Hanpumep, na
puc. 4.1.2 no audpakuMOHHON KAPTHHE KPUCTAIIT JOJDKCH ObITh HE HHXKE OPTOPOMOHUECKOMH
CUHTONMH; BHAUBI [(BE [UIOCKOCTH CUMMETPHUU, YTO [MO3BOMAET MPUNHCATh TOUYCUHYIO CPYIITY
nm?2 1u60o mmnt. OAHAKO BLIOOP MEXKTY 3TUMH FPYITITAMH HEJOCTYIIEH: TOCIe TOBOPOTA 06pa3-
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a Ha 90° BOKpYr BepTHUKAJIBLHOM OCH Ul 0OOMX ClydaeB Ha JaysrpaMMe NpPOSBUTCH TPEThs
[UTOCKOCTh CUMMETpHH. TakuM 06pa3zoM, HEBO3MOXKHO TIO JlayrpaMMe YCTAHOBHUTb — OTCYTCT-
BYET JIM B JAHHOI CTPYKType LUEHTP WHBEpPCHH. B 9TOM npossisercs ¢pynnamenTanbHas daszo-
Bas npobnema onTuku (3pdeKT KBaApaTUYHOrO JETEKTUPOBAaHHUS, cM. 3.2.3).

B utore, misa uccnenyemoro o6pasua aTTeCTyeTCst CuH2OHUs, BHYTPH HEE YKa3bIBAECTCH 1Ay I6-
cKull Knace, Kak Habop BO3MOXKHBIX moyeuitblX epynn, pa3iInyaroLUXCs TOJIBKO 110 IPU3HAKY Ha-
MUK LeHTpa uHBepcuu. Ha 3ToM 3aBepuuaeTcs Ha4anbHbIH 3Tall CTPYKTYPHOTO aHAIM3a.

Hezasucumo om 3a0au noanoi pacuugposxu, cxema Jlays umeem paod eaxcuvlx ynxyuii 6 na-
6opamopnoii npakmuke: 3dexmusnblii KOUMpPOLb NPOYECCO8 pocma Kpucmainos, no020moska
opueHmuposaitiiblx 06pazyoe ONs UCCACO08AHUS CBOUCME, NEPEUYHAS AMMECMAayus MUNEPANos.
Jlo6asum, umo npeomemom aHanu3a S6A1emes e moabko Konguzypayus y3opa, 1o u gpopma nsim-
na. B deticmeumensiiocmu, Kajxcooe 1ay3eckoe namiio omobpasxcaem 061acme CoeMKU U, 8 NPUH-
yune, codepycum («y8eMHYI0») MOROZPAMMY NOGepXHOCMU Kpucmariudeckozo obpasya. Ha
IMOM OCHOBBLBAIOMCS HEKOMOPbLE NOE3HbIE CXEMbl PEHMZCHOBCKOU OUDPAKYUONIIOT MUKPOCKORUU
(cm. Huxice, enasa 5.2).

4.1.2. Xapaktepuctuku pewetku. MeTon BpaweHun (KayaHus)

PestomupyeM HHGOPMALIHMIO, MOTYYEHHYIO HA JTAlE JTayIBCKOH ChbeMKHU:

MOATBEPXKIEHO, YTO 00pasell CTh MOHOKPHUCTAJLL; ONPE/IENIEHbI OCH CHMMETPHH W UX OPHEH-
TalMs; [T OMUCAHUS KPUCTA/UIA YCTAHOBICHA KPUCTAIIMYECKast CHCTEMA (CHHTOHMS) U KJ11CC
CUMMeTpHH (OrpaHHUEHHbI HAGOP BO3BMOXHBIX TOYEUHBIX [PYII); H3BECTHA OPUEHTALUS OCCH
KOOPAMHAT KPUCTAILTMYECKON PEETKH B TaHHOM 00pas3ue.

Crenyrolas 3a1aua — onpe/eseH’e [epHOL0B EMEHTAPHON SUeHKH U TPAHCIAIMOHHON
rpynnsi (pewerky bpase) — peluaeTcs Mpu UCMOIB30BAHHK MOHOXPOMATHYECKOT O U3TyHEHHS

¥ BpaieHus obpasua. [IpUHUKIT U KHHEMATHYECKAs CXeMa

‘| TaKkoM KaMepbl WILTIOCTpUpytoTcs Ha puc. 1.6.6. Cxema pac-
C——) yeTa noscHsercs Ha puc. 4.1.4. FonnomeTpHueckas rojiopxa
\ ¢ 0Opa3loM, COpMEHTHPOBAHHBIM HA [EPBOM I3Talle, yCTa-
1/A \ HABJIMBAETCS HA OCh KaMepbl C LIMIHHAPHUYECKOH TIEHKOH.
" KoucTpykitus kKamepbl obecrnieurBaeT BpauleliMe BOKPYT
}nd o BEPTHKATBHON OCH JIMOO OCLUMIIALUMIO HA Majlbli Yyroj 1o
15° (kauanue). Tpebyercs, 4yToObI OmpeAe/ieHHas Y3/I0Basl

\ / npsiMasi [mnp] coBnanana 1o HarpasJIEHHIO C OCbIO Bpalle-

\ / uus. Torga B o6paTHoM npocTpaHcTse y3isl (hkl), npunan-
JeXKALME JaHHOM 30HE, 3aaHbl TUIOCKOCThIO, MPOXOAALIEH

\_/ yepe3 Hayauo KOOPAMHAT U NEPHeHIUKYISAPHOH OCH Kame-
pol. [Ipy BpaliaTesbHOM IBMKEHHH Y3/bl 3TON MIOCKOCTH

Puc. 4.1.4. Cxema K pacueTHoii 0oOpaTHO pelieTKH (M MmapasielbHbIX IUIOCKOCTEH) noce-
dopmyne as onpenenetus ne-  AOBATENBHO MONANAIOT Ha chepy DBanpaa. Tem cambIM
pHOId MAESHTHYHOCTH obecrevyeHo MojayyeHHe pa3BUTOH M YMOpPAA0OYEeHHOH Iu-
dpakunoHHOM KapTUHBL (cM. puc. 4.1.5).
Ha pa3sepTke UMIMHAPUYECKON MIICHKH
NyHKTUP pediekcoB oOpa3yeT cepuio na-
pasuIebHbIX TPAMBIX CR0€8bIX AUNUH —
HyneBas, *nepsas, najsee *BTopas U T. 1.
[IpenMeToM H3MepeHUs Ha ITOM 3Talle
CTaHOBHTCA paccTosinue | nuHUH n [0

HyJIeBO#l cnoeBoi nuHHUK. PesynbraToMm
pacyera SBJSETCS HEpUOd NOBMOPAEMOC-
mu (nepuod udenmuunocmu, cMm. 1.1.2)
JUIA TOH y3m0BOoM npsamMo# [mnp}, koTopas
pacrnojioxeHa BAOJb OCH BpalIEHHS.
[MTpUHLMMI 3TOTO BBLIYHCICHHUA HE ABJIAET-

Puc. 4.1.5. [Mpumep peHTreHOrpaAMMbl KAHaHHUA ‘ CAl TPOCTBIM MTPUMEHEHHEM OPIrroBCKOro
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ypaBHeHUs OTUdpakuuU. 30eCh X0 pacueTa OCHOBAH Ha METPUUYECKUX B3aUMOCBA3SAX MEXIY
npsiMoi (KpUCTaIIMUYecKoi) 1 0OpaTHOi pewieTkamu (cM. 1.6.3). Tlo xony Tekcra yxe 1npu-

BbIYHO cooTHowenue |G, [=1/d, cBasbiBatoulee paauyc-BEKTOp y3/1a OOPATHOH pelieTku u

MEXIUIOCKOCTHOE paccTosiHue B Kpuctasuie. CTosb Ke BepHa anbTepHATHBHASA 3aBUCHMOCTD
s nepuofa uaentuunoctu I =R 1=1/d*, rae d* obosnayaer anaior MeXTMIOCKOCTHOrO

pPacCTOAHUSA )14 CUCTEMBI Y3JIOBbBIX MJIOCKOCTEH O6paTHOﬁ PEIICTKH. npl/l 3TOM cODJIIoaaeTCs
YCJIOBHE, UTO HaAllpaBJICHHUE R B P€AlIbHOM IMTPOCTPAHCTBE NMAPAJUICIIBHO HAITPABJIEHHUIO HOP-

mnp

mnp
Manu nd* K yka3aHHBIM Y3JI0BbIM ITOCKOCTSIM OOpaTHOM pELIEeTKH.

W3 cxembl Ha puc. 4.1.4 cienyer, uto BenmurHa d* cTaHOBUTCA JOCTYMHOM, €CU AJIs CJI0e-
BOH IMHMH NOPAAKOBOTO HOMEPA N ONPEAETUTh YyroJl 0. MEXILY HalpaBieHHeM AUPParupoBaH-

HOI'O Jiyua U OCbiO BPAILUCHHA. BenuunHa 3TOrO yrjia 3alaHa pacCTOAHHUEM ln’ KOTOpPOEC MOXHO

M3MEpUTH Ha peHTreHorpamme. [Ipu u3BecTHOM pannyce kKamepsl R monyuaercs pacuerHas
dbopmyna s neproaa MASHTHIHOCTH:

L =nA{(1+(RN)2]1/2.

mnp

BecbMa yMmecTHO 31eCh 0OpaTUTh BHUMAaHHUE Ha creUudUKy AJAaHHOTO MapipyTa nomyde-
HHSI CTPYKTYPHOU HHGMOPMAIIMH: 3KCIEPUMEHTAIBHO OTIPEASIAETCA He MEXIUIOCKOCTHOR pac-
CTOsAHME, HO MEPUOA BAOJIb Y3JI0BOW mnpsiMol. [eicTBuTenbo, 6€3 KaKUX-THOO MpeaBapu-
TEAbHBIX CYXIAEHHUH O CTPYKType MpPOBEAEHO OPUEHTHPOBAHWE KPHUCTAJIA MO Jay3rpaMme,
BbIOpaHa y310Bas ripsiMas (OCb 30HbI); MOCHE ITOMO KPUCTAMLI PA3BEPHYT TAK, YTOOBI JaHHAS
y37noBas npsiMas Obl1a MapasjenbHa OCH BPALLIECHHS; B 3TOH T€OMETPHUH MOJIyUEHd PEHTrEHO-
rpaMMa KadaHus. [lanslile MpocThle U3MEPEHU U pACUET AAOT BETUUUHY MepHOa UICHTHY-
HOCTH BIOJIb Y3/TOBOM npsiMoi. Eciin 3TOW y3/10BO# NPAMOI COOTBETCTBYET OJIHA U3 OCEH KO-
OPAMHAT pELIETKHU, Pe3yJIbTaTOM SABJISETCA 3HAYEHHE OAHOIO M3 MEePHOA0B 3IeMEHTApHOH
syeiiku. [MosopoThl 00pa3ua Ha TOHUOMETPHYECKOH TOJIOBKE MO3BONISAIOT MOCAEA0BATENBHO
NOBTOPSTL OMEPALMU; IPH ITOM OyAyT MOJIyUEHBI 3HAYEHUS JUIS BCEX MOCTOSHHBIX PELICTKH
(rieproabl SUEHKH U YIIIBI MEXKIY OCAMH).

Hanee, Takxke 0e3 NpenBapUTENbHBIX MOJEIEH, MPON3BOIMTCS HE3aBUCUMOE OIlpeaeieHue
XapaKTEPUCTUKH CIIEAYIOLIEro YPOBHS — TPAHCISIUMOHHAS I'pyrAna cuMMeTpuu (peuretka bpa-
Be). ITa MHPOPMALIMS BOCCTAHABIIMBAETCS U3 HECKOJIBKUX KOHTPOIBHBIX U3MEPEHUI TEPUOIOB
BAOJIb BLIOPAHHBIX HAIPABJIEHUH.

PaccMoTpum npumep, HarnsaaHeid aaxe 6e3 noctpoeHuit Ha yeptexe. [lpeanonoxuMm, mis
KpUCTA/IJIA y)Ke YCTAHOBJIEHA KyOuueckas CMHTOHHMS U NMApaMeTp a IEMEHTAapHON SueHKH; B
" 3TOH CHHIOHMM BO3MOXHbIE pelteTkd bpase — npumutusHas P, o0beMHO-LIeHTpUpoBaHHas |,
rpaHeueHTpupoBanHas F.

TpeOyeTcs He Oonee ABYX U3MEPEHUIT: BAOJb OCcH BpatieHust BbiBoauTce [110] — rockas au-

aroHalib,; ﬂepBbIﬁ CHHUMOK, OIPECACIACTCA NEPHOI — €CITU I =a\/§/2, YCTAHOBJIEHA 'K pCLUCT-

mnp
Ka, €CJTM OTBET — @V 2, ChbeMKA MPOAOKAETCS; BAOIb OCH BBIBOAUTCS Hamnpasienue [111]; Bro-
pOH CHUMOK — ecliu Imnp=a\/§/2, YCTAHOBJIEHA OLIK PELUETKA, €CITH e MOMyUYeHO a3, KpHCTAJI

HUMeeT IPUMHUTUBHYIO PEILCTKY.

Creayroluit 3Tan NpeaycMATPUBAET HHAHLUMPOBaHHue pedieKcoB Ha PEHTTeHOrpaMmax, MmoJy-
YeHHBIX B MOHOXPOMATUYECKOM M3/y4YeHHH, U ofpe/ie/ieHue NPOCTPAHCTBEHHOH rPpyNnbl KPUCTA/LIA.

B skcrniepuMenTanbHOM MIaHe IS JAHHOIO 3Tana BHOOJHE MPUMEHUMA ChEMKA PEHTIEHO-
rpaMM KadaHus. 3aMeHa MOTHOTO BpallleHHs oOpa3lia OCUMIISILMER B Ipeaenax HeGombLIoro
yriia rapaHTUPYET OTCYTCTBUE HEOMAaronpUsTHOTO MEpeKpbITUS peduieKCOB Ha OTAeNbHOM
peutrenorpamme. [TosHbIi yrIOBOH MHTEPBAN TOBOPOTOB IS MOTy4YeHUs odLel audpakuu-
OHHOM KapTHHBbI 0OecreYnBaeTCsl CheMKONH CepHUH peHTreHorpaMm kadaunus. HamoMuum, 4to
Ha JTOM CTAIUH yXKe U3BECTHBI MEPHOABI AeMeHTapHOH sueitku. Teneps s onpeneneHus uH-
nekcos (hkl) pedekca TpebGyercs usmMepuTs ero AMGPaKLMOHHBINR YroJT 8 U MPOM3BECTH IOCIIE-
AYIOUIYIO HACHTU(GHUKALKEO IO MEXIUIOCKOCTHOMY PACCTOSHHUIO U MOJIOKEHHUIO y3/1a 00paTHOM
peuwietku. [1pu paboTe co cBOeOOpA3HBIM Y30pPOM MATEH HA PEHTreHOrpaMMe KadaHus (CM.
puc. 4.1.5) BO3HUKAET reoMeTpHUecKas 3a1a4a, CBA3aHHAS C U3MEPECHUAMH B LIMTUHAPHIECKON
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cucteme KoopauHat. OO6paTUM BHUMAHHE TAKXKe HAa JAPYIryIO CIOXHOCTb B HHTECPIPETALNU
PEHTTEeHOrPaMM KadyaHus, CBA3AHHYIO C YNPOUIEHHON KHHEMaTHUecKol cxeMoii kamepsl. Ha
3TOH peHTreHorpaMMe KoopauHaTa pediekca onpeaensercs IMQpakLHOHHBIM YTJIOM, HO TOY-
Hasl OPMEHTAUMUS KPUCTAUIa B MOMEHT OTpaxkeHHs HeussecTHA. Takum oOpa3oM, 3aTpyAHEHO
NIpAMOE BOCCTAHOBJIEHHE KOH(MHUrypauuu oOpaTHOU pelleTKH MO pediekcaM Ha PEeHTIeHO-
rpamme kauauus. KoHKpeTHble MPUEMbl HHAMUKMPOBAHHS UMEIOT CBOM OCOOCHHOCTH M BBeJe-
HBI B IPOTPaMMy MPAKTHKYMa.

B pe3ynbpTaTte 06paboTKKM CHUMKOB TPEOYETCS MONYyYUTh JOCTATOYHO MOJIHBINA PeecTp HHIEK-
COB OTpaxeHHit, 3adUKCHPOBAHHBIX UIA JaHHOTro KpHuctamia. [locne aToro skCnepuMeHTaTop
CMOXET MPOBECTH JTOTMYECKHI aHAJIN3 3TOTO CMIMCKA Ha TPEAMET OOHAPYKEHUS «IIPAaBHUII 1ora-
CaHMs» As pedIIeKCOB, KOTOPBIE OTCYTCTBYIOT HAa CBOMX MO3HLMAX (BBIYMCIIAEMBIX U3 IUbpaK-
LIMOHHOTO ypaBHeHHs). DTU Mpasuiaa (ycroBUs, OFPAHUYMBAIOLIAE BO3MOXKHBIE OTPAXKEHHUSA)
noApo6HO KOMMEHTHPYIOTCS B TpeThel yacTu (cM. naparpadsi 3.2.2, 3.2.3). OcHOBOH 3/1¢Ch AB-
JIETCA AEUCTBUE OMKPHIMbLX INCMEHIMO8 CUMMENIPUU:

— HaNIMuMe noracanuil cpenn pednexcos (hkl) obuero Tima xapakrepusyer peuietky bpase
M IaeT pe3yJIbTaT, COTIACOBAHHBIH C MPEAbLIYLIMM H3MEPCHUEM MIEPHOI0B HACHTHYHOCTH;

— [IOracaHms Cpely 30HabHbIX cepuil pedutekcos (Hanpumep, Tuna (hOl) u T.1.) onuckIBaOT
MPUCYTCTBYIOILYIO IUIOCKOCTb CKOJIB3SILIETO OTPAXKEHHUS,;

— CHCTEMATHYECKOE OTCYTCTBHE OINpPEeTICHHBIX MOPAOKOB OTPAXeHHUs OT MIOCKOCTH CBH-
JeTeILCTBYET O BAHTOBOM OCH, COBMAAIOLIEH C HOPMAITBIO K 3TOW IJIOCKOCTH; HAaNPUMeED, €C-
nu st (0k0) MPUCYTCTBYIOT TOMBKO YETHbIE MOPAIKH OTPAXKEHHUS, 3TO yKa3bIBaeT Ha OCb 2

BJIOJIb OCH Y.

[To COBOKYIHOCTH MOJTy4eHHBIX CBEACHUI O MOracaHHsaX BO3MOXHO «BBICTPOMTBY 0003HaYe-
HUE MpPEeanoaaraeMoil MpOCTPAHCTBEHHOM rpyIibl. HAOMHIM, 4TO U3 CHMMETPUH NATEH HA
nay’arpaMMe HM3BJIEKaeTcs He ToueuHas rpyria, HO «JIayIBCKHil KJIace» KpUCTasia (oauu u3 11
BO3MOXHBIX). AHAJIOTMYHO AHANHM3 [OracaHWil MO3BOJAET YCTAHOBHTh JHMIUb OAHY u3 120
«PEHTTEHOBCKKX Py, MHOroe 3aBUCHT OT [PUCYTCTBUS B CTPYKTYpPE LIEHTPAa MHBEPCHH. B
OnpeeNeHHbIX CAyYasX TPyINa MOXET OIHO3HAYHO COMOCTABIATHCS C KOHKpPeTHOM MPOCTpaH-
CTBEHHOM IpyNMoi. B Apyrux CHTyalMsiX OTBET Ha OCHOBAHHMHM CUCTEMATHYECKHX MOracaHMi
MpeaOCTaBISIET JUIUb BLIOOP BAPHAHTA M3 HECKOJIBKHMX MPOCTPAHCTBEHHBIX PYIN JaHHOTO Ja-
yIBCKOI'O Kjacca.

Yuci10 ATOMOB B 2/1eMeHTapHO# siuelike. DTO — 3aBEPIUAOLIMH IIAT HA YTH TEPBUYHOTO OMO-
3HAHHMS KPUCTA/LIA M aTTeCTALMM €ro MACNOPTHBIX AaHHbIX. Ha ocHoBaHuu TUppaKUHOHHBIX
JAHHBIX B PACTIOPSHKEHUH IKCTIEPUMEHTATOPA YXKE UMEIOTCS [TapaMeTPsl PELLETKH H, ClEe10Ba-
TENbHO, U3BeCTeH 06beM V| alIeMEHTapHOM SUYCHKH. [NpenBapuTeasHO YCTAHOBIEH XMMUYECKUM

COCTAB JJAHHOTO COeIUHEHUS ¥ MOXHO BbIYUCITUTE M — CpelHUI aTOMHBIH BEC BXOJALIUX B He-
ro atemenToB. [1poBOaSTCS MUKHOMETPHUYECKUE U3MEPEHUS U ONPEAEIIACTCS NOMNOSHUTENbHAS
OTBITHAS XapaKTepUCTHKA — (o (r/cM?) — MIIOTHOCTB JaHHOIO BewlecTBa. Terepb MOXHO MPHPaAB-
HATB IBA BbipaXkeHus, onpenenstomux sec P (r) anemeHTapHoi sueiku

P=pV,=M-A"N,

rae A — Bec aToma BOAOpOda B rpaMmMax. Uckomast senuuuna N — YHCIIO AaTOMOB B 3JICMCHTAp-
HOM g4yelKe onpeacIsaeTcst OTCAd 0e3 crieanbHbIX MOSCHEHHUH.

4.1.3. dkcnepuMeHTanbHaa 6a3a Ans NonHou pacwmndpPoBKK

Ocob6eHHOCThI0 AU PAKLUMOHHOIO aHAIM3a HA IEPBUYHON CTaauu sBsaaach paborta ¢ or-
paHuYeHHBIM YUciIoM pediiexcos. [1pd 3TOM onpenensiuck TOJBKO MO3HLUUN MaKCUMYyMOB
6e3 M3MepeHuil MX HHTeHCUBHOCTeH. [lepeyucnuM xapakTEepHCTHKHM KpHUCTalia, KOTOpble
CTAJIM JOCTYIMHBI [0 COBOKYITHOCTH: cuneolus, pewemrka bpage; nocmosiibie pewemsu; yuc-
710 aMOMO8 8 INeMeHMAPIOU sYelKe; 02PANUYCHIOe YUCAO 8APUAHMOE MOUCUIIOU U RPOCMPail-
CMEEHNOU 2pYnn.

Ha craguu onpeaeieHns KOOPAUHAT aTOMOB IKCIEPUMEHTAJIbHOH OCHOBOM CTAHOBHUTCH M10-
Ny4eHHe BECbMa 3HAYUTENBHOTO YHCIa PeIeKCOB U KOJTMYECTBEHHbIX JaAHHBIX 00 X HHTEHCHB-
socTsix. JUIg 3TOM Lenu UCnonb3yloTes KaMepsl ¢ GoTorpaduyeckoil perucTpalurei 1 aBToMa-
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THYECKHE TUDPAKTOMETPBI, yripaBisieMble DBM.

[pu dotorpadmuueckoit perucTpaunn s nosyueHust HEOGXOIUMOro KOJHYeCTBa pediiek-
COB H MOCNEAYIOLNX H3MEPEHUH NPUMEHSIOTCS CMIEUMATU3UPOBAHHBIE KAMEPBI C YCOBEPLIEHCT-
BOBAHHOH KMHEMATUYECKOH CXeMOM — penmeenosckue coHuomempei. Beollle yKa3biBaaoch, YTO
KaMepa KauaHHs 0OECEYMBAET NI U3MEPEHHE IJTMHBI BEKTOpa 0OpaTHOI peleTkH (3a1aH-
HOM AM(PAKLHMOHHBIM YIJIOM), HO He €ro OpHeHTalHio. B pazpaboTke peHTreHOBCKHX FOHHOME-
TPOB UCIMOJIb30BAHBI PA3ITHYHbIE BO3ZMOXHOCTH BOCIIPOW3BEACHUS HA PEHTIEHOTpPaMMeE KOH(H-
rypaumMy oOpaTHOM peleTKH: .

a) eonuomemp Beiiccenbepza — MiieHKa UMeET BO3BPATHO-MOCTYNATENbHOE ABH)KEHHE Ma-
panjenbHO OCH BpallleHUs 00pa3iua; creuranbHbli LHIMHAPHUYESCKHIA SKpaH ¢ KOJbLEBOH Lie-
nbi0 0becrneYnBaeT pa3BepTKy BBIOPAHHON CTOEBON JIMHHM HA PEHTrEHOTpaMMe; JOMOHHU-
TelbHas KoopAuHaTa pedriekca cBs3aHa € yrJIOM IMOBOPOTA KPHCTAJLIA; MO OXHOMN CIOEeBOM
JIMHUW PacyYeTHBIM MYTEM BOCCTAHABJIMBAETCH M300paKeHHE Y3NIOBOH MUIOCKOCTH OGpaTHOM
PELIETKH.

6) (KDPOP) kamepa pomozpaguposanus obpamnoii pewemxu — de Honea-Boymena — nnenka
B ILTOCKOH KPYTJION KAcceTe; OCH BpalleH s TUIEHKH 1 00pa3iia napajutelbHbl, HO pa3HeceHbl Ha
¢uKCcHpOBaHHOE PACCTOSHHUE; IO PACTIONOKEHHIO PedeKCOB CHUMOK TPECTaBIIseT COBOM He-
MCKaXXeHHOE U300paxeHHe CI0eBOH MIOCKOCTH 0OpPATHOMN peIIETKH.

B) npeyeccuonnas kamepa (Bypeepa) — rieHka B IUIOCKOM KpPyrioif Kaccere; KPUCTALT U
TUICHKA COrNTACOBAHHO BPALLAIOTCS; OPHEHTALIMM OCei 06ecreunBalOT 3aJaHHBIN YroN nperec-
CHH; PACIOJIOKEHHE PEIIEKCOB Ha MIIEHKE COOTBETCTBYET HEMCKAKEHHOMY U306 PaKEHHIO CIIO-
€BOH MJIOCKOCTH OOpaTHOH pELIETKH.

HMudpakTomerpust. DKCIEPUMEHTANIBHBIE YCIOBHA TOIy4eHHs Heo6xoanmoro HaGopa pe-
¢riexcoB, MX HHIEKCOB M HHTErPabHBIX MHTEHCUBHOCTEH B BHUIE IMOJHOTO MaccHBa audppax-
UMOHHBIX JAHHBIX O KpUCTasIe 00eCneYrnBaoTCs ClelHanbHBIM aBTOMATHYECKAM IH(BPAKTO-

MeTpoM. [IpakTHUYECKH TONBKO MOSIBJIEHHE 3TOI COBPEMEHHOM TEXHUKH OMPENETHIO BO3MOX-
" HOCTH pacuIM(ppPOBKH CIIOXKHBIX CTPYKTYP M CYUIECTBEHHO COKPATHIJIO TEMIT peleHUs CTaH-
AapTHbIX 3aga4. Obpasel MOHOKpHUCTaNa, «0OKaTaHHbI» 10 WapHKa IMaMeTPOM MOpSAKa
0.2 MM (ans uckiTroueHus NpoGeM gaxmopa no2nowenust), ycTAHABIMBAETCSA Ha OCH FOHHOMe-
TPHUYECKOH rONOBKH B r€OMETPHYECKOM HLEHTpe mpubopa. Koucrpykuus mudpakromerpa
obecriednBaeT NOCTATOYHO PAa3BHUTYI0 KHHEMATHKY HENPEPBIBHBIX U MOMIATOBBIX BpALLEHHH
obpasua, neTekTopa (MHOrIa PEHTIeHOBCKOW TPyOKH) BOKPYT HECKONBKHX oceil. B HHTepIIpe-
TaUKMK 0OPATHOrO NPOCTPAHCTBA 3TH ABMXKEHHUS 0OECNEUMBAIOT B KAXKIOM 3MU30/E; 3aaHHOE
«BBIBE/ICHHE» OIpPENEICHHOrO y3/1a 0OpaTHON pelIeTKH HAa MOBEPXHOCTH cdepbl DBabaa, CO-
OTBETCTBYIOUIEE YCTAHOBJICHHUE MO3ULIMM JETEKTOPA, H3MEPEeHUE HHTErPaTbHO! UHTEHCUBHO-
CTH JlaHHOTO pegiiekca. [lasee TOHMOMETPUYECKAS TONIOBKA U IETEKTOP MEPEXONAT B HOBYIO
B3aMMHYIO MO3HUHMIO IS PEruCTpaunu aApyroro pediekca. B obuiem ciyyae MOHOKpPHUCTAITB-
Hbli 06pa3ell yCTaHABIMBAETCA HA TOHHOMETPHUYECKYIO FOJIOBKY B MPOM3BOIBLHON OpHEHTa-
umu. [lpu 3TOM nepBoHayanbHas 3agada — MOUCK OTPAXEHHUH MyTeM aBTOMATHYECKOrO CKa-
HUPOBAHUSA HEKOTOPOH 001acTH 0OPaTHOro MPOCTPAHCTBA — OCYLIECTBISETCH C MOMOILBIO
NoaroBoro U3MeHeHUs yCTAHOBOYHBIX YrJIoB obpa3ua u aetektopa. s Kaxaoro HalaeH-
HOro IM$PaKUHOHHOrO MAKCUMYMa GHKCHPYIOTCS YIIIOBbIE KOOPAUHATEI, KOTOPBIE 3aTEM Iie-
PECUNTBIBAIOTCA B OPTOrOHAIbHbIE KOOPAUHATHI Y3/10B B 0OpaTHOM npocTpaHcTse. Judpak-
TOMETP yNPaB/IfAETCA CHEUNUATbHBIMU IPOTPAMMAMHU M MOXKET BBIMOJHATH MHOTOYACOBYIO pe-
TUCTPALHUIO pe(IIEKCOB B HEMPEPLIBHOM PEXHME.

4.1.4. MapwpyTbl onpeaeneHns aTOMHOU CTPYKTYpPbl KpUCTanna

Htax, nomy4eHHbIit MACCHB IKCIIEPUMEHTAJIBHBIX 3HAYEHH T HHTErpabHBIX HHTEHCHBHOCTEH
MO3BOJIAET NEPEHTH K PEILICHHIO 3a1a41 O KOOPIMHATAX ATOMOB B 3/IEMEHTAPHOM sYeiKe KpHC-
Ta/ia. K HacTosweMy BpeMeHH HaKOMIIeH BeCbMa 3HAYMTENbHBI OMBIT (M aXke OIHA HOBeIeB-
CKast IPEMUs) MO yCMEWHO! METOXONOIUH OTPENENeH s CIIOKHBIX CTPYKTyp. Kanas pacurud-
pOBKa BHOCHT CBOHM 0COOEHHOCTH. [1/ist 0OBLIEro MPeACTaBIeHHS O JIOTHKE TAKHX MCCIeN0BAHUI
MEPEYHCIIUM KITIOYEBBIE CIIOBA B MOC/IEAOBATENLHOCTH PAaCIHPPOBKU: nepautiible pamku mMode-
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aeti, cunmes Iammepcona, mooens cmpyrmypesi, cunmes @ypoe, nposepka ho R-gaxkmopy, ymou-
Henue cmpykmypal.

HesaBucuMo OT CTereHd CIOXKHOCTH MpeAnoiaraeMoi CTPYKTyphbl, B NEPBOHAYAIbHOM
aHa/IM3e PacCMaTPUBAIOTCH OrpaHHUYEHUS UIS KOOPAMHAT aTOMOB, KOTOpbIE CONepKatcs B
CBOMCTBAX CUMMETPHH, ATOMHBIX paHycax, XapaKTEPUCTHKAX ynakoBkU. CyILECTBYET U cre-
LMAABHBINA TEPMUH [UIS JAHHOTO 3Tana — Memood npob u owudok (trial and error), KOTOPbIH B
NepBOHAYAIBHBIX 3a1auax obecrneynBall paclUMPPOBKY OCHOBHBIX HECIOXKHBIX CTPYKTYP 3J1e-
MEHTOB U COETMHEHHI.

B kauecmee 1a2asnonoeo npumepa 102UKu RePEOHaYaIbiblx 02panudenuti no CUMMempuy mo-
2CEM CAYICUMb BECOMA RORYIAPIHOE 8 NPOBACME BbICOKOMEMNEPAMYPILOL CREPXNPOGOOUMOCNU
(BTCII) cmpykmypuoe cemeiicmeo coeounenus YBa,Cu,0, (cm. 2n.1.4). Imo coeduneiiue

npu 006140 MeMnepanype NPUIAOIeHCUN K OPMOpOMOUYCCKOT CUNZONUU, UMCENT NPUMUNIUG-
nyio pewiemky bpase, npocmpancmeennas epynna Pmmm, siueiika codepycum 00iy gopmyis-
inyio edunuyy (13 amomos 6 snemenmapnoil siuetike)). Oopawasce k Humepnayuonansitbis mab-
JUYAM, MOINCHO COCAAMb HECKOAbKO NPCONOAOICCHUN, €CAU PACCMOMPENb IKGUBANECIMIIbIE NO3U-
yuu ( opoumbt mouyek) & amoil zpynne: (a)euono, 4umo obwas nozuyusi umeem Kpamiocms 8, u,
Ce008AMENBII0, 8CC KOMNONCHMbL PACROAA2AIOMCS MOABKO 8 Yacmublx nosuyusix, (6) ciedyem
02CUOANB, YMO COUILCMBEIIbLIL AMOM UMMPUs pacnoaazaemcs 8 nosuyuu kpamiocmu 1 (maxux
no3uYUil 8 2PYRNE — WECMb 8ApUaitmos), (8) 0 bapus 6vl60p 02panuUEaemMcs 000U U3 80Ch-
MU OBYKPAMILbLX NO3UYUIL, (2) 8 SPYRNE OMCYMCMEYION RO3UYUU KPAMILOCHIBIO 3, RO3MOMY cle-
dyem amombl MeOU pazdeaumb 1a 08a «COpmMa», Mo echib omnecmu K 0010Kpamioi u K 08y-
Kpamioii nosuyusim, (0) KOIuwecmseo amomos Kuciopooa (7-x) yoaemes co2nacosams ¢ maob-
JUUHBIM CAUCKOM, €CAU PA30esunts RO Yemsipem no3uyusm kpamiocmeio 2 u 1; npu smom peais-
1O Cywjecmayroujuii oeuyum no KUcaAopooy mpakmyemes Kak Henoanas 3ansamocme 00HOKpam-
noti nosuyuu 1 (a).

Hannvle pacuugposku, npusedennsie € 21. 1.4, coomsememeayiom paccmompenioi 102udec-
Kkoti cxeme. Obpamum snumanue, ymo 6 gusuxe BTCII-senenuit 6v110 ycmainogaeno, 4mo ume-
10 amomsl KUCA0pooa 6 Hedo3anoaieniiol No3uyuu ( «Yenoyedlblii KUCI0poo» ) omeemcmeeiitsl
3a 803NUUKHOBENUE CEEPXNPOSOOAUX C80licmE & coedunenusx cemeiicmea YBa,Cu 0, , (obosna-

yaemom, kax 1-2-3 ¢asza).

BakHble DOTMOMHUTENbHbIE CBEAECHHS IS OHO3ZHAUHOIO BIOOPA IPYITBEI CHMMETPHHU MO-
IYT GBITH MOJIyYEHbl HA OCHOBAHUU U3MEPEHHS MbE3OCBOUCTB M KPUCTAIUTOONTHYECKOMH aTTe-
CTALMH, OTPENEAOUIMX MPUCYTCTBHE MOJIAPHBIX OCEH M UEHTPA MHBEPCHH B CTPYKTYPE.
ATOMHBIE PaZMyChl, MPABHIA YNAKOBKH B POJCTBEHHBIX COCAMHEHHAX, KOOPIMHALMOHHBIE
YHC/Ia U ApYrHe JaHHBIE TAKKE MOTYT ObITb MOME3HbI IS MOCAEAYIOLIErO BEIOOPA CTPYKTYP-
HbBIX MoJiene.

[MpuBeneHHbIE TPUMEPBI OTHIOIb HE HCUEPITBIBAIOT BECBMA OOLUMPHBIX HCTOUHUKOB arpuop-
HOM apryMeHTaluuH, 0cOOEHHO €ClIM Y4eCcTh MHOroobpasue aHHbIX 00 yCTPOHCTBE MOJEKYI U
MOJIEKYISAPHBIX CTPYKTYD B XUMHH U OHOTIOrHMH.

Cunre3 INlaTTepcona.

Maremartudeckas obpaboTtka Maccusa gaHHbix |F(hkl)|%, nonyueHHbIX Ha IM@paKTOMETPE, MO-
KeT HAYMHATBHCA C CUHTE3a MEXXaTOMHOM GyHkumu P, | MPUHLIIT KOTOPOTO U3/I0XKEH B rnase 3.4.

e
COBOKYIHOCTh JaHHbIX O pacrpeneneHu P-byHKunm n3o6paxaercs B BUAC MIOCKUX CEUCHHH,
Kak, Hanpumep, Ha puc. 4.1.6.
CeueHue CTpOUTCS B KOOPAWHA-
Tax 3JEMEHTAPHOW AYeNKH; CH-
CTEMA TYCTO PACMOIOKEHHbIX
3AMKHYMBIX  U30IUNULL OTIpeae-
JISET NO3ULIMK M BBICOTY MaKCH-
MyMoOB dhyHkuuH. Bo3Bpaiasce
K riase 3.4, HAMOMHUM, YTO

Puc. 4.1.6. Ceuenue dpyrkunu [MaTTepcona wis HOAMCTOrO Xoiec- pacripeneneHue dyHKUKH Iat-
tepuaa (. Jluncod, B. Kokpen. Onpenenenue CrpyKTypbl KpUCTAI-
nos, M., 1956)

AL

r\yj ©
\Jj

TEPCOHA P comepuT MHOro-
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KpaTHO MepeKphIBarOILMecs (CO CABUIaMHU) MOTHMBbBI pAaClpe/esieHUs 3MeKTPOHHOH IJIOTHOCTH
p(xyz). CnegoBaTenbHO, IaBHAS 3a/1a4d CIICAYIONIETO IAra — BbIAETUTD W3 IOCTATOYHO CIO0KHOM
KapTuHbl pacnpenesienus GpyHkunn [latTepcoHa peabHbINH y30p aTOMHBIX NO3HLIMIA.

[Tpocras apudmeTrka WLTIOCTPUPYET KOJIMYECTBEHHBIN YPOBEHb MPOOG/IEMBL: LT CPABHUTENBHO
HecoxkHOU cTpykTypel Y-Ba-Cu-O cBepxnpoBoanuka (13 aT./s4.) konuuecrso P-makcumymos
(cM. 3.4.4) cooterctByeT M=N>-N=156. To ecTb B 3a1a4ax cpeaHeil CI0XKHOCTH HCCIEN0BATENb
MMEET JIEJIO YKE C ThICAYaMH MaKCUMYMOB. J100aBUM K 3TOMY N1po0IIeMbl MIEHTHDHUKALIMH, TOMOJ10-
THYECKHE 0COOEHHOCTH MEePEKPBITHS (Pa3MBITH) M TOUHOTO B3AMMHOTO HATOXKEHUS (BAPHALIUM Bbl-
COTBbI) MAKCUMYMOB. '

s npeofonenns (wWar 3a UIAFOM) 3THX MPENSITCTBHH pa3paboTaH HaOOp crelHanbHbIX
meTon0B. Ha ucnonb3oBaHUM CBOWCTB CUMMETPHUM OCHOBAH Memood ceuenuii Xapkepa. 31ech
YYUTBIBACTCA, YTO KAXKABIH IIEMEHT CHMMETPHH «OOBEANHAET» aTOMBI OAHOro copta. Toraa
MOXHO B pacfipe/ie/IECHUH MEXATOMHON (PYHKLMH BBIOPATh KOHKPETHbIE CEUCHHS, B KOTOPBIX
BBICOTHI MAKCUMYMOB JIOJKHBI UMETDH 3HaueHus Tuna P =(fj)3, rae f; — aroMHblit pakTop mns

uvw

OIHOTO U3 KOMITOHEHTOB JaHHOIO coeauHeHus. Eciin B kpucTasie uMeercs kakas-1ubo no-
BOpOTHast ock BAOJb [001], ceuennem Xapkepa ciyxut koopauHatHas miockocts XYO0. Jlns
BUHTOBOH ocu 4, Baoab [001] ceyenne Xapkepa BbiOUpaeTcs napamiensio XYO0, HO Ha BBICO-

Te 1/4 or nayana koopauHat. IMoxo6HeiM 06pa3oM 3axaHbl ceuenns Xapkepa Ut JIHOObIX
OCeH H MIIOCKOCTEN CUMMETPHHU.

B onmpenenennbix cayuasx OIS aHAIM3a MEKATOMHON GYHKLUMHU UCTIONB3YETCS MEMOOD Nisi-
acenoeo anoma. Ecnm B cOCTAB COeAMHEHHUS BXOAUT KOMITOHENT € BLICOKMM ATOMHBIM HOME-
pOM Z, y4aCTHe €ro aMIUTMTY bl paccesHus f . KOHTPACTHO OTOOPAXKAETCH B BBICOTE fof . ce-

pun MakcuMymoB P-yHxuuu. DTo 03HaYaeT, YTO MOKHO BbLACIHTH MMpPEeANoIaraeMslil y3op
pacroyloKeH!st aTOMOB B sY€HKe (TOUHEE, ABa MHBEPCHO COMPSIKEHHBIX y30pa). Eciu B ghop-
MYAbILYIo eounuyy, COOTBETCTBYIOLLYIO Y311y PEUIETKH, BXOMAUT BCErO OIMH aTOM ¢ 60Ib1INM Z,
noctpoetine NpobHeIX Moxenelt ewe 6osee oberyaercs. B npumepe puc. 4.1.7 selgensitorcs
MHUKH, COOTBETCTBYIOUIME OOJIee TAKENbIM aTOMaM Hoxa. OTMETHM CBOeoBpa3HOe CXOACTBO C
ronorpaguuecKMMH cxeMaMH B 3TOi onTrHueckoi 3aaa4e. B repmunax ronorpaduu ammaury-
Aa pACCesIHUS HA MANCeN0M ATOME BBINIOJHAET POJIb OMOPHOIO My4YKa BHYTPH A4YeHKH, a pac-
npenenenne QyHKUMH aBTOKOPPEIALUMH NPH 06paTHOM npeobpasosanuu Pypbe co3maeT ro-
norpagpuueckoe (pacueTHoe) u3odpaxeHue npeamera. [IpeMMylecTBa METOAA THKETOrO ATO-
Ma yCneuwHo UCTOb3YIOTCA NIPH aHAJIM3E CTPYKTYPhl KPUCTANIOB M KOHPUIYPALIMM aTOMOB B
OpraHHU4ECKHX M OHONIOrMUYECKHUX BellecTBaX. [ 3TOro Npou3BOANTCS UzoMopgiioe 3ameuye-
nue — npobHoe BBeCHUE B MOJIEKY/Ty aTtoMa Metaia. Torga Ha ¢one nerkux atomos C, N,
H, O, Cl 1ot Merann (Hampumep, Pt) obecrieunT BBICOKHIT KOHTPACT BBIAENEHHOIO y30pa
MOCTpOEHHE peasbHOR MOoeNH.

[lpuBeaeHHble MPUMEPDI JIMIIb WUTIOCTPUPYIOT HAJISAHBIE CIOCOOBI HUCHOIB30BAHHS
ynxunu [Tatrepcona Aast KOHCTPYHPOBAHUA MEPBOHAYAIBHON CTPYKTYpHOH Momenu. Pas-
paboTaHo HemMaoe YUCIIO OPUFMHAIBLHBIX AHANUTUYECKHUX MPUEMOB, MOCTPOEHHBIX HA HIIBIX
NpUHUKANAX 00PAaOOTKH MACCHUBA IKCIIEPUMEHTATBHBIX AaHHbIX. Cpeld 3THX IPHEMOB, UMEIO-
IMX TPUMCHEHHE B MPAKTHKE CTPYKTYPHBIX JlabopaTopuil, BblaenseTcs Gonbuias rpynna,
0603Ha4aeMas Kak npsmbie memoost. Bo Bcex 3THX MOAX0AAX, COAEp)KAHUE KOTOPIX BBIXOIUT
33 pAMKH JaHHOTO Kypca, pa3BUTbIA MATEMATHUECKHUH annapat UCNoJb3yeTcs as 3hdekTus-
HOTO onpeaencHus Gasbl KOMIUIEKCHOH CTPYKTYPHOM aMIUTUTyAbI (IM60 3HaKa CTPYKTYpPHOM
aMITUTYbl, €CITH KPUCTAIUT UMEET USHTP UHBEPCHUH).

Hrak, na ocHoBe npeanosaraeMpix KOOPAMHAT aTOMOB B CTPYKTYPHOH Moaenu nubo apy-
TUM MYTEM IKCNIEPUMEHTATOP MOJYHYAET CBEAEHHS O ha3ax CTPYKTYPHBIX aMIUTATY T IS 3aperi-
CTPUPOBAHHBIX PedIeKCOB. DTO MO3BOJISET MPOU3BECTH CHHTE3 Dyphe W MOJTHOE BHIYUCICHUE
3HAYEHUH JJIEKTPOHHOM MJIOTHOCTH P(Xyz) AJA 3aJaHHOTO HAbOpa TOYEK B KOOPAMHATHOM CET-
Ke (Xyz) BHYTpH d/IeMEHTapHOM siueiiku. Pa3buBKa CETKHM N0KHA UMETh JOCTATOUYHBIH MaclITab
IS MAEHTUPUKALIUHM LIGHTPOB aTOMOB 110 MAKCUMYMaM pacripeieieHus 3IeKTPOHHOM MIOTHO-
ctu p(xyz). Ha niiockoM ceueHUH MO3MLKMH LEHTPOB aTOMOB (PUKCHPYIOTCH CUCTEMOM KOHLEHT-
PHUYECKHX M3OJIMHUE pacrpeaeieHust 3IEKTPOHHON IOTHOCTH.
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YTouneune cTpyktypol. R-paktop. PesynbraThl NpoBeEHHBIX BBIYUCICHUH SIBISAIOTCS Mep-
BbIM LIArOM B MPOLIEAYPE YCTAHOBJIEHHS CTPYKTYPbI Yepe3 CepUI0 NOCeq0BaTENbHBIX NPUOIIH-
xeHHI. ONOpHBIM MapaMeTpoM, yKa3bIBaIOILMM Ha YPOBEHb aIeKBATHOCTH YCTAHOBJIEHHBIX KO-
OpPIMHAT, ABISAETCH hakmop docmosepitocmu, Wiv R-ghakmop

L

I Bl {yxccn _IF"“ |/mc‘!

; Fhkl

OueHKa nMpaBHJILHOCTH CTPYKTYPbI TPOU3BOAMUTCA MO 3HaueHUAM R-dakTopa B npoueHTHOM
BeIpakeHuH. [IpakTHKa noka3pIBaeT, YTO €C/IU CTAPTOBAs MOJeb Aana BenuuuHy 20-25%, Bo3-
MOXHO 3} }eKkTHBHOE YTOUHEHHE ATOMHBIX KOOPAHHAT. LIS 3TOr0 «BKITIOYAETCH» MaTeMaTHye-
cKas TEXHHKa MMOCIEeA0BATENBHBIX NPUOIMKEHHH, B KOTOPOH METOAHYECKH BAPbUPYIOTCA KOOD-
- IWHATBI aTOMOB B CTpyKType. Ha kax1om miare KOHTpolMpyloTcs 3HaueHus ¢dakropa IOCTO-
BepHocTH. [Toka cMellieHHsl aTOMHBIX MO3ULMI BeyT K YMEHbLICHUIO R-hakmopa, MOXHO Tpo-
JIOJDKATh 3aJaHHBIE HANPAaBIeHUs CMeLeHUH. baronpUaTHBIM UCXOAOM 3TOH MHOTOCTYTEHYa-
TOM MpoUenypbl CHHTAETCA CHHXKEHHE IO YCTOMUYMBOTO ypoBHA 2-5% W oTcyTcTBHE 3deKTa
yIAy4IeH!s ITOro Nnokasaresis npu JIIo60H JONOJHUTENbHONH BapHaLlMH KOOPIHUHAT.

aKen
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Masa 4.2
PEHTTEHON®PAKUUMOHHAA ATTECTALUIUA MATEPUATIOB

Ob6wmne 3ameuanus. [1pencrapiaseTcs Moae3HbIM KPATKO PACCMOTPETh METOAMUYECKHUE MOIXO-
Ibl B MOBCEAHEBHOMH NPAKTHKE TMPpAKUHOHHOTrO aHAM3a. B 60b1110M pazHoobpasun npodiieM
HCCIIeTOBAHUS MATEPHATIOB MOXHO BbIACIUTD HJIM CTPYIIUPOBAThL THIIMUYHBIE CUTYALIMU «OTO-
3HAHHUA» 00BEKTA, YCTAHOBIICHUS JOCTYITHBIX XaPaKTEPUCTHK KPUCTAIITHYECKOI0 MATEpHUalia 1
0COOEHHOCTEH peanbHOM CTPYKTYpPHI UcclieyeMoro oOpaszua. B naparpadax 4.1.1 u 4.1.2 6suiu
NIPE/ICTABIEHBI BOZMOXHOCTH AU pakuMonnbIX cxeM Jlays u kauaHus npu paboTe ¢ MOHOKPH-
cTa/ylaMu. B TaHHOM riaBe MpeaMeToM U3/I0KeHHs OyeT KOHTYPHOE OMUCAHUE UCXOIHBIX MPH-
€MOB PEHTIreHOrpadHUecKOro 3KCNEPUMEHTA B OCHOBHOM Ui MOJUKpUCTALIoB. Ilpu 3ToM
Y4YHUTBIBAETCS, 9TO B nporpammy [lpakTukyma BK/IIOUEHBI KOHKPETHbIE PUMEPHI JJabopaTop-
HBIX CTPYKTYPHBIX UCCIETOBAHUIM.

4.2.1. PeHTreHorpamma nonuKkpucTannm4eckoro oonekra

ATTectaums CTPYKTYpbl 06pa3ia ABJsETCS BECHMA PACIPOCTPAHEHHOM 3a1aueii TS Hayd-
HBIX U NIPUKITAAHBIX TabopaTopui. B HAaMMEHOBAHUH CXEMBI UCTIOIB3YIOTCS JIMOO UMEHA ABTO-
poB — «metoa Jebas-Leppepar», nubo Tum odpasua — «meroa nopouika», CyTh METOAA B CXKa-
TOM OIUCAHMH: '

* 00BEKTOM CIYXHUT MUKPOKPHUCTAIUIMUECKUNA arperat — NpoBoJIoYKa, UUTU¢, MOPOIIIOK Ha

umde uiu B TpyOouke;

*  UCMONIb3yeTcsl JIUHEHYATHII CMEKTP PEHTTEHOBCKON TPYOKH;

* perucrpalus Ha IUICHKY B Kamepe — cbeMKa dcbaezpamm, IMO0 PErUCTpaLUs HA 1ETEKTO-

pe AudpakToMeTpa — CheMKA Judpakmozpamm.

OcobeHHOCTBI0 ONTHYECKOH CXeMbl B JAHHOM Cilydyae siBisieTcs: AudpaKkuus MOHOXpOMATH-
YECKOM MIOCKOM BOJIHB! HA OOJBIUIOM YHCTE OECMOPAIOUYHO OPUEHTUPOBAHHBIX MUK POKPHUCTATI-
JIMKOB, HAXOSIIMXCSH B 30HE NMEPBHYHOrO KOJUTMMUPOBAHHOrO Mydka. [eoMeTpHIO paccesHus
yIOOHO MOSCHUTH B MPHUHATBIX TEPMHUHAX 00paTHOMN pelleTKH U MOCTpoeHUs DBanbpaa. B obpar-
HOM MPOCTPAHCTBE MOJIUKPUCTATITHUECKOMY OOBEKTY paccesHHs COMocTaBseTcss Habop paszo-
PUEHTHPOBAHHBIX OOPATHBIX PEUIETOK C MIEHTUYHOH METPHUKOHN 1 OOIIIMM HAYdJIOM KOOPAHHAT.
JT0 o3Hayaer, 4yTo Kaxabli y3en (hkl), npucyrcTBytonmii B 00paTHOM MPOCTPAHCTBE 00BEKTA,
«pasMmbIBaeTcs» no chepuueckoit mosepxuoctH ¢ ueHTpoMm B (000). B nudpakuronHoM 3kcnepu-
MEHTE 3aaHa [UIMHA BOJIHBI, TO €CTh AHAMETD cepbl oTpakeHus. Toraa BbITOJIHEHHE YCIOBUS
Bbparra-Bynbgda

2dsin (6) =A
LU TAHHOTO MEXIITOCKOCTHOrO paccTosiHus d onpesesnser rnepecedeHue chepbl JaHHOTO y3/1a

co cthepoil oTpaxeHHs ¥ yroJ pactsopa 40 Ui KOHUYECKOH! NMoBepXHOCTH au(pparnpoBaHHBIX
Jqyyeil. B peaibHOM MpocTpaHCTBe ITOT (Ae0aeBCKHUil) KOHYC MCXOOUT U3 BeplIMHbI HA 00pa3sle,
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a MepeceyeHte ero ¢ UWIHHIPUUYECKOH MOBEPXHOCTHIO TUIEHKH COOTBETCTBYET AUdpakUHOHHOM
NHMHUM HA peHTreHorpamme (cM. puc. 1.6.7).

CraproBoii mpouenypoit mpx 06padoTke nebaerpamm sBISETCS U3MEPEHHE YIIIOBOTrO MOJI0-
KEHHUSA TMHUI M BU3yalibHast hUKCALM NX UHTEHCHUBHOCTEH B NPOM3BOJILHOM, HAMIpUMep, Aecs-
tbannbHoil wkane. [Tpu pabote Ha nudpakTOMeTpe 0OECEUNBAETCH CTAHAAPTHASA TOYHOCTD
M3MEPEHHUs YITIOB, 8 TAK)Ke KOJIHYECTBEHHBIX XapaKTEPHCTHK MHTEHCHBHOCTH (MUIOLIAAB MOX
ANGPPAKLMOHHBIM MAKCUMYMOM) H HOPMBI (LIMPHUHA HA MOJOBUHE BBICOTDI) KX AOH JIMHUH.

He cnedyem eudemsb 6 pecucmpayuu na naeiKy Auulb Yepmsbl «MeXHUYECKOU OMCMAnocmu» 6
cpasnenuu ¢ ougppakmomempueti. K npeumywecmsam debaezpammpbl (nomumo npocmomal obopy-
dosanusi) credyem oniecmu nonyyenue bonee noiol Ougppakyuoniod kapmunsl 8 cpasienuu ¢
06b1uiibiM (00HOKpYICIbIM) Oudpakmomempom. Pecucmpayus na gomonaenxy (aubo na cospe-
Mennblil 08yMepibiil demekmop, «image plate» ) coomeemcmeyem 6 obpamuom npocmparncmee na-
6opy 0symepiiblx cevenuil cpepst Igansoa. B amux yce mepmunax cyultmurIsyuonibli cHem4ux
Oupakmomempa cylHcum HybMepliblm 0CmeKmopom 06pamio2o npocmpaiicmea u npu epauje-
1 pecucmpupyem auis Ikeamopuanbiioe cevenue cepsl Jsansoa. loduepkuem, wmo pacnpede-
Aenue mouek na cgepuneckux nosepxnocmsax (hkl) paduycos 1/d 3adano dasn obpamiozo npocm-
PANCMEa ROTUKPUCMANLIA KAYECMBamMu KONKPEmio20 00pasya npu cvemke — pasmepamu sepeit u
cmamucmukoii pacnpedenenus ux opueimayuti. [Tosmomy, eciu obpasey Kpynnosepnucmbii aubo
Xapakmepuzyemcs npeuMyujecmaenitol opuenmayueil sepen (Mmekcmypa) 2eomempus CoeMKu 1a
0OHOKPYIICHOM OUPPAKMOMEMPE MOJICENT CYUECMBEHIO UCKA3UNTL COOMIUOWICHUA UNMEHCUB 1OC-
meil debaecsckux Autui.

OO0 u3MepeHHAX MEXMIOCKOCTHBIX PACCTORHHI.

U3 obwmx coobpaxennii 6ojiee TOYHbIC 3HAYECHHS MEXITOCKOCTHBIX PAacCTOSIHUA MOTYT
GbITH MOTYUYEHbI 11 pedreKcoB nold GOMbIIMMU AIMPPAKUMOHHBIMH YIIIAMH. ITO HEMOCPECT-
BEHHO CIIeyeT U3 aHanu3a ypasHeHus bparra-Bynbda.

Nuddepenumpyem 2dsin@=A npu A=const. [lonyuaem 8dsin6+d-3dBcos8=0, orcrona
6d/d=-86ctgh.

BUIHO, YTO OTHOCHTENBHAS MOTPELIHOCTh TOMKHA 3aMETHO MafaTh, Koraa AuGpakiHoH-
Hblii yron 6 npubmkaercs k 90°; Mpy 3a1anHOH abcoNOTHOM norpemHocT! (86) B H3mMepeHnu
yria omnbKa B 3HAYEHHH MEXILUIOCKOCTHOO paccTOsHUs GyleT MeHblle. YKaxeM peasibHbIH
MaciTa® MorpelHocTell B MPaKTHYECKHX YCIIOBUAX — B CPEHEM HHTEpBAJIE yriloB JIEFKO 10~
CTyNHa TOYHOCTh Ha yposHe 10.01 A, Ha GoJee BBICOKMX yriax onbKa COKpalUaeTcst; COOTBET-
CTBEHHO, 3HaueHus dd=+10-10" A 06BIYHO YKA3BIBAIOTCS B CIPABOYHBIX JAHHDIX.

JIMCepCHOHHBIE CBOMCTBA PEHTIEHOTPaMMBI NTPOSBIAIOTCA U B popme unnit. Ecnu B nccre-
xyeMoM obbeMe obpa3iia MMEIOTCS BapHauuu NapamMeTpoB PELISTKU OT 3epHa K 3€pHY, TO A
orpaxenus ¢ unaekcamu (hkl) cooTBeTcTBEHHBIE pa3nUUUs IUPPaKLHOHHBIX YITIOB JTOJDKHBI
PUBOINTH K PACUIMPEHHIO JIMHMM M Pa3MBITHIO ee KOHTypa. Tlpu 3a1aHHOH paspeLatoLen
CMIOCOOHOCTHU TUIEHKH (OO cHCTEMBI Luefeit JeTeKTopa) NMHHUsA Ha OOoiblIMX yriax HOJKHA
BbITE 606 YYBCTBHTEBHOM K OTKIOHEHHUSM MEXILIOCKOCTHOTO PACCTOSAHUS OT CPEHEro 3Ha-
yenusi. UCTOYHHUKOM 3THX BapHalMit MOTYT OBbITh BHYTPEHHHE HAMIPSDKEHHS Pa3HOTO YPOBHS H
[IPOTHBOTIONOKHbIX 3HAKOB B OTAC/bHBIX 3epHax. [Iponcxoxaerue nedopmMaLHOHHBIX nedek-
TOB MOXeT ObITb CBA3aHO C NIPUTOTOBJIEHMEM MOBEPXHOCTH (Hanpumep, ULTMGOBKA MIOCKOro
obpasua 6e3 nocnenyowero Tpasienus). [IposBIAIOTCS W CBOSIO POIA «METAILTyPruYecKHe.
HecoBepilexcTsa. Hanpumep, HepaBHOMEPHOCTb XMMHYECKOTO COCTAaBa 3€PEH M3MEHSET Mapa-
METpbI PELIETKH U MOXET MPUBOAMTE K BHYTPEHHUM HanpsbkeHnsM. Bo Beex NnoaoOHBIX CUTYa-
LHMAX «CTPAAATENBHOM CTOPOHO# OKA3bIBAIOTCA JIMHKKM Ha GOMBLIMX AMPPAKLUMOHHDIX yIilax —
OHH TOCTENEHHO Pa3MbIBAIOTCA H MOTYT BOOOILLE OTCYTCTBOBATh HA CHUMKE.

VuTeM, 4TO B peasibHbIX YCIOBUSX AUPPAKUHOHHAS KapTHHA 00ecreyrBaeT pas3noxKeHue
PEHTIEHOBCKOrO CIeKTpa nepsuyHoro ny4ka. [lytem anppepeHUHpOBaHHA HCXOAHOTO ypaB-
HEeHUs MpH PUKCHPOBAHHOM 3HaueHUU d MOXKHO MOJY4YHTh 3aBUCHMOCTD dA/A=00ctgh, koTO-
pasi oripefeseT YyBCTBUTENBHOCT K BAPHALMAM ITMH BOJIH B PA3IMYHBIX YHaCTKaX PEHTre-
Horpammbl. [IpakTHYECKH, 3Ta 3aBUCUMOCTH BCEra MPOABIAETCA HA PEHTIEHOTPAMME B pas-
NIoXeHMH crnekTpanbHoro aybnera K- cepuun. Ecnu He mpeaycMoTpeHa creluanbHas MOHO-
XpOMATH3aLMs, TO TMHHU HA MAJIBIX YIJIaX OCTAIOTCA HEPACIUEMICHHBIMU U CHMMETPHYHBIMY,
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B TO BpeMs Kak Ha OOJIbLIMX yriax Augpakuuyu JOCTUrAeTCs TOJIHOE pa3defieHHe ayoera.
Yposenv uyscmeumenviocmu 30ecy okazblieaemesi HOpsoka muicsiunblx ooneil anecmpema. Ha-

npumep, 0aa Cu-anooda pazoensiomcss KOMROHEHMbL OyO1ema o 3HAYEHUAMU OAUl BONH
Ka,=1.5405 A, Ka,=1.5443 A,

Bueunne popmer nybrera Ka,—Ko., Ha peHTreHOrpaMMe Takke 0TOOpaXaroT KauyecTBo I10-

JIMKpUCTAJITNYecKoro odbpasua. [1pu Hamuuuu yka3aHHbBIX BBIILIE HECOBEPIICHCTB B MEPBYIO OYe-
peab 3aMETHO yXYIIIEHHE KOHTPAcTa KOMIIOHEHT Ay0OieTa BILUIOTh OO TOJMHOTO pa3MbITHs. Ta-
KHUM 00pa3oM, Ul IKCIIEpUMEHTaTOpa HAOMIOAeH S 32 1yONEeTOM MOTYT CO/IEPXKATH MOJIE3HYIO
MHPOPMALIMIO O peabHOH CTpyKType MaTepuasia. COOTBETCTBEHHO, HCIONb30BAHHE KPUCTAII-
71a-MOHOXPOMATOpa Ha NEPBUYHOM (MO0 Ha TUDPArHPOBAHHOM) ITYYKE MOXKET CIYXKHUTh CYILIE-
CTBEHHBIM 3KCIEPUMEHTAIBHBIM MIPUEMOM [T TTPELIU3UOHHBIX H3MEPEHHIA.

4.2.2. MapwpyTtbl uaeHtudmkaumm ¢aloBoro cocraBa

CoBOKYMHOCTB NMEPBUYHBIX TAHHBIX O AUGBPAKIHOHHBIX YITIdX ¥ HHTEHCHBHOCTAX TpedyeTcs
MCTIONTb30BaTh MPH HAEHTH(HKALNK pa3oBoro coctaBa obpasua, onpeneneHus peuetku bpase
U [1ajlee MapaMeTpoB JJIEMEHTAPHON AUelkH M1 KaXAoH KOHKPeTHOH ($a30BOi COCTABIAIOLIEH.

OtmeTuM cpa3sy, 4To Bce ASHCTBUA MO paciindpoBke 1HO0 dha30Boit uaeHTUHUKALMH MaTe-
pHaia BIXOAAT 3d PAMKHU HauyalbHOH «0e3MoAenbHON» cTaauu skcnepumMenTa. [1pu 3ToM BbI-
OpaHHbIi MyTh 00pabOTKM MOJYUYEHHBIX AAHHBIX 3aBUCHT OT YPOBHS HCXOAHOM MH(OpPMaLIMH
OTHOCUTEJILHO CTPYKTYpPbl 0Opasua. OqHako Bceraa paboTa ¢ peHTIeHOTpaMMOi MOJIMKPUCTATI-
Jla CTPOMTCA 110 CXEME NPUHATOro TepMHUHA Tpo0 U olHOOK («!rial and errory), a He Kak pelie-
Hue obpatHoi 3agaun audpakuuu. HeoOxoauMbeIMK 3TamaMU 3aj1auy NOITOMY OKa3bIBAIOTCS
MOWCK BAPHAHTOB CTPYKTYPbl MATEpHAJIa M NIPOBEPKA COOTBETCTBUS IKCHepumenmavivix/pac-
yemibIX 3HAYEHUH TUPPAKUMOHHBIX YIIIOB U HHTEHCUBHOCTEHN JIMHUIA.

B npunHuMne, gMana3oH MpakTHYECKUX MPUEMOB MOXHO MOAPA3AETUTE!

a) B NPOCTEALIEM ClTydae — NMEPBUYHOE «OMO3HAHUE» KyOuueckol peweTku Bpase no cucre-
MAaTHYECKHUM ITOTACAHMSAM;

0) B cTaHAAPTHON CUTYALIUM — CPABHEHHE H3MEPEHHbIX XaPAKTEPUCTHK (YIJIOB O, HHTEHCHB-
HOCTel THHMI) ¢ 630l CTPYKTYPHBIX TaHHBIX;

B) B CIIEUMAJIBHBIX CIy4asX — yTOYHEHHE ATOMHOH CTPYKTYpbl Mo audpakTorpamMme mosu-
KPUCTAJUTMYECKOTO 00BEKTa COBPEMEHHBIMH METOIAMHU NMOTHONPOPHUIBHOIO aHATIH3A.

B xadecTBe HarIAHOrO NPUMEPA PACCMOTPUM IOC/IEA0BATENBHOCTD ACHCTBUIM NpH 006pa-
* DOTKE PEeHTreHOrpaMMm MOTUKPUCTAJUIOB.

(a) Unentnduxauns $pasbl ¢ Kybuueckoit cTpykTypoii. /115t MOMCKa BAPHAHTOB HCIONb3YETCS
CpPaBHUTENILHO MPOCTON BUI KBAaAPATUUHBIX 3aBUCHUMOCTEH

1/d*=(h*+k*+1*)/a’

(sinB)’=(\2a)*(h>+k>+I?),
XApAKTEePHBIX AJIS1 PECHTIEHOrPAMM KYOHYECKUX KPUCTAIUIOB.

M3 31ux BeipaxxeHuit cnenyer, uto anas Beex unuit (hkl) cooTsercryrowue snauenus (sind)?
CBSA3aHBI MEXIY COOOH O0LIUM ACTTUTENEM.

Hrak, npoueaypa MHAMLUMPOBAHHS JIUHUIA TpeOyeT mocsie nojyueHus Ha60pa IKCIIEPUMEH-
TANBHBIX 3HAYEHH (Sin6)’ POBENEHHA HECKOIBKUX MPOOHBIX PACUETOB.

CHauana BeIOUPAETCS KaKas-NTMOO MHTEHCUBHAS JIMHUSA HA MAJTBIX yIJI1aX, eit [IPUITHCBIBAIOT-
ca npocrermne uugekes! (tuna 100, 110, 11 u 1. 1.) 1 BeIYMCIAETCS MpeanogaraeMbiit 00U
aenuresns (M2a). Janee ast Beex (sinf)’, BHECEHHbBIX B TaBJIMLY, HEOOXOIUMO MPOBEPHTD, JAET
nn apudmeTHueckoe aeneHne Tpedbyemplit Habop ueourcieHHbIX 3HaueHui (h>+k>+1%). [Tpu ye-
NEUIHOM 3aBEPLUEHUH OJHOrO U3 MPOOHBIX PACYETOB BeChb HAOODP MUPPAKLIMOHHBIX THUHUI Gy-
JeT npounauuupoBad. Ha 3ToM 3Tare no 3kcnepUMMEHTAIbHBIM 3HAYEHUAM MEXKIUIOCKOCTHBIX
PacCTOSHMI paccYMThIBAETCS NTapaMeTp KyOUUECKOM pellleTKH

a:d(h2+k2+12) 1/2-
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Kpome Toro, npoBoanTCs aHaIW3 HHAEKCOB HA MpeaMeT ornpenenenus pewerkyd bpase. Ha-
[IOMHHM, 4TO, COINIACHO 3.2.2, YCIIOBUS CYUIECTBOBAHUS OTPaXXEHHUH IS HEMPUMUTHUBHBIX pe-
LLIETOK 3aMHChIBAIOTCS KaK

h+k+I=2n nns 06bEeMHOLICHTPHUPOBAHHOM! PEILLIETKH;
h+k, k+1, h+1=2n nns rpaHeueHTpUpPOBaHHOM pelIeTKH.

Takum obpazoM, nebaerpamma MaTepuasna ¢ KyOHYECKOH CTPYKTYpOH OOMYCKAaeT, B MPUHLH-
1e, MEPBUYHYIO aTTECTALMIO CTPYKTYPBI AT NOCIEAYIOIIEro CpaBHEHUS ¢ TAOIUYHBIMH JaHHBI-
Mu 1100 JUIst XapaKTepu3auuu HOBOM da3bi.

(6) Ucnosip30oBaHne cTPYKTYpHOI 0a3bl AaHHbIX. {51 CTPYKTYP, HE OTHOCSILIUXCS K KyOuuec-
KOHM CMHTOHHMH, HHAMLIMPOBAHHE JTIMHUI Ha nebaerpaMme 3aMeTHO YCJIOXKHSAETCS M3-3a BO3pacTa-
HUS YHCIIa HE3aBUCUMBIX CTPYKTYPHBIX MApaMeTPOB.

3aMeTUM, YTO C MOHMKEHHUEM CHMMETPHH BO3PACTAET U YUCIO AUPPAKLIMOHHBIX TUHHI BBUAY
CHSITHS CBOEOOPa3HBIX «BBIPOXICHUI. Harpumep, yxe [T TETparoHaIbHONH CHHIOHHU HEOOXO-
JMMO YYHTBIBATh OCEBOE OTHOILEHHE /2 KaK (haKTOP, yNPaBIAIOIMI MEXTUIOCKOCTHBIM PaccTo-
SHUEM U YIJIOM Audpakuuu. B nurepaType nMeeTcs ONMCcaHUe aHATHTHUYECKUMX M rpaduyecKux
MPUEMOB [UTS MHAMLMPOBAHHUS B CITyude TETPArOHATBHOM M FeKCATOHAILHOM CHHTOHUIA; OYeBHI-
HO, YTO JUIS HU3LIKX CHHTOHUI ele 6oiee BO3pacTaeT HEONpeaeaeHHOCTh peteHus. [1losromy B
peaNbHBIX YCJIOBUAX HAOOpP MEXIUIOCKOCTHBIX PAaCCTOSIHUM M MHTEHCHBHOCTEH, MOJIYYCHHBIH B
IKCIEPUMEHTE, OOBIUHO COMOCTABISETCS CO CIIPABOYHBIMU JAHHBIMH 15l U3BECTHBIX BELIECTB. Ec-
TECTBEHHO, UTO 3TOT MMyTh COBEPIIEHHO HEOOXOAUM LISl MHOTO(a3HbIX KOMIIO3ULIMIA.

B Hacrosiee Bpemst Haubosiee NMOTHBIMY M HAAEXKHBIMU ABASAOTCA 0a3bl naHHbIX PDF-1 u
PDF-2, chopmupoBantble MexayHapoaHsiM LeHTpom ICPDS (International Centrum for
Powder Diffraction Spectra). ba3sl mpencTasieHsl B KOMNbIOTEPHOH hopMe U conepxaT boiee
50 000 cranaapTHbIX KapTodyek. CucTeMaTHKa KAPTOYEK OCHOBAHA Ha €XETOAHON NMyOnnKaLumu
3TAJIOHOB I10 Mepe UX paciuudpoBkH (MpUMep KapTO4KH Ha pHc. 4.2.1).

390486 Wavelength= 1.54056

Ba2Cu3Y06.8 d(A) Int h k | d(A) Int h k |

Barium Copper Yttrium Oxide 117231 <1 0 0 1 1.2872 1 216
5.8506 4 00 2 12669 <1 0 2 7
38937 10 0 0 3 1.2576 1 207
3.8180 4 100 12348 <1 2 2 4

Rad.; CuKa1x: 1.540598 Filter: Graph Mono d-sp: Diff. ggg;g g ? (1) g lggg; ; g ; ;9;

Cut off: 17.7 Int.. Diffract. Ncor.: 29240 <1 0 0 4 1.2268 6 1 30

Ref: Wong-Ng, W., McMurdie, H., Paretzkin, B., Hubbard, C., 2 e 933 12 g 393

Dragoo, A., NBS (USA), ICDD Grant-in-Aid, (1987) 2:6542 <1 11 1 1:1850 <1 03 4
2.4710 3 112 1.1778 2 225

Sys.: Orthorhombic S.G.: Pmmm (47) 23392 11 0 0 5 1.1706 2 1 3 3

a: 3.8214(7) b:3.8877(7) c 11.693(2) A:0.9829 C:3.0077 33354 5 1.0 4 e £ o204

a: B: Y. Z 1 mp: 19940 <1 1 0 5 1.1195 3 0 110

Ref: Wong-Ng, W et al., Adv. Ceram. Mater., 2, 565 (1987) Toaay S 09 e S a2 E
19096 13 2 0 O

Dx: 6338  Dm: SS/FOM: F3o=41(.0148, 49) (7781 4 17 3

. 1.7336 2 120

Color: Black 17159 2 2 0 3

Peak height intensity. The mean temperature of data 17139 2 121

collection was 26.5 C. The sample was obtained from F. 1‘6706 2 007

Beech of the Reactor Radiation Division, NBS, USA. A 1.6616 112 2

stoichiometric mixture of CuO, Y2 O3 and Ba C O3 was 1 ) 5833 20 1 2 3

intimately mixed and fired at 500 C overnight. Reaction with 1' 5896 13 2 1 3

container was avoided by placing the peliet on a support of 1'5341 <1 0 1 7

the same material. The resulting powder was ground and 1' 5300 <1 1 0 7

pressed into pellets and refired at 900 C and at 950 C , 1' 4950 2 025

overmnight. it was then fired in the form of free powder sitting 1' 4904 3 12 4

on pellets and then removed from the fumace at 950 C and 1' 4790 3 21 4

air quenched to room temperature. A high Tc ' 1' 4239 3 117

superconducting material. The structure was determined by 1'3757 5 026

neutron Rietveld refinement technique by F. Beech et al. at 1 .3678 5 018

NBS (1). C.D. Cell: a=3.888, b=11.693, c=3.821, a/b=0.3325, 1.3657 8 108

¢/b=0.3268, S.G.=Pmmm(47). Silicon, fluorophiogopite used as 1.3633 11 220

an intemal stands. PSC: oP12.80. Mwt: 663.00. Volume[CD}: '

173.72 12957 <1 0 3 0

Puc. 4.2.1. Kaprouka u3 6a3bl ganusix [CPDS - ASTM
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B kauecTBe MpakTHYECKOH PEKOMEHIALMM OTMETUM, YTO MPH PeLIeHHH 3aa4H O dazoBom
COCTaBe CpPaBHEHHE TAOIMUHBIX M HKCTIEPUMEHTAIBHBIX JAHHBIX CJlelyeT HAYMHATD C JIMHHIL,
UMEIOLIMX OOJIBIIYI0 MHTEHCHBHOCTb. CYIIECTBOBAHUE B IKCIIEPHMEHTAIBLHOM CITHCKE BCEX
CHJIHBIX TMHUH U3 TaOJIMLBI M COOTBETCTBHIE ANDPAKLHOHHBIX XapAKTEPHCTHK €CTh HEOOXO0IH-
MO€ YCIOBHE TSl NEPBOHAYANIBHOIO CYXkICHHS O BO3MOXHOCTH BbIOOpA NaHHOTO BApHAHTA.
CooTBeTcTBeHHO, MPH CIOKHOM (Ha30BOM COCTABE pacuiMdpoBka KOMIIOHEHTOB TpebyeT noce-
AOBATC/IbHOrO NOBTOPEHUS CTAHAAPTHOM MPOLEAYPhl CPABHEHHUSI.

(8) [oanonpoduabHbiii ana U3 NOPOMIKOBLIX pentrenorpamm. Metoa Purseasaa.

[TpumenseTcs s cy4aes, KOraa UMEETCS BOBMOXHOCTD HNOCTPOUTH HA OCHOBE JOMOJIHU-
TCBHBIX NAHHBIX PALMOHAIBHYIO MOJIETb CTPYKTYpPBI MCCIIEAYeMOro coeannenus. s npose-
ACHHA HCCITEOBAHUA HCIIONMB3YIOTCS BO3MOXHOCTH COBPEMEHHbIX (OQHOKPYXHbIX) THPPAKTO-
METPOB, B KOTOPbIX HEOOXOAMMAs! [IOWATOBAS PETMCTPALINS AM(DPAKLIMOHHON KAPTHHBI 06ecTie-
HHBACTCS! KOMITLIOTEPHOH CHCTEMOH YNIpaBeHHs 10 3aaHHOM TIporpamMMe.

B metozne Putsenbaa st onucauus Beero audpakuHoHHOTro CMEKTPd 3aaeTcs Habop mapa-
METPOB X(X, X,, X,, ...). JlaHHbBIC MapaMeTpbl YTOUHSIOTCS METOIOM HAHMEHbLIHX KBAaAp4aTOB
MyTEM MOATOHKH PACYETHON IHPPAKUMOHHON KapPTUHBI K IKCIEPUMEHTANBHOR. [IpYrHMHU CITO-
BaMU, MUHUMH3UPYeETCs QyHKLHA

S =Swly, - f(OF

[0 BCEM TOYKam AH(PaKUMOHHOTO crekTpa. B manHoii dopmyne i — nomep mara YTOUYHCHHS;
w(=1/y) - Bec, 3aBUCAILMI OT CTATUCTUKH CbEMKH JIAHHBIX; Y, — 3KCIEPUMEHTAbHASI UHTEHCHB-
HocTh B TOUKE I; f(X)=f(Q; x|, X,y X3, ...) — pACYETHAS HHTCHCUBHOCTD; Q =2n/d=47sinB/\ — Bek-
TOp paccestHns; d — MEKIUIOCKOCTHOE PaccTOsiHUE; 20 — yron audpakunu; A — JUTMHA BOJTHbL.
BaxHO OTMETHTE, YTO NSt YTOUHEHUS CTPYKTYPHBIX IAPAMETPOB UCIOJIb3yeTcs Bech qudpak-
UMOHHBIH CMEKTP, T.€. YTOYHEHHE MPOBOAMTCA B KX A0t Touke (i) cnexrpa. Mmeuno 6narona-
pst STOMY 1ET HHKaKOH HEOOXOAMMOCTH NPOBOANTE KAKHE-MOO MpeaBAPHTETbHBIE npouemy-
Pbl, TAKKEC, KK pa3/le/leHHe JIMHUN HITH OMNpe/IelIeHHe UX MHTErpalIbHbIX HHTEHCUBHOCTEH. Me-
TOJL obecreqnBaeT pasjieNeHne NepekphIBAIOLIMXCS AMDPAKLMOHHBIX THHHIA; pasneneuue ay6-
neta Koy n Ko, BbluMTanne QOHA; yTOUHCHHE TAPAMETPOB PELIETKH; YTOUHEHHE CTPYKTYPHBIX

NAPAMETPOB (KOOPIMHATBI, TEMJI0BbIE (HAKTOPBI, 3ACENEHHOCTH); ONpeaesieHHe HATHUHS TEKCTY-
PbI; ONpeieNiente HaTH uA NIPUMECHBIX (a3; HHAEKCALMs PedIeKCOB; OnpeieeH e HHTErpasib-
HBIX HHTEHCUBHOCTEH MHUKOB, UX MOJYIUMPHH U MO3HLIMI.

Bee nepeuncrieniiibie napaMeTphbl yToUHSIIOTCA OAHOBPEMEHHO (4TO OYCHb BAXKHO M OTIIHYAET 1aH-
HBIH METOL OT APYTHX) JUTS KAXKIOM TOUKH AMPPAKUHMOHHOIO CTIEKTPA HA KAXKIOM [Iare YTOUYHEHMSI.
YHcreHHbIMI KPUTEPUAMH, ONPEAEIAIOLUMMHU CTENEHb COBITAACHHS PACUETHBIX 1 SKCMEPUMEHTAITb-
HbIX MHTCHCHBHOCTEH, & TAKKE OCTOBEPHOCTb MPOLECCA YTOUHEHHS, ABAAIOTCA R-bakTopsi.

braronaps Texuuueckomy ycoBepuIEHCTBOBAHUIO PEHTICHOBCKHX H HENTPOHHBIX UCTOMHH-
KOB M IH(paKTOMETPOB, BOBMOXKHOCTH NOAHOMPO(GUIBHOIO aHAIN3a 3HAYUTENbHO BBIPOCITH.
Oco6o oTMeTnM, 4TO ¢ MOMEHTA OTKpbITHS B 1986 roJly BBICOKOTEMIIEPATYPHOHN CBEPXTIPOBO-
AMMOCTH B CITOXKHbIX Okcuaax Tna La-Sr-Cu-O, Y-Ba-Cu-O Ha nopsaaku Bo3pociu TeMIisl
CHHTC32 HOBBIX MOJMKPHCTAITMYECKMX KOMIO3Muud. COOTBETCTBEHHO, YAOBJIETBOPEHUE I1O-
TPeOHOCTH B CTPYKTYPHBIX PacluHdpOBKAX CTANO TPAAMLHOHHO 06ECeYnBATHCS MpHUMEHel U~
em Metoaa Pursenbia npu usydenuu ycpeauenioit 1 aedektioi crpykryp BTCIT matepuanos.
[pumeHenne TaHHOro MeToa B peHTreHorpadguu M HelTpOHOrpadguy B HaCTOSILEE BpeMsl SB-
JIACTCA BECbMA TOJIC3HBIM U1 MHOTOYMCIICHHbBIX 33124 PaCLIH(POBKH KOMIO3UTHBIX 06PA3LIOB
M MMOMCKA HOBbIX CUCTEM B MHTEHCHBHO PA3BHBAIOLIMXCS OOIACTAX MATEPHATOBEICHHUA.

4.2.3. Pasmep 3epHa. HaHokpucTannudeckue u amopdHbie MmaTepuanbl

M3 npenbiayLero u3noxkeHus ciaeiyeT, YTO OCHOBHBIMU 3KCMEPHMEHTAJIbHBIMU XapaKTePH-
CTHUKAMH, JOCTYIHBIMH MPH U3MEPEHUSIX IeOaerpaMM, ABITIOTCH MEXITIOCKOCTHBIE paccTrosHus
{4 MHTEHCHBHOCTH AMPPAKUMOHHBIX JIMHUIA. B OrpefenennbIX CUTYalUsX CTAHOBATCS CyllecT-
BEHHbIMU HaHHBIE 06 OCOOEHHOCTAX MOMMKPUCTAIITMUECKOTO 06 BEKTa, Oonpenensommux Gopmy
(npodunb) nedaeBckoil AMHUU. BbIle yxke OTMEUATHCH TAKHE AKTHBHBIC (hakTopbI, KAK MUKpO-
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nedbopmauru (BHYTpEHHHUE HAIMPSHKEHUA) BHYTPHU 3epeH JIMOO HEPaBHOMEPHOCTb XMMHUYECKOTO
coctasa. Obe 3TH MPUYHUHBI MOTYT MOPOXKAATH BAPHALMH MAPAMETPOB PEUIETKH MaTepHaa 1o
uccieyeMoMy o0beMy M, Kak CielCTBHE, 3aMETHOE yLUMPEHUE JIMHUH.

B coBpemeHHBIIT nieproA 3HaUUTETBHBIN MHTEPEC [T MaTEPUATOBEICHUS TPEICTABIIAIOT MOTMKPH-
CTAJUTHUYECKHE CUCTEMBI C «BECHMA MAJIOI» CpEIHEN BETMYMHOMN OTAENBHOIO 3epHa. ITH CHCTEMBI B pSi-
Jie CTy4aeB 001a1at0T MHHTEPECHBIMH M [TPAKTUYECKH BaKHBIMU CBOHCTBaMU. [TpUHATHIN TEpMHH — Ha-
HOKPUCIQIU4eCKue Mamepuaiibl — TIOAYEPKHUBAET MacILITAOHbIE XapaKTEPUCTUKY Pa3MePOB 3epHa — He
MHKPOHBI (CYOMHKPOHBI), 8 HAHOMETPbI (EIMHULbL, HecATKH, He cBbiile 100). duznyeckoe conepka-
HUE 3TOro pa3MepHOro AMana3oHa MO>XHO MPOKOMMEHTHPOBATH C MOMOILLBIO HECJIOXKHOTO pacyera.

O603HaYuM a napaMeTp KyOHYecKOH pelleTKH; MPEATNoNIONKHUM, KPHUCTAIUTUYEeCKOe 3epHO
umeer dopmy kyba ¢ pebpoMm L=na u obumm uucnom N =n’ sueek. Byaem onpenensrts

N =n*~(n-2)’ — 4MC/IO MEMEHTAPHBIX A4eeK, BBIXOMALIMX HA MOBEPXHOCTL KPHCTAJLIA, M CPaB-
HUBATh C OOLIMM YHCIIOM A4YEEeK B KpUCTa/ie. B 3T0i Monenu nojsyyaem:

n ‘ N /N =1-{(n-2)/n]}
5 0.784
10 0.488
20 0.271
100 0.059
2000 0.003

BuaHo, 4TO mpH Masbix pazMepax 3epHa BECbMa 3HAYUTENbHAS JOJIS 3JEMEHTAapHBIX A4EeK
MPUIIETAET K Pa3BUTOMY IBYMEPHOMY AC(EKTY, KAKOBBIM SBJIIETCA MOBEPXHOCTb KpUCTAJIIA.
Hanpumep, ans xkpucrammura pasmepom L=50 um npu napamerpe pewieTkH a=>5 A=0.5 um x
MPUIIOBEPXHOCTHOMY CJIOI0 OTHOCATCS OKOJIO 6 % BeexX sueek. [l CpaBHEHHS — COTTIACHO TeO-
PUH, KOHLEHTpAIUS PABHOBECHBIX TOUYeUHbIX AedekToB B KpHucTasule gocturaer auwsb 0.01 %
npu teMnepatype 1000K. CooTBeTCTBEHHO, IPH pa3Mepax KpUCTAUIMTOB 10 ~100 Hm moryT 3a-
METHO HU3MEHATHCS CTPYKTYpPHO-YYBCTBUTE/IbHbIC CBOWCTBA MaTepHaIa.

Yka3auHbIi MacluTad pa3mMepoB 3epeH pealbHO AOCTYIIEH H3MEPEHHAM B peHTTeHAUDpaKLIM-
OHHOM JKcriepuMeHTe. OnTHyeckre MPUHLUIBL 3TOTO MOAX0Ja OCHOBBIBAIOTCA HA CBOMCTBAX
nurepdepenrotnoi pyHkumu Jlays, npencrasnennsix B riaase 3.3. [1pu pasMepax KpUcTasuv-
yeckoro odobexTa Hike 50-100 HM ITHpHHA y3/1a 00paTHO# peiteTkH (cM. 3.3.3) cocTaBisieT cy-
ILECTBEHHYIO J0JTI0 Mepuoaa o6paTHoil petieTkd. COOTBETCTBEHHO, paculMpeHue IMdpaKLHOH-
HOM JIMHUK MOXET ObITh U3MEPEHO C HEOOXOAUMOM TOUHOCTBIO. JI1s 1ebGaeBCKUX JIMHUIH, HAUH-
nas ¢ pabort [leppepa u CensikoBa, UCITONIB3YIOTCS paboune GOPMyJibl, B KOTOPLIX YCTaHABIIH-
BAETCA CBA3b MeX1y «B»— pa3mbiTeM nMHHUK U «L» — cpeaHUM pa3MepoM 3epHa

LB=KA\/cos0.

3aeck B — (B paaMaHax) wxprHa JIMHUM HA MOJIOBUHE BBICOTHI (noaywupuna aunuu), A — JUTHHA
BoJIHbI w3nydenusi, K — koadduuneHt (npubmokenHo =1).

SlcHo, UTO B IKCMIEPUMEHTE CYLIECTBYET peajibHas npobieMa naeHTUOUKALMK JAaHHOrO BUAA
GU3MUECKOTO YUIMPEHHS [TPH BO3MOXKHOM YYACTHH APYTHMX MPHUHH, BIUAIOLIMX HA GOpMY Ju-
nuu. K TakuM akToOpaM OTHOCSTCS HHCTPYMEHTAJIbHbIE XapaKTEPUCTUKH — CIIEKTPAIbHAS LUU-
pHHA, yIIIOBask PACXOAMMOCTbD, CBSI3aHHASI C CHCTEMOW LIefel, U T.N. BO3MOXHO Takxe BIMAHHE
YOOMSIHYTBIX BbILIE HEOJHOPOAHOCTEH COCTaBa U OCTATOYHBIX HAMPAKEHUM.

OLieHKa MOKa3bIBAET, YTO MJIs TUITMUYHBIX XapAKTEPUCTHK HAHOKPUCTAIJIOB MHCTPYMEHTAJIb-
HbIH (pakTOp (OOBIYHBII YpOBEHb pacxoAUMOCTH HHXKe 0.1°) He 10/IKeH CHITBHO CKa3biBATHCA HA
pesynbratax. Tak, Hanpumep, npu L=5 uM Ha audpakuronnom yrie 6=20° nonymwmpuHa -
HHM COCTaBAET OKoto 2°; B Tex xe ycrnoBusax npu L=50 um, B=0.2°. KontpoJib 3a BausHHEM
Jpyrux GakTopoB TpeOyeT MPOBEACHUS U3MEPEHHH B LUMPOKOM HUHTEPBAJIE YIIIOB U IIPOBEPKH,
Harnpumep, yriioBoi 3aBucumoctu B(sech).

B 3aBepuieHHe KpaTKOro pa3nena, MOXHO MEPEUYHCIIUTD KITIOUYEBbIE CJIOBA, UMEIOLIHE OTHO-
LIEHHE K 3TOM, aKTUBHO pa3BHBAIOLLIEHCS 0OJACTH MaTEPHAJIOBEACHUS: Y.IbMPAMIOHKUE NACHKU,
cycnenzuu, memopaist, meepoble HANOKPUCMALTUYCCKUE MAMEPUansl, dyriepenst, nanompyoxu,
oucnepcuonito-meepoerouue cnadebl U psio Opy2ux.
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AMopoHubie pasbi. B mormyeckoit nocnenoBaTensHOCTH NPENENbHBIH TIEPEXO K MAJIbIM pas3-
MepaM KPHCTAJUIOB JI0JDKEH OBITh MPOAOIIKEH IO MOMHON YTPATHI TPAHCIAUMOHHON NEPUOIHY-
HOCTH M BO3HUKHOBEHHS TBEPHOH (a3bl B BHIE CTEKNA, HHAYE — B aAMOPPHOM COCTOSTHHH.

C TouKH 3peHus MPUKIAAHBIX XaPaKTEPUCTHK, OTOOHbIE CHCTEMBI MOTYT O6NIAATh BaXKHbI-
MH NpeumyIecTBaMHu. Tak, BCIJIECK MHTEPECA K MEMAIIULECKUM CIEKAam B 3HAYUTEIbHOM cTe-
MEeHU OBLT CBSI3aH C BO3MOXHOCTBIO ITOTy4YEHHS MATHUTHO-MSATKOTO CIUIABa Xeje30-60p Kak Ma-
TepHaa ¢ 0cob0 HM3KUM YPOBHEM KOIPLIMTUBHOM cHIIbL. TeXHOJIOrus mojydyeHus aMopdHbIX
COCTOSIHMH TMEPBOHAYAIBHO ObLTa OCHOBAHA Ha CBEPXCKOPOCTHOM (10° rpanycos/cex) 3akanke
U3 XHUIKOrO COCTOSHHA, 0003HAYaeMOi TepMUHOM spinning. PacriaBleHHBIH METaUT BbUIUBA-
€TCs Ha MOBEPXHOCTh BPAIIAOUIEroCs BOAOOXIAKIaeMOro 6apabaHa, u BbIOpachiBaeMas JICHTa
TOJILUMHOM AECATKM MUKPOH ABJIAETCA METAJUTHYECKUM CTEKIIOM. B HacTosiiee BpeMs HCTIONb3y-
€TCs TAKXKE METOA MHOTOYaCOBOr0 pa3MallbiBaHUs B LIIapoBO# MenbHuue (milling), a Takxe ais
OTACBHBIX CUCTEM — TepMobapuyeckas o6paboTka.

Hubpakumonnas arrectauns aMopHHOro MaTepuasa UCrolb3yeT 0COOEHHOCTH YITAKOBKH aTO-
MoB. Tepmun — amopHbIil — Mpeanoaaraer, YTo KIACCHUECKHH Oatbhuii IOPANOK KPUCTATUTHYEC-
KO¥ CTPYKTYpPbI OTCYTCTBYET, OIHAKO U CTOXACTHYECKOe, BeCopsAI0uHOe PACTIONOKEHHE AaTOMOB
(TBEpOBIA aHaor rasa) He peanusyercs. B MpoHHUecKoil GOPMYIHPOBKE — «HE TaKHE YX OHH
aMopHbIe», MOCKONBKY 6a30BON XapaKTEPUCTHKON ITUX CHCTEM SBNSETCH 6audcHuti TIOPSIOK,
CBSI3aHHBIN C TEHIECHUMEN K IUIOTHeHIeH KOHpUIypaliy B GikaiiiiieM oKpyxeHun atoma. Mc-
XOIHbIN r€OMETPUYECKUTT 0Opa3 3TOro nopska obo3HavaeTcs Kak Koopounayuonnas cgepa. ime-
ercs B BUAY, YTO Haubosiee BEPOATHBIE B3AHMHBIC PACCTOSIHHS OIMPEEAIOTCS yNaKOBKOM «coce-
Aeit» BOKPYT IAHHOTO aToMa o ceprueckuM crnosm. Torma KoJIMYecTBEHHBIMU XapaKTepUCTHKA-
M# GJIMKHETO TTOPAAKA CTAHOBSTCS PAJHYC KOOPAHHAIMOHHOM Chepbl M YUCTIO aTOMOB B Heil (Ko-
opounayuonnoe yucno). Pentrenorpamma aMopHOro Matepuasa He CoIePUT KOHTPACTHBIX MaK-
CUMYMOB M OTJIMYAETCS MPUCYTCTBUEM PA3MBITBIX KoJjtell (Qug@ysmbix 2ano) Ha MaITbIX U(PAKLIU-
OHHBIX yriax (cM. puc. 4.2.2). OCHOBHBIMH TAPAMETPAMH, OTPEACISIOLIMME UHTEPHEPEHLIMOHHYIO
KapTuHy, SBJIAKOTCH
pammyc R u cpennee
YUCII0O AaTOMOB B JIaH-
HOI KOOpIHMHAIMOH-
HOM chepe. 3Hayerue 600
R1 ans nepsoit koop-
JMHAUHMOHHOI cdepsl
O/MU3KO K KpaTuaHilie-
MY MEXaTOMHOMY pac-
CTOSIHUIO B pAacIlUIaBe.
LUlupusa wu BbicOTA
I1hhY3HBIX MaKCHMY-
MOB 3aBUCSAIT OT CTere-
HH YMOPSIOYEHHOCTH
B PACMOJIOXKEHUH aTo- 0 T — I T
MOB. AHaJIHTHYECKOE 40 60 80 100
PACCMOTpEHHE paccesi- 26 (rpan)

HHA HAa aMopdHbIX
CTPYKTYpax BOCXOIUT
K pabotam [lebas. [MonpobHble cBeNEHNS O COBPEMEHHOMH TeXHUKe 06pabOTKH AM(PpPaKTOrpaMM U
Crnocobax pacyeToB NPH PeLIEHHH KOHKPETHBIX 33184 MOXHO HAWTH B ClIELHATbHOMN JIUTEpaTye.

800

400

HHTEHCUBHOCTD

200

Puc. 4.2.2. [Tpumep andpaktorpamMmsl aMopdHOro MaTepuana

4.2.4. KayecTBeHHbIN (ha3oBbIX aHanu3. [luarpaMmsl COCTORAHUSA

Bo3smoxnocTn nndpakHOHHBIX METOAOB MPH ATTECTAUMH MOJMKPUCTATTHUECKHX MaTEPH-
aJIoB U MOHOKPHCTAJLJIOB, & TAKXe€ IIPU UCCIEJOBAaHUM CTPYKTYPHBIX MPOLECCOB LIMPOKO HC-
MOJb3YIOTCA B PU3MKOXMMHUM METAJUTHYECKUX cucTeM. Ha 3TOM B 3HauuTeNbHOM CTENeHH OCHO-
BAHO aKTHBHOE PA3BUTHE COBPEMEHHOIO MATEPHATIOBEACHHUS U BBICOKHX TexHoioruil. Hekoro-
PbIC XapaKTEePHbIC 3aAa4M KPATKO 0OCYKIAIOTCS B JAHHOM M MOCIEAYIOUUX [JIaBaXx.

8-445
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CHCTEeMAaTHYECKOE HCCIIEN0BAHME MATEPHAIIOB CO CITOKHBIM COCTABOM TpeOyeT Ha omnpeje-
nenHoM 3tarne ceeaenuit o pazosoit T — C duacpamme cocmosinusi.

CTaHapTHO# CTPYKTYpHOM 3a/1a4ei BIAeTCs 34eCh ONpeieNieHe BUa ¥ rpaHHil $pa3oBbix 00-
nacreit Ha muarpamme. bazoBas MeTomMKa — cbeMKa M 00paboTka aebaerpamMm nubo audpaxro-
IPaMM, TO eCTb KauecmeeHmblil pazoeblil ananu3. Jia WiIFoCTpaliuu JIOTHKH 3KCIIEPHMEHTA HCTIO/Tb-
3yeM puc. 4.2.3, rae usobpaxenst cuctembl Cu-Au, Pb-Sn, Mg-Sn, Cu-Zn Kak npeacraBUTeNH
MPOCTEHIIMX TUITOB OHHAPHBIX JUArpaMM COCTOSIHMA. B HalieM npuMepe NpearosiokuM, 4To 1o
Hayasa JKCIIEPUMEHTA HET CBEAEHHMI O B3aMMOJEHCTBUM KOMIIOHEHTOB. Toraa s rnepBoHavalb-
HOTO CYXIEHHS O BHE AMArPaMMBbl JIOCTATOYHO MPOAHAIM3MPOBATh BCETO TPH AU(PPAKLIHOHHBIX
cunmka. TpeGyercs mpUroToBUTH CIUTaB AB — 3KBHATOMHYIO KOMIO3HLIMIO, 3aTEM CHATb AMdpak-
TOrpaMMy CIUIaBa; Adsiee TIPOBOAUTCS CPABHEHHE C PEHTTEHOrpaMMaMH MCXOAHBIX A 1 B xomito-
HenTOB. Bapuant | — Ha Bcex Tpex CHUMKax Habop JIMHUA OMHAKOB, UMEIOTCS JIMLUb 3aKOHOMED-
Hble pa3IuuKs B IMPPaKUMOHHBIX YIITaxX 1 NeOAeBCKUX JIMHUH. Bbi600 — duazpamma ¢ Henpepoig-
HOi 63QUMILOLE PACMBOPUMOCIIbIO KOMNOHEHMO8 8 Jcudkom u meepoom cocmosinuu (Cu—Au).
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Puc. 4.2.3. bunapHbie auarpammst coctosnus: (a) - Cu-Au, (6) - Pb-Sn, (8) - Mg-Sn, (r) - Cu-Zn

Bapuant 2 — Ha CHUMKe CrulaBa HabJI0TaeTCs TMIIL KOMOUHALIUS neb6aeBCKUX JIMHUHA UCXOO-
HBIX KOMITOHEHTOB. Bbi800 — duazpamma ¢ o2paiudeno 63aumioi pacmseopumocnibio KOMnole-
mos. Boamodscen s6mexmuyeckuti (Pb—Sn) aubo nepumexkmuueckuii mun ouazpammot.
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BapuaHT 3 — Ha CHUMKE 3KBHATOMHOT'O COCTaBa HAaOIIOAAOTCSA IMHUH HOBOH (Da3bl (BO3ZMOXK-
HO, B COYETAHWUH C JIMHUSAMU OJHOTO M3 KOMIIOHEHTOB WIH Opyro#t ¢assl). Buigood — duazpamma
¢ unmepmemannuyeckumu coedunenusmu, ( Mg—Sn) — cayuaii oonozo coedunenus, (Cu-2Zn) — cay-
Yail HeCKONbKUX COeOuneHul. l

SCHO, UTO B JAHHOM CUTYaIlM{ KOMMEHTHPYETCS JIUILLIb NPOCTEHHIAs U3 IKCIIEPHMEHTAJIBHBIX
3aga4. BecbMa cylecTBeHHbIE YCIOXKHEHHS CBA3AHbI C OKOHTYpHBaHHEM IpaHHLl (Ppa3oBbIX 00-
jacTei Kak 1o IKajie KOHUEHTpaunit Npu OOBIYHBIX YCIIOBHUSX, TAK U TIOTHOCTBIO B KOOPAHHA-
tax C — T. DKcriepuMeHTaIbHBIE TPOOJIEMBI JaXe [UTsS HECTOXKHBIX CHCTEM CBA3aHBI C (UKcaLU-
eil (3aKayKoi) BHICOKOTEMIIEPATYPHOTO COCTOSIHUS JTMOO CO CheMKOH «in situ» B CHIELUATIBHON
BaKyyMHO# Kamepe ¢ HarpeBoM. B TpOHHBIX 1 MHOTOKOMIIOHEHTHBIX CHCTEMAX YMCJIO MPUCYT-
CTBYIOILIMX pABHOBECHBIX COCTABIAIOIHUX (A1 CIU1aBa (PHKCUPOBAHHOIO COCTaBa B JAHHOH TeM-
nepaTypHO#l TOYKe) BO3pacTaer B COOTBETCTBUU ¢ MpaBuioM (a3 ['mb6bca. CooTBeTcTBEHHO
YCUITUBAIOTCA NPOGieMsl (ha30BOit aTTeCTAlMHU M0 AUPPAKLIUOHHBIM JaHHBIM.

4.2.5. OndpakumoHHas mukpockonus. PeanbHas CTpyKTypa Kpuctanna

B 3agauax uccrieqoBaHus MOHOKPHUCTA/LUTOB PACIIPOCTPAHEHHOM Mpo6eMOoii ABIIIETCA MUKPOTOIIO-
rpadus KPUCTALTHYECKOro 00beKTa. B COBpeMEHHbIX YCIIOBHSX [UIS 3THX LIEJIEN CYLIECTBYET pa3BUTas
TEXHMKA OINTHYESCKOH, YJIbTPA3BYKOBOW M 3JIEKTPOHHOH MUKPOCKOIMH, YHUKAJIbHbIE BO3MOXHOCTH
TYHHEJIBHOIO M AaTOMHO-CHIIOBOrO MHKPOCKOIOB. B 3TOM OOILIMPHOM psly METOIMK CIIELIMAJIbHBIE 3a-
Jauu 0BECTIEYMBAIOTCS X MUKPOCKOITHEH, HCTIOTB3YIOLLEH BO3MOXHOCTH PEHTTEHOBCKOH AM(paKLHK.

CyllecTByeT LeNblit paa peHTreHOrpagHUeckux METOIOB, MO3BONSIIOIUMX HAOMIOAATE MHMK-
poCKonmuYecKkoe crpoerue Teepabix Tei. (CileayeT cpa3y Xe OTACIUTD 3TY TEXHUKY OT «IpAMO-
JIMHEHHBIX» 3a/la4 PEHTTEHOBCKOTO MPOCBEYMBAHHS, 3aBOACKOMN HITH TEXHONIOruueckoi aedek-
TOCKOIIMH [IPU KOHTPOJIe KayecTBa MeTamudecknx aetaneit. [ToquepkHem, 4To nedexkTockonus
HaxoMMTCA BHE PAMOK HALLEro Kypca.)

[pUHATDII TEPMUH — PEHTTEHOBCKas TUGPPAKLIMOHHAS MUKPOCKOITUS — OTOOPaXAET MOTyYECHHE MH-
kpodoTorpaduit 3a cyeT KOHTPACTA, CBA3AHHOTO C SABACHUAMH TMppakumu. IlepeuncinM BapuaHTbl
IMPPAKLMOHHOTO KOHTPACTa [UTS CEPUM PACTIPOCTPAHEHHBIX METONOB. B KaI0M CiTydae yKa3bIBaroT-
¢ 0COBEHHOCTH KOHTPAcTa, 06/1acTy NpuMeHeH s M 0003HaveHHe (MM aBTOPOB) JAHHOTO METOJA.

KayectBo kpucranna Ipupoaa kourpacra

HECOBEPILIEHHbIH, OIMUCHIBAETCA KHHEMATHYECKOM TEOpHEH,
OJIOUHBIH, OCHOBAH Ha Pa30pHEHTUPOBKE ATOMHBIX
MOJIMAOMEHHBII; ITOCKOCTEH B pa3HbIX ydacTkax (Osokax

CyOCTpYKTYpBI) KpUCTAIIA;

HawumenoBanus metonos: 1) bepea-bappemma, 2) L yavya,
3) @yoxcusupa, 4)Jd1ambo, 5) Funve-Tennesena,

6) yen068020 ckanuposanus

LL>L>L>LS>L>I>>

COBEpUIEHHbIH, SIBJIEHWS AUHAMHUYECKON TEOPUH:

C HU3KOH IJIOTHOCTDLIO IKCTUHKLMU — 7) memoo Janea,
JMCITOKALIUH; AHOMAJIBHOTO NpoXoxaeHus — 8) boppmana,

MyapoBbIe 110JI0Ckl - 9) bonse u Xapma.

Jns npobGsieM, cBsizaHHbIX ¢ $Ha30BbIMH MPEBPALIEHUSIMH, NPAKTHYECKOE 3HAUEHHE HMEIOT
CXeMbI MePBOH IPYMMbL.

CyTb 3aa4 3aKITIOYAETCS B CO3AaHUH M300paXkeHHn !, OTOXKAECTBISEMBIX C ONPENE/ICHHBIMH TH-
MAMU CTPYKTYPHBIX HECOBEPLUEHCTB: TPAHULBI CyO3epet, M0JI0Chl CKOJIBKEHHS, JOMEHb! HOBOH (a-
3bl. MeTOabI MUKPOCKONMHM, B COOTBETCTBHH CO crieunbukoil nndpakunonHoro sddexta, odecre-
YUBAIOT HE TONBKO HAOIOMeHHe AeeKTHLIX 00acTel, HO M HEMOCPEACTBEHHOE U3MEPEHHUE KOJIH-
YECTBEHHBIX XapAaKTEPUCTUK eTalled peabHON CTPYKTYpbI (YIJIOB pa30pUEHTHPOBKH, HAMpaBJe-
HUH, TOJILUMH) B KpUCTAUIOrpadHyecKoi cucteMe KooparHaT. B couetanuu ¢ JaHHBIMH aHAJIM3A
KOHMUrypauuu y3i0B 06paTHOM peleTKH 3TUM 00€ecrieunBaeTCs paciudpoBKa reOMETPUN ATOM-
HBIX CMELLEHHI ¥ CTPYKTYPHBIX MeXaHU3MOB (pa30BbIX MpeBpalleHuii. B uenoM, Metoas! augdpax-
LIMOHHOW MUKPOCKOIUHU SIBISFOTCS CHEUHAIBHBIM PA3/IeioM CTPYKTYPHBIX HCCIIEN0BAHUIA.

g



YacTtb 5
KPUCTANMNOIrPA®UA B PUSUYECKOM MATEPUANOBEOEHUU

O6umne 3ameuanns. PerpocnekTuBa u nepcnekTusa.

CrpykTypHbi€ 331a4H B PHU3MKE TBEPAOTO TENA B Psijie CIyHaeB MOryT pacCMaTpUBATLCS KaK pas-
BUTHE Ba)KHEHUIMX 3BPUCTHUECKUX 3MTU30A0B PalHEro NEpHOAa PEHTTEHOCTPYKTYPHOTO aHAJTH3a.

MO>XHO OTMETUTH, HANPUMEP, YCTAHOBJIEHHOE Ha 30JI0TO-MENHbIX CIJIaBax siB/IEHHE yIOpsi-
OYEHH A, KOTOPOE UMEJIO 3aTEM MHOTOUHCIIEHHBIE U ApPKHE CIeICTBUA 71 TEOPUH TBEPAOTO Te-
Jla ¥ BCEH TEpMHUHOJIOTHH (pa30BbIX NpeBpallieHUH. XapakTepHO TaKKe U IKCepUMEHTATbHOE
obHapyxeHue MHOrooOpasHbix Ae(eKTOB KpHcTaminueckoi cTpykTypsl. Tak, «deHomeH pe-
aJIbHOTO KPHCTasa» BO3HHMK B pe3ynbTate paboT JlapBuHa, KOTOPbIH BBIHYXIEH ObUT BBECTH
MOAeNb cyb3epert, 610K08 Mo3auKku 1151 YCTPAHEHHUS MPOTHUBOPEUNs MeX Iy cTporoi audpakiu-
OHHO# TEOpHEH U IKCMIEPUMEHTOM. DTUM ObUIO MONIOKEHO HAYalo BECbMa LLIMPOKUM MCCIIEN0-
BaHUAM JeeKTHOH CTPYKTYpbI U, KaK CIEACTBHE, CBSI3U IUCTOKALMOHHOH GU3MKH ¢ pyHAaMeH-
TaJbHBIMU CBOMCTBAMY KpHUCTALIA.

BecbMa cyniecTBEHHBIMHM SIBJISIOTCS T€ OCOOEHHOCTH HAPYLUEHUH TPAHCIALIMOHHON nepUo-
JUYHOCTH, KOTOpbIE ONpedesitoTcs TpaHchopMalMel KpUCTAITHYECKUX CTPYKTYp Ipu $azo-
BOM Mepexofie. ITa obJ1acTh B 3HAUMTENIBHOMN CTENMEHU CBA3aHa ¢ npobnemoit 6eznuddysuor-
HBIX KOOMEPATHUBHBIX CTPYKTYPHBIX IpeBpalleHUH. 31ech HENOCPeACTBEHHBIM HMMIYTbCOM
sasuiuck pabotel ['.B. KypaioMoBa, nocBsilieHHbIE MPHPOAE MAPTEHCUTHBIX [PEeBpALLIEHUI B
crany. B panbHeiiuieM ObI1O YCTAHOBJIGHO, YTO CTPYKTYDHbIE NMEPECTPOUKH MyTeM MasblxX
ATOMHBIX CMELLIEHHH ABIAIOTCA OJOCTATOYHO OOLHMM MEXAHHU3MOM, PeaM3yIOLHUM MOIYHHE-
HUE TPy CHMMETPHUH B MOCIIe0BaTeIbHOCTH Ga30BbIX COCTOSHUH. B Tako# moctaHoBke co-
BpEMEHHOM 3KCMEepUMEHTalIbHON 3aayeil CTAaHOBUTCSA B3aUMO/IEHCTBUE CTPYKTYPHBIX IOMe-
HOB, KaK COCTAaBJAIOLIMX HOBOro OOBEKTA — MOJIMAOMEHHOIO KPHUCTA/LIa, BOZHUKIIErO MpH
da3zoBoM nepexone.

Crienyet Takxe BbIAETIMTh BECbMa HHTEPECHYIO, C Halllel TOYKU 3pEHH s, TPYIY ABIEHHUIA, OC-
HOBAHHBIX Ha CyLIECTBOBAaHHHU TaK Ha3bIBAEMbIX MOAYIALMI, TO €CTh JOMOJHUTEIbHON NepHo-
AWYHOCTHU B PACMOIOKEHUU OTAETBHBIX IPYNI aTOMOB B KpHUCTaJLIE.

3aMeTHM, 4TO B YKa3aHHBIX CllyyasiX TeM WIH UHBIM CIOCOOOM HapylIAeTCss TPAHCISIIMOH-
Has EPUOAMYHOCTb, MATEPHAST HE OMUCHIBAETCA €IUHON MPOCTPAHCTBEHHON PELLETKOM U HE SIB-
JIAETCS B IPUBBIYHON TEPMUHOIIOTMY HY MOHOKPHCTAIUIOM, HH NOJIMKPHUCTAIIOM. DTO COOTBET-
CTBYET COBPEMEHHON TEHIEHLMH B KPUCTAIOrpaduu, paccMaTpUBAIOLLEH BCKO COBOKYMHOCTD
npo6iieM — OT HAeaTbHON KPHUCTAJUIMYECKOH CTPYKTYPBI 10 CUCTEM, YTPAUUBAIOUIMX TPEXMeEp-
HYIO NEPHUOANYHOCTD.

[Tpenmerom peHTreHorpaduueckoro IKCNEpUMEHTa B TAKUX CUTYaLIUIX CTAHOBSTCS CTPYK-
TypHBIE aCMEKThI Ha30BbIX MEPEXOAOB, MEXAHU3MBbI BBIACICHHUS HOBBIX (a3, pa3nuyHOro pona
NEPECTPORKHU B KPUCTAJIIE Ha YPOBHSAX aTOMHOM M peanbHOM cTpykTypbl. Bo Bcex komMbuna-
UMAX OOBEKTAMU UCCIIEAOBAHUS OKA3bIBAIOTCH HE TOJIBLKO «IIPABUIILHBIE» peduIeKChl, HO U OIl-
peneneHHOro poaa aeranu AMppakUHOHHOR KapTHHBL: ANUddY3HbIE TSOKU, ONMTUYECKHE CATEN-
JIUTBL — «OAyXu», 3PPeKTsl pa3TUYHbIX YIOPSIAOUYEHHBIX HAPYILUEHUH NPUBBIYHONH TpaHCIAUU-
OHHOM CTPYKTYPBL.

[TpumMepamu 3HAYMMBIX 3MHU30I0B HOBOTO BPEMEHU 3[eCh MOTYT CIYXXHTb pa3sHooOpa3Hble
[IpOLIeCChI B CIIJIaBAX PeAKO3EMENbHbIX U TYTOIUIABKHUX METAJIIIOB, NPEBpalLCHHS B HOJYNIPOBOI-
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HUKAaX, CECHETOINEKTPUKAX U CBEPXITPOBOAHUKAX, Pa3HOOOpa3Hble (a3bl BLICOKOTO JaBIIEHUS,
CTPYKTYPbI BHEAPEHHUS, THTEPMETAJUTMUECKHUE COETUHEHHS.

OTmeTnMm, UTO B KOHLIE MPOIIOro BeKa OGHAPYXKEHBI Lie/Ible CEMENCTBA HETPHBHAJIBHBIX
H «OOBIBATENILCKH HEMPUEMIIEMBIX» CTPYKTYP. 3[€Ch MBI MOXEM YITOMSAHYTh HOBblE 0OBEK-
ThI: KPUCTAJUIBI C HECOU3MEPHUMON MOIyIALHER U HECOU3MEPUMBIE KOMITO3UTHI, KaK Kpai-
HHUE C/Ty4yan OTKIOHEHHUH OT KJlacCHuyecKoi KpucTtaiorpadun. HecoMHeHHO, IpKUM cOObI-
THEM SIBUJIOCH OOHApYXKEHHE B METAJUTMUECKHX CIIAaBaX KBa3HKPUCTAJUTMUECKUX (MKOCAI-
pHYECKHX) KOHOUrypauuil, «3anpeteHHbIX» TPAHCAAUMOHHON pelieTKkoi. CTONMb e Heo-
KHIAHHBIM CTA0 OTKphITHE (yatepena — C60, Kak HOBOI (M He NpeAcKa3aHHON) KpHUCTa-
nuveckoit hopmel yriepona.

IlpuBenenHble NpUMEpPBI AEMOHCTPUPYIOT MHOro00pa3ue «CTPYKTYPHOU IpamMaTyprum»
KaK pellalomero pasaesna, CBI3bIBAIOLIEr0 KAHOHMYECKHE OCHOBBI KpUCTAUIOTpadHu C Mpo-
6nemamu coBpeMeHHOTo usnueckoro matepranoBeacHus. OYEBUAHO, UTO CKOILKO-HUOYIb
nogpobHoe onucaHue yBlEeKaTelbHbIX IKCIEPUMEHTAMBHBIX 3a1a4 B 3TOU 00MIMpHON 061ac-
TH BO3MOXHO JIMLIb B ClIELUATU3HPOBAHHBIX Kypcax. B kakoM-To cMbicie cuTyauus rnoaobHa
M3BECTHOMY B MATEMATHKE MEPEXOAY OT JIOTHYECKOH LEMH KJIACCHUECKO FeOMETPHH K HEO-
rpanMyeHHoMy Habopy 3a/1a4 «MHTYUTUBHOH (intuitive) Wi HarnsaHoW» reomeTpuu. IMosro-
MY B IaHHOM Clly4de NpeACTABIIAETCS MOJIE3HBIM JIMLUIb JIJAKOHUYHBINA 0030p XapakTepHbIX 3a-
Ja4 ¥ IKCTIEPUMEHTAJIbHBIX MPUEMOB, KOTOPBIE MEPEKPHIBAIOT pa3Hble MACIITA0HbIE HHTEPBA-
JIbl CTPYKTYPHBIX MTPOLIECCOB.

naea 5.1
CTPYKTYPHBIE NEPECTPOWUKU U PEAJIbHASA CTPYKTYPA KPUCTANNOB

5.1.1. filBnenna ynopsgoyeHus

BaxHoii cocTaBinsolel B 1eATeIbHOCTH MAaTepHUallOBEAUECKUX 1abopaTtopuii ABjseTcs uc-
ClleIOBAHHE MHOTOOOPAa3HBIX MPOLECCOB, IPOUCXOASLIMX B BEIECTBE NMPH H3MEHEHUH TeMIIepa-
TYPBI, JABJICHHS, TPU PAa3IMUHbIX BHEWHUX Bo3aeHcTBUsAX. DddexTrBHOE NpruMeHeHHe Aud pak-
LMOHHBIX METOOB B Psie CIIYYAEB OMPENENIUIIO MOJIydeHHe MPUHUIMITHATIBHO HOBBIX 3KCIEepH-
MEHTAJIbHBIX Pe3yJibTaToB. TaK, HCTIOIB30BAHHNE NPAGILT HO2ACANus Peqh.1eKkcos TTO3BONNIO0 0OHA-
PYXHTb ¥ OOBACHHTb B METAIJIHYECKHX CIUJIaBaX HOBbIA CTPYKTYpPHBIH PeHOMEH — yriopsinode-
HHUE TBEPIBIX PACTBOPOB.

(B mepsunoaocuu mamepuaiogeoenus ucnoab3yiomes RONSmus Meepoblx pacmeopos 3d Cuem
3a.MeueHus, 1eopenust OO GblYUMAHUS AMOMO8 KOMRONenmos. B oannom paszoene oepanuqusa-
CMCH PACCMOMPCIHUCM CAVHAA 3AMCWCHUS ROZUYUT AMOMO8 OCILO8HO20 KOMRONEHMA. )

CHayvasia BBOJHBIE 3aMeUaHHUS O CAMOM MOHSITHUH TBEPAOTO pacTBopa. B npunuumne, yreepx-
JeHHE O KPUCTAJIIIMYECKON CTPYKTYPE TBEPAOTO PACTBOPA MOXET Ka3aTbCs MPOTHBOPEUYUBBIM,
€C/IM UCXOAHUTH TOJIBKO M3 MPENCTaBIEHUH «OpToJoKcaIpHOW» MaTteMaTuku. Hanpumep, nByx-
KOMITIOHENTHAs CTPYKTypa 13 atoMoB A U B, nzobpaxennas B Buae gpparmenta rpanu Kyouue-
CKOM siuelKH Ha puc. 5.1.1(a), He ABAETCA TPAHCISUHMOHHOMN peuleTKoH. 31ech TPAHCISIUS OTO-
OpaxkaeTcs TOMBKO B MacwITabe 1IArOB; MPU 3TOM HE BbINOJIHACTCS ITABHOE YCIIOBHE, YTOObI
MPOU3BOJILHOMY JIEMENTY A MOXHO ObUIO COMOCTABUTh AHANIOTUUHBIH 3JIEMEHT MPH MPOU3-

BOJILHOM uHucrie waros. Takoro poga Moaens 0603Ha4aeTCs B METAJUIOBEAEHUH TEPMHHOM — He-
ynopsidoueninblit meepoblil pacmeop UIH MaEepoblil pacmeop 3aMeUjeHUsL.

Tem He MeHee, HHTYUTUBHO MOHSATHO, YTO AM(PPAKIMOHHAS KAPTHHA TAKOH CTPYKTYpbI
OTOOPA3UT €€ TPAHCISALMOHHBIE XapaKTEPUCTHKH. XOTs «C TOUKH 3peHHs MEPBUUHOIO MyuKa»
KOMMOHEHTBI A U B pa3nuuaroTcs mo cBETUMOCTH, B PeaIbHOM OfIbITe (Ha MUITUOHAX MO3U-
LUHMHA aTOMOB, Y44aCTBYIOLIHX B MPOLIECCAX MHTEPEPEHUNH) MPOU30HALT YCPEeAHEHHE aMITIH-
TYO paccesnus B oOpasue. B HarnsaaHoM Buae 3to usobpaxaercs Ha puc 5.1.1(6), roe oauHa-
KOBOH IITPUXOBKOH 0603HAaUaeTcs, 4To aTOMHBINA GakTop f ycpemaHeH B COOTBETCTBHU C XH-
MHUYECKHUM COCTABOM CILTABA. B TaKOM OMUCAHUM PACMOJIONKEHUE ATOMOB Ha I'paHM Kybuuec-
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KOM siuelKH COOTBETCTBYET HEYMOPSAOUEHHOMY TBEPAOMY PACTBOPY C MPOCTEHLIEH CTPYKTY-
pOH M 2yK pelIeTKOMH.
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Puc. 5.1.1. DxBuatomusiii (50 % A, 50 % B) TBepablii pacTBOp, rpaHb AuCHKy:
(a) — HeynopsaoueHHbIi, (6) — B yCpeAHEHHOH TPAKTOBKE, (B) — yNOpPAA0YEHHbIH

Ynopsjaouenue criaBoB Meab—30/10TO.

Jlns nanbHeiulero onwvcanus 'obpatumcs k GuHapHoif anarpamme cocroduus Cu-Au Ha
puc. 4.2.4 (a). B sToii cucreMe B3auMOAEHCTBHE KOMIIOHEHTOB COOTBETCTBYET TEPMUHY — HeHpe-
pbigibiil paod meeposix pacmeopog. O6a KOMMOHEHTA CUCTEMBI MMEIOT aHAJOTHYHYIO MPOCTYIO
CTPYKTYpY Ha 6a3e rpaHelieHTPHUPOBAHHOI pelueTku (06o3Havaercs cF4, cTpyKTYpHBIA THL Me-
an). [TosToMy KOMIMO3HLMH, TPUTOTOBIEHHBIE OOBIYHON KpUCTAJIM3ALIMEN U3 pACIIIaBa, [TOKa-
3bIBA/IM HAa pEHTreHOorpaMMax TUppakuMOHHYIO KapTHHY ofHoda3HOo# cucteMbl. B 3ToM Habo-
pe JIMHMIA, B 3aBUCUMOCTH OT cocTaBa obpa3iia, GHKCUPYIOTCA U3MEHEHH TH(PPaKLIHOHHBIX yI-
JIOB B COOTBETCTBUHM C MOHOTOHHBIM POCTOM IMapaMeTpa pelIeTKH Mo IKane KOHUEHTPALHUHK OT
MeIH K 30J10Ty. Jlasiee HA CepUU MOJTYYEHHBIX CIJIABOB OBUIO NTPOBENEHO H3MEPEHHE IJIEKTPOCO-
NIPOTHBJIEHHS U [TOCTPOEHME duazpammsl cocmas—ceolicmeo 1o tepmunonoruu H.C. Kypunakosa.
DKCIEpUMEHT MOKa3aa OOBIYHYIO KOHLUEHTPALMOHHYIO 3aBUCUMOCTD — B TBEPABIX PacTBOpax
yAenbHbIH KO3DULHMEHT COMPOTUBIEHUS BO3PACTaeT OT UCXOAHOIO 3HAYEHHA Ui YUCTOTO Me-
TaJUIA U JOCTHUraeT MakCHMyMa B paioHe 3KBHATOMHOTO cocTaBa ciuiaBa. B sToMm mpossnsercs
¢u3uyeckass MpUpoaa IIEKTPHUYECKOTO COMPOTHUBIEHUS METAJIOB. Y€ YINOMHHAJIOCh
(cM. 3.5.2), 4TO 3TO — CTPYKTYPHO-YYBCTBHUTEILHOE CBOWCTBO, 3aBUCALLEE OT KOHLUEHTPALIMH Jie-
¢dexToB B cTpykType. Toraa s oOBIYHBIX TBEPAbIX PACTBOPOB YIEIBHOE CONPOTHUBJIEHHE
JIOJDKHO MMETh MaKCUMyM Y 3kBHaToMHoOro (6auskoro k 50 at.%) crnasa, rae HaubOIBLIMH
ypoBeHb Oecriopsiika B pacro0oXeHHH aTOMOB Pa3HbIX COPTOB.

Hosrble sBneHus ObUIM OTMEUEHBI NMPHU HUCC/IEAOBAHUH CIUIABOB, MOABEPIHYTHIX NPOAOIIKH-
TEILHOMY OTXHIY npu TemrepaTtypax Hike 400 °C. Oka3anoch, YTO Ha KOHLEHTPALNOHHON
KPUBOM 3JIEKTPOCONPOTHBIIEHHS Telepb HAOII0JAeTCs TPOTHBOMOJIOXKHBIH IQPEKT — BHIPAXKEH-
HbIii «rpoBai» npu 50 aT.%. VI3 3Toro ¢akra cregoBas JIOTHYECKHH BbIBOI, YTO OTXHUI TAKOTO
CruiaBa MpHUBEIT K YBEJUYEHHIO CTEMEHH NMOPAaKa, K ynopsodoueiuio aTOMOB B KPUCTATUIMUECKOMN
crpyxtype. Jdauuble 1udpakLMOHHBIX IKCIEPHUMEHTOB NOATBEPAMIN 3TO npeanonoxenue. Ha
pEeHTreHorpaMMe 3KBUaTOMHOTO CIUIaBa, MPOLUEALIEr0 OTXHUI, UCXOAHbIE JIMHUH COXPAHSITUCH,
HO BO3HMKAJIHM Cl1abble TOMOTHUTENbHBIE JIMHUM B MO3ULIMAX, KOTOPBIM HECTIOXKHBIN pACUET M03-
BOJISI PHUITHCATHh MHIOEKCHI «3anpelieHHbIx» peduiekcos, Tuna (100), (110), (210) u 1.4, Jlunuu
HA3BAIH C8CPXCHIPYKMYPHbIMU, V3-32 ITOrO SIBIEHUE MOJNYYWIO HA3BAHHE — BO3HHKHOBEHHE
ceepxcmpykmypsl UK YHOPAOOUEHI020 MBepO020 pacmeopa.

Teneps ciieyeT HAMOMHUTD, YTO CTPYKTYPHBIA TUI MEAX BECbMA MPOCT: 31ECh ATOMbI Me-
Ta/lJla HAXOAATCA TOJIBKO B MO3ULIMAX Y3/10B 'K PELIETKH; IPU ITOM, COTJIACHO pABUIAM ITO-
racaHusi, KOTopbie 06cyaaoTcs B 3.2.2, pa3pelleHbl TOJIbKO pedIeKchbl C HHAEKCAMH OAMHAKO-
BOM YETHOCTH, T.€. IPH YCIOBUM h+k=2n, k+/=2n, h+/=2n. ITO O3HAUAET, YTO, HAMIPHUMED, TIEDP-
BbIE M9Th IMHUI Ha Aebaerpamme umeroT unaekcel (111), (200), (220), (311), (222). Umenno Ta-
Kas audpakUMOHHAS KapTHHA BOCIMPOW3BOAMIACE B JIMTHIX CIJIaBaX MEAb—30JI0TO, HO OKa3a-
Jach HEYCTOMUYMBOI Mpu TepMmuueckoi 06paboTtke. [pocTeiiulee pewenue AMdppakUHOHHOM 3a-
JAYM KOMMEHTHPYETCS C MOMOLLBIO cXeMbl Ha puc. 5.1.1(8). Tenepb no3uiumu KOMNOHEHTOB pa3-
JeneHbl: A — TOJBLKO B LIEHTpaX rpaHeit, B — B BeplunHax neMeHTapHoi sueiiku. Takas koHDH-
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rypalus He COOTBETCTBYET I'PAHU 2YK PELIETKH, MOCKONBKY AEHCTBHTENIBHBIMH OKA3bIBAIOTCS
JIMLLIB TPUBHAJIbHbIE TPAHCIALUU BIOb pebep siueiiku. TpaHCcHsuMs B LEHTP IPaHU Tenepb He
JIErMTHMHA — B 3TOM HAMPAaBJICHUHU YepeyeTcs «copT» aToMoB. MTak, JaHHBIA yIOPANOYEHHDBIH
TBepAbIit pACTBOP XapaKTEpU3yeTCsa IPUMUTUBHOM pelieTKkol bpase, 1 yTpauMBaroT CHITy orpa-
HUYEHHUS] MHAEKCOB, NMpUBeAcHHbIe Bbillie. HamoMHUM, 4TO [/ MHAEKCOB CBEPXCTPYKTYPHBIX
(OBIBLUMX «3anpewjenibix») pedIeKCOB CTPYKTYPHAs aMIUIMTYAA J0kHA GopMHPOBATHCS (CO-
rnacHo 3.2.2) pa3sHOCTAMH f,—f, aMIUIMTY/ paccesH1s aTOMOB, YIIOPSAOYCHHBIX BIOJb AHAro-

Hanmu. Bo3MoxHOCTh 3adHMKCHpOBaTh Takue peduieKcbl Ha PEHTrEHOrpPaMMeE 3KBHATOMHOIO
CIIaBa 30J10TO—MeIb 3a/laHa 3HAYMTENBHO Pa3HOCTHIO AaTOMHBIX HOMEpOB Z, 7. . Jlanee Obl-

1 OOHApYXEHBI U APYrHe 06JIaCTH YIOPANLOYCHHBIX TBEPABIX PACTBOPOB HA AHArpAMME Mellb —
30J10TO (cM. puc. 4.2.4a).

B Hacrosiuee BpeMs SCHO, YTO (HOPMHPOBAHHUE YROPAOOHEHIBIX MBEPOLLX PACMBOPOE ECTh PAC-
NPOCTPAaHEHHOE ABJIEHUE U MIPUHAMIEKHUT K YUCITY BaXXHBIX OCOOEHHOCTEN METATHYECKHX CIUIa-
BOB. SIcHO, 4TO Takue rnepexoab! B 6ojiee BHITOAHOE (TEPMOAMHAMHUYECKH) COCTOSHHE YCITOXKHS-
10T OGIMK COOTBETCTBYIOIIMX AHArpaMM paBHOBECHS. B 3THX yCIIOBMSX MOSABIAIOTCA U pallMO-
HaJIbHBIE NIYTH yrpaBjieHUs pa3HooOpa3HbIMHA CBOMCTBAMHU TAKMX KOMITO3HIIMIA MyTEM HAMpPAB-
NeHHOMN TepMHUYecKoit 06paboTku, obecneunBatoueit nytem audpdysuu npeodpasosaHue B yc-
TOMYMBYIO YIIOPSAOYEHHYIO KOHGHUTypalHoo. B JaHHOM KOHTEKCTE Mbl JIMIIbL B OOLIMX YepTax
KOCHYJIUCh TH(PPaKUMOHHBIX acreKToB MpobseMbl. CaMo MOHATHE YyNOPsIOUEHHS, BO3HUKLIEE
Npy¥ MCCIIENOBAHMKM KOHKPETHON OMHApHOHN cHcTeMbl, B ODOOILEHHOM BHIE OTKPHLIO BEChbMa
BaXHbIi1 pa3aen uccienoBaHuid. Teopus ynopsaoueHHbIX CIUIABOB MOJTy4YHsIa 3aMETHOE PA3BUTHE
M peaibHO UCIOJB3YEeTCs B CAMBIX PA3IMUYHbIX 3a1a4ax (PU3IMUECKOr0 MAaTEPHUATIOBEACHHUS.

5.1.2. Bo3MOXHOCTHU HenTpoHorpadmu. MariutTHoe ynopsgodyeHue

CoueraHue peHTreHOrpadUUecKUX CheMOK C IKCMIEpUMEHTaMM Ha 6a3e HCTOYHHUKOB TETIO-
BbIX HEHTPOHOB OKA3aJI0Ch BECbMA MIPOAYKTHBHBIM MPH HCCIIETOBAHUAX YITOPAAOHCHHUS.

HarnsianeM npuMEpOM MOIYT CIYXHTh CIUIABbI LHMHK — Medb. Ha auarpamme cocrosius
puc. 4.2.4 (r) BOIM3M 3KBUATOMHOIO COCTaBa MOKa3aHa IIMpPOKas 00JIaCTb TBEPAOTO PacTBOpA
Ha 643e HHTEpMETAIUIMAA. DTO coenrHerHe (B-1aTyHb) MO PEeHTTEHOBCKOH AU PpaKUMOHHON Kap-
THHE COOTBETCTBYET NPOCTOM CTPYKTYPE € OLK PeLIEeTKON U M3BECTHO Kak oaHa u3 (a3 KOm-Po-
3epu. 3agaua 06 ynopsaoUeHUH MEIHO-UMHKOBBIX JIATYHEH HE MOUIRETCSA HASKHOMY PEIICHHUIO
B PEHTIEHOBCKOM 3KCIEPUMEHTE BBHIY OJIM30CTH aTOMHBLIX HOMEPOB KOMMNOHEHTOB (Z. =29,

Z, =30). B oToit cuTyauuu MOXHO 0OPATHUTECA K Tab/HLIE, MPUBEICHHOH B naparpade 3.1.4, co-

[1aCHO KOTOPOH TP YIIPYrOM paccesiHui HeHTPOHOB aTOMHBIE AMILIMTYAbI MEIM M LIMHKA BIOJ-
e pasnudumbl: b=0.76 (Cu) 1 0.57 (Zn) B COOTBETCTBEHHBIX €AMHHULAX. B OA06GHbIX Criy4asx ue-
neHanpasneHHas paboTa Ha HEMTPOHHBIX IMPPAKTOMETPAX ABIAETCA BMOIHE IPPeKTUBHOM.
TunuuHOM cepuel 3a1a4 A8 HEHTPOHOTPAhHH YIOPSATOUEHHBIX CHCTEM SIBIAETCH TAKKE MC-
crefoBaHHe METAJUTMYECKMX OKCHIOB, HUTPUIOB, THAPUIOB. JTa IPYyHna coeAMHEeHNH, 00beaHu-
HSEMBIX CBOECOOPA3HBIM TEPMUHOM — aze! 8Hedperus — CO3AET 3aMETHBIC TPYIHOCTH B PEHTIe-
HOrPa(pMUECKOM IKCIIEPUMEHTE BJIAarofapsi KOHTPACTHO HU3KOH CBETMMOCTH HEMETAJIIMYECKOH
KOMIMOHEHThI. ATOMHBIE HOMEpa KHCIIOpOAd, a30Td, H ocobenno Bonopoaa (Z=8, 7 u 1, cooT-
BETCTBEHHO) Ha (oHe, HANPUMEp, NEePEXOAHbIX MeTalllloB OT Sc (Z=21) no Os (Z=86) onpene-
JSIOT peanbHble NPensTCTBUS A1 IKCIIEPUMEHTATOPA NMPU AE€TATBHOM aHAIM3¢ aTOMHBIX MO3U-
LM 110 PEHTIEHAUPPAKLMOHHBIM JaHHbIM. OCOOEHHOCTBIO CTPYKTYPbI 3THX (ha3 ABJIACTCH BbI-
PAXKEHHBIH KapKac MIIOTHOYMAKOBAHHBIX aTOMOB METaJUid, 4 HEMETAJIJIMUECKHE ATOMBI MOTYT
pa3MELAaTLC B OKTAYAPUUYECKUX M TETPA3APHUYECKUX MyCTOTaX. B cooTBeTcTBUM € 3TOH Ha30-
BOM CTPYKTYpOil collep)Katue HeMeTana B 3THX dazax gocturaet 50 u 6oJiee aTOMHBIX MPOLIEH-
TOB M BO3MOXHBI BECbMa «BUTHEBATHIE» KOH(PUIYpALMK HEMETAJLTHYECKOt cocTaBnstoel. Jlo-
6aBUM K 3TOMY TPYAHOCTH CHHTE3a M HEIOCTYITHOCTb MOHOKPHCTAJUIOB 3THX (a3, ocodeHnoc-
TH anuddys3un, HanmpuMep, BOAOPOAA B METAJUIMUECKOM KapKace, BOZBMOXHOCTH fepepacnpese-
NeHUst KOMITOHEHT MPH TEPMHUUECKOit 06paboTke. PeHTreHorpadus 31eCh MO3BOJISET TOJIBKO aT-
TECTOBATh C HEOOXOAMMOM TOYHOCTHIO CTPYKTYPHBIE MApPAMETPbl METAJIIIMYECKON COCTaBIAIO-
e —~ mapaMeTpsl PEIIETKH, OCEBbIE COOTHOLIEHHUS U T.N. B COBOKYNMHOCTH Xe nosioe peuieHne
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CTPYKTYPHOIt 3a1a4¥ B 3TOM CiTy4ae CTAHOBUTCA JAOCTYNHBIM JULIb NPH HCHOIb30BAHHUU BO3-
MOXHOCTEH HEUTpOHOrpaguH.
B npuBeseHHbBIX IpUMepaX IeMOHCTPHPYIOTCH CITyuaH «B3aUMHOI ITOIIEPKKHU H BBIPYYKH» MPH
HCII0/Tb30BAHNH AN(PAKUMU HEHTPOHOB M PEHTTEHOBCKHX JIyeii [UTst HCCIENOBAHNS MaTePUAIOB.
Cyiuectsyet, onHako, Kpyr AndpakUMOHHBIX 3314, B KOTOPbIX (epMU-4acTHUA JEMOHCTPH-
PYET YHUKAJIbHBIC BOBMOXHOCTH, B TNPUHIMITIE HEAOCTYIMHbIE IEKTPOMArHUTHOMY H3/Ty4YEHHIO.
Peub nuer 06 ynopsnouennu MarHUTHBIX MOMEHTOB, Ilie 3(EKTBI PACCESHUS TEMIOBBIX Heii-
TPOHOB CTAHOBATCA OCHOBOH 3KCMepUMeEHTaIbHOrO noaxona. He Gymer npeysennuenueM, 4to
CTPYKTypHAasi TPAKTOBKA MarHUTHBIX MAaTEPHUAJIOB MIOCTPOEHA HA MPAMBIX 3KCIEPUMEHTATBHBIX
CBE/ICHHMAX, MOTy4EHHBIX OJ1aroAaps UCMONb30BaHUIO 3(HEKTa MATHUTHOTO PAcCesHUS HEHTpPO-
HoB. B rnase 3.1 oTmeueHo, 4TO aMMINTya MATHUTHOTO PACCEAHHS HEHTPOHOB KOHTPOJIHPYET-
CA OpHEHTALMEH BEKTOPA CMOHTAHHOTO HAMATHHYMBAHHMSA ATOMOB 10 OTHOLLUEHHIO K AaHHOM
TUIOCKOCTH COrIIAacHo: [q|=sin(a). Mnaue roBopsi, BeKTOp MATHUTHOTO B3aMMOMAEHCTBHSA q HeIlo-
CPEACTBEHHO 3a/1aH YITIOM 0L MEXIY BEKTOPOM paccesHus (eAMHUUHBIH BEKTOP HOPMAJTH K OTpa-
KaFOLUEH ITOCKOCTH) € M €TMHUYHBIM BEKTOPOM K B HAampaBieHMH MATHUTHOIO MOMEHTA aTOMA.
MO3HO MPOMILTIOCTPHPOBATD IOTMUYECKYIO CXeMY MArHUTHO# HeHTpoHOTpaduK Ha Gosee Ipo-
CTOM mnpuMepe aHTU(HEPPOMArHMTHOTO YTIOPSAOYEHHS MOHOKPHCTAIUTMYECKOTO XpOMa HUKE
T=308K. CtpykTypa Cr COOTBETCTBYET OLIK PEILETKE C ATOMAMM B TIO3ULIMAX y3/I0B; MATHUTHAS U
« KpHUCTALTNYeCKass siYelKH COBMANAIOT MO JIUHEH-
HBIM pa3mepam. Ecnu BekTOps! crioHTaHHOrO .1a-
MAarHH4YMBaHUsS aTOMOB B BEPLIMHE M B LEHTpE
AYEHKH aHTUIAPAIUIEIbHbI, 3TO O3HAYAET, YTO Mar-
HUTHYIO SYENKY CllefyeT CYMTAaThb NPUMHUTHBHOIN.
st BBISIBIIEHUS TAKOH CTPYKTYPbI HEOOXOAMM IKC-
MEPUMEHT HA HEHTPOHHOM IH(PaKTOMETpE C peru-
CTpAUMEH HECKOJbKHUX IOPSIKOB OTPAXEHHS OT
rwiockocredt Tuna (010) u (001). (JAns varnsaHocTu
Ha puc. 5.1.2 BHELIHHE MOBEPXHOCTH 0Opa3iia COB-
MEUIEHBI C KOOPAMHATHBIMH IUIOCKOCTAMH KpHC-
TATHUYECKOM pelreTkH.) [TpoBonsTcs cepun usme-
PEHUH NPU IBYX OpHEHTAUMAX 00pa3La:
— My4YOK HEHTPOHOB HANPABIAETCS Ha MOBEPX-
HocTh Z0Y; sina=0; pedrekcbl MArHUTHOTO pac-

Puc. 5.1.2. CxeMa OpueHTALIMN MATHUTHBIX CEeIHUS OTCYTCTBYIOT; [IPH OTPA’K€HUU Habmona-
MOMEHTOB B stucike npocteiiiiero anTudep- IOTCsl TOJILKO YETHBIE NOPAAKH SAEPHBIX pediiek-
pOMAarHeTHKa

coB (200), (400)..., B COOTBETCTBUHU C NpaBUTAMH
[IOracaHust UIsl OUK peLUeTKH.

- CbeMKa ¢ nosepxHocTh Z0X; sina=1; HabMOAAIOTCS CBEPXCTPYKTYPHbIE MATHUTHBIE pe-
¢itexcel HeueTHbIX opsiakos (100), (300)...; yeTHbIE MOPSAKK ABISIOTCS Cyrneprno3suuuet saep-
HBIX U MATHUTHBIX pedIiekcos.

Bunro, uto B Takoit nocraHOBKe yCTaHABIMBAETCS GAKT yOPAAOUEHNAS MATHUTHBIX MOMEH-
TOB B CTPYKTYpE H, CeA0BATENbHO, aHTH(EpPOMArHuTHas npupoaa. ONpenensioTcs TAKKe re-
OMETPHYECKHE XAPAKTEPUCTUKH MATHHUTHOW CTPYKTYPbl M KOHKPETHASI OpPHEHTAUWs aHTHNA-
palie/ibHBIX BEKTOPOB HAMArHMYeHHUsl B OCAX JaHHOro obpa3sua.

Pa3Butie nono6HbIX BecbMa TPYTOEMKHX HCC/IEIOBAHMI MPUBENIO K OOHAPYXEHHIO 3HAUUTEIb-
HOTO YMClIa aHTH(PEPPOMATHUTHBIX CTPYKTYD. YCTAHOBIIEHO CYILECTBOBAHHE JOCTATOUHO CITOKHbIX
KOH(MIYpaumit MarHUTHOTO yropsitoueHus. KolnHeapHas OpueHTaLus BEKTOPOB B HEKOTOPBIX
aHTH(EPPOMATHETHKAX MOXKET COMPOBOXKIATHCA 0OPA3OBAHMEM SUEEK, HECOM3MEPHMBIX C HCXOJI-
HBIMH MMAPAMETPAMH PELUETKH. B ApyrHx Ciiyuasx MarHMTHbIE MOMEHTBI COCTABISIOT (PMKCUPOBAH-
HBIH YTOJI C HEKOTOPBIM HANpaBJIeHHEeM B Kpuctaiute. [1pu 3TOM NpocTpaHCTBeHHAS MOLLIATOBAs pe-
OPHCHTALIMA MOMEHTOB BOKDYT BBIAETCHHOrO HAMPAB/IEHHS CO34aeT BUHTOBYIO, ME/TMKOMAATBLHYIO
KOHCTPYKLMIO MArHUTHO#M 37IEMEHTAPHON S4efKH. YuTeM, 4TO B 3TOMH CBOeoOpasHoil koHdurypa-
LMK 10JDKHA ObITh OOECTiedeHa KOMITEHCALIHA MOMEHTOB B IIPE/eNiax sueiiku aHTH(eppOMarHeTHKa,
1 MEPUOL CITUPATIH MOXKET OKA3aThCs HECOM3MEPHM C aTOMHO-KPHUCTAJLUTHYECKOi pelieTkoit. Takum
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00pa30M, MarHUTHBIE TEIMKOMUIAIBHBIE CTPYKTYDbI ABISAIOT COBO0I LieNbiil Kace cepbe3HbIX IKCIIe-
PUMEHTAbHBIX 33a/a4 MPHU HEUTPOHOrPaQUUECKUX HCCTIEROBAHHUSX aHTUdeppOMArHUTHBIX (U dep-
PUMATHUTHBIX) MATEPUAJIOB, UMEIOLIHX BaXXKHOE MPUMEHEHHE B COBPEMEHHON TEXHUKE.

5.1.3. Qropantomuuui. 3oHbl MHbe-lMpecToHa

B nannom naparpade WITHOCTPUPYIOTCS [PAKTHYECKUE BO3MOXHOCTH JETaTbHOTO aHAITN34
(Gopmbl y3710B 06pPATHOI PELIETKH NIPH U3yYEHNH CTPYKTYPHBIX MPOLECCOB B cruiaBax. OCHOB-
HbI€ OCOOEHHOCTH CBSI3aHbBI CO CBOHCTBaMHU pacnpesiesienns untepdepenuronnoit Gpynxiun Jla-
¥3, KOTOpbIE U3naraauce B rnase 3.3.

Bocmpebosannocme amoii 3a0a4u nposgurace 8ckope nocae §03NUKHOBEHUS PEIMeeHOCIP VK-
mypnoz2o anauza. Hcxoousim (ROUMU CAyuaiHbIiM) I0U3000M ROCAYICUAU SEACHUS YAPOUICHUS,
obuapyscenble 8 HAYANE NPOWEOUIE0 BeKA 8 CRIABAX AMOMUNUS C MAABIM COOCPICANUCM MEOL.
o cemeticmeo cniagos oaee 8ecbMa akmMUsHO pazpabampiéaiocs U U3BECMILO «BCEMY NeMAIOUje-
MY YeA08CHCCMBY» HOO HA3BAHUEM OIOPANOMUIIULL.

®parmeHT tuarpammsl coctosHus Al-Cu npencrasien Ha puc. 5.1.3(a). Buana orpanudeH-
Hasi 00J1aCTh TBEPABIX PACTBOPOB Ha Hase aMIOMUHUS, HOCTUraIOWAs 5 aT.% Npy TeMIepaTypax
10 500 °C. MaTepuansl ¢ KOHUEHTpaLMeH MeI MeHee YKa3aHHOTO Mpe/esia FOTOBHINCE MyTeM
TIABKU M ITOCITEAYIOLIENH NPOKATKH; ObIJIO OTMEUEHO, YTO B XOJIe XPAHEHUS NIPU OOBIUHOI TeM-
NepaType 3HAYUTENbHO BO3PACTAET MPEAE MPOYHOCTH (O Kr/MM?) IPOKATAHHBIX JINCTOB (CM.
cxeMy puc. 5.1.3 6). Bpems, HeobxoaumMoe M1 JOCTHXKEHUS MAKCUMABHBIX XapaKTEPHUCTHK,
0Ka3a/10Ch MOPAAKA HECKOJIBKHX AHEH. DTO ONpene/niio NMOSBACHUE TEPMUHA — €CIECMEeNIoe
cmapeliue — NpU OMMCAHUU TEXHONOTHYECKOTO MpoLuecca Il U3AeIUR U3 dlopamomunius. DKene-
PMMEHTBI MOKA3aJIH, YTO BbIIEPKKA MPH NOBbIUIEHHBIX (nopsaaka 150-200 °C) temnepaTtypax
MO3BOJISIET 34 OOJIee KOPOTKOE BPEMS MOJYYHUTh TC K€ XapAKTEPUCTHKH TIPOUHOCTH (UCKyccni-
gennoe cmapenue). Ha nepBblii B3I/, UCXOAHAS IPHYMHA ONPEAENAETCS TOJBKO BUAOM AMA-
rPaMMBbl COCTOSHUSL. [IeHCTBUTENBHO, CIIJIAB 11OCNIE PE3KOr0 OXMaXACHHS (M3 TOUKH A B TOUKY
B Ha puc. 5.1.3 a) okasasics nepechIlEHHBIM TBEPAbIM PACTBOPOM. Torma MoXHO Npeanosno-
KHUTh, YTO JII00AS BbIACPKKA IIPH OTHKUTE MOXKET CONPOBOKAATHCS BIIEIIEHHEM BTOPOI paBHO-
BecHo# ¢asnl (CuAl,) n u3Menennem cBoicTs Matepuana. OaHako Ha ToM xe puc. 5.1.3 (6) cxe-

MATHYECKH MOKA3aHO U MOCICAYIOLIEE MaJCHUE MPOUHOCTU O ao HEKOTOPOToO yCTOﬁ‘-[IdBOFO 3Ha-

7o (a) (6)
0 ——7|CuAl,
s g-) 500 A: ||
g400 |I
& 6+CuAl, i
o
L
£ 200{ o |
~ ¥ '
100 :
0 |
0. 5 10 15 20 25 30 35 40 45 5055 —» t (Bpems)
Al % Cu

Puc. 5.1.3. (4) — dparmMeHT 1HarpaMMbl COCTOSHUA ATIOMHHHI — Meab; (6) — M3MEHEHHE TPOYHOCTH 3dKAICH-
HOrO CIUTABA NOC/IE BLUACPKKH: [ ~ NP KOMHATHOH TemnepaType, 2 — [Py MOBLILICHHON TeMIlepaType

YEHHUS NP JTUTENbHOM oTxHUre. Clien0BaTeNbHO, pABHOBECHOE ABYX(a3HOE COCTOSIHUE HeE MpH-
BOIMT K yNPOYHEHHIO JaHHOTO crtaBa. OTCI0la MOXHO 3aKITIOYHTD, YTO OCHOBHOH MAaKCHMYM
CBOWCTBA MPU CTAPEHUU COOTBETCTBYET HEKOTOPOMY YCTOHUYMBOMY TPOMEXYTOYHOMY COCTOS-
Huto. Paciunpposka cTpyKkTypHbIX 0cOBeHHOCTEI 3TOrO cocTosHMs B paboTtax [Mmnbe u [Tpecro-
Ha SIBUJIACh 3aMETHBIM J(IM300M Pa3BUTHUS PEHTreHAUDPAKLUHOHHOTO ananusa. beuto nokasa-
HO, YTO MPUUKHOM ABJIAIOTC OPUCHMUPOBAIIILIC NPEO8bIOCCIUS C BECBMA MAJIBIM PA3MEPOM Ua-
CTHU — KaK NPUHATO Ceituac 00o3HauaTh, B nanomenposon ouanazoite. Ha nepsom srane oTxu-
ra MpoLeECC pacnaja NepechIUEHHOro TBEPAOro pacTBoOpa 3aTpyAHeH MeAIeHHOH nuddy3uei u
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Y* (6)
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Puc. 5.1.4. (a) - OparMeHT CTPYyKTYpbl
nocne «CTapeHus»: S — nepechlieHHblR
TBEPIbIA PacTBOP, P — NpeaBbLAENEHHE
(zona Funse IMpecmona), T — npomexy-
TouHas obnacts; (0) — [NpexcTaBnenue B
06pATHOM NMPOCTPAHCTBE

0O 0 00 © 6 06O 0 O 0 0

3aBeplIaeTcs 06pPa30BAHMEM MHOXKECTBA TOHKHX MHKDPOIUIACTHHOK (CM. puC 5.1.4 a) Kak MeTa-
crabumpHoro pazoBoro coctosauus, «rnpeapapsiouero» Al,Cu.

OcoBeHHOCTHIO MUKPOCTPYKTYPbI CIUIABA ABIISIETCS COXPAaHEHHE HEMpPEPBIBHbIX CBsA3eH aTo-
MOB, TIpUHAUIEXAIUNX 30it¢ [unve-IIpecmona, ¢ aTOMHBIMH MO3ULHAMKU OCHOBHOTO TBEPAOTO
PACTBOPA YEPE3 3AMETIO MCKaXKEHHYIO POMEXYTOUHYI0 0671acTh. MMeHHO 3TH obnacry, 3aHH-
MATOILIHE 3HAYUTENBHBIH 00BEM MEXITY «4HCTHIM» BBIIETCHHEM U OCHOBHOM MaTpHLIEH (CM. CXe-
My puc. 5.1.4 a), 3aTpYAHAIOT ABHXKEHUE IUCIOKALNHA 1 ONPEeNsioT BEICOKHE NPOYHOCTHBIC Xa-
PAKTEPUCTUKH TIOPATIOMUHHMS [OCIE OTXHIa ONTHMAIBHOH MPOJOKUTENBHOCTH. [peBbie-
Hie ONITMMAJILHOIO BPEMEHH OTXKHIA HEXKENATEIbHO, MIOCKOJIBKY PA3BUTHE MPOLIECCOB nudoy-
3MH TIPUBOANT K PA3pPbiBy «KOTE€PECHTHBIX» aTOMHbIX CBf3eH 4aCTHLA-MATPHLA, YKPYITHEHHIO
yacruil. [[POYHOCTb CIIIABa MPH TOM 3aMETHO MAAET; KOHEeUHas CyOCTPYKTYpa NpeacTaBaseT
coboii couetanue 3epet 06brdHON Pa3el ALL,Cu 1 TBEpAOro pacTBOpa paBHOBECHOTO COCTABA.

Bun audpaxunoniibix 3bdekToB B ITOM Clydyae Orpelensercs pa3sMepHbIMA U OPHEHTALIU-
OlHBIMH XaPAKTEPUCTUKAMH MpeaBblaeiexuii. ToMIMHA MITACTHHKH yKa3aHHOH 30HbI ['MHbe-
[TpecToma COCTaBMsET HECKOMBKO aTOMHBIX C10€B. B cootsercTBum € 3.3.3, y3en obpaTHOM pe-
uetky (Pypbe-06pa3s ais oueHb TOHKOM MIIACTUHKH) MPEACTABISET COOOH He TOUKY, a cmep-
Jiceltb, BLITSHYTBI B HATIPABIEHME HAMMECHBLIErO Pa3Mepa MIACTHHKH. B 06paTHOM npocTpaH-
CTBE /U1 TAKOTO 0BGpa3la COBMELIEHD! 1Be KOHGUIYpALMKU: peleTKa TOYEHHBIX y3/I0B (3anaHa
MATpHULIEH — TBEPABIM PACTBOPOM) M CHCTEMa chiepaiciteil, MTPABUIBHO PACMONOKCHHBIX MO OT-
HOILIEHUIO K OCHOBHOI pewerke (cM. puc 5.1.4 6). HeobxonnuMocTb cornacoBanvs aTOMHBIX
y30pOB Ha FPAHHMLEX pa3fesa HOMycKaeT I BO3HHKAIOMIHMX MIACTHHOK JIMUIb OrPaHHYEHHOS
yucto (Hanpumep, 2—4) BO3MOXHBIX OPHEHTALMH B OCAX HCXOMHOMN PELIETKH; B 00paTHOM Mpo-
CTpaHCTBE JII0O0H CTEPXKEHD ECTh CYNEPNO3ULHA HHANBHAYAIbHBIX dypbe-006pazos OT 60IbLIO-
ro HaGopa miacTuHOK. UTak, B «K/IACCHYECKOM HCTIOTHEHUN» TPEOOBAIOCH BBIPACTHTL MOHO-
KPHMCTAII 32[aHHOTO COCTABA, POBECTH HEOOXOAMMYIO TePMOOOPABOTKY U UCMOMB30BATE 10~
CTYTIHYIO TEXHUKY PEHTTEHOBCKOH ChEMKHM, YTOOBI MPOAHATU3HPOBATH KAPAUHAIbHBIC H3MCHE-
HUS B KOHQUIYpALMAX y3/10B B 0GpaTHOM MpocTpaHcTse. MoxHo 00603HAYNTh AUPPAKLIHOH-
HYIO 3224y TEPMUHOM Mono2pagus bauxcnux okpecmnocmei ysna obpamnou pewemku. [ocne-
JOBAaTEJIbHOCTD JEHCTBHI ONPEAETIAETCA METOJOM ChEMKH.

Jlist poTorpaduueckoit perncTpaLy 31ech TPUMEHAETCS BAPUAHT, OITH3KHH K H310XKEHHO-
My B 1. 4.1 MeTomy Kauauus. Kpucraur npeBapuTeabHO COPHEHTHPOBAH, HaMIeHa HCXOHAS
yroBasi O3ULIMA U FONyYeH 3aJaHHbli pedreke TBepaOro pacTsopa. Jlanee Hy* HO MOMy4HTH
cepuIo peHTreHorpaMm Oe3 BpamieHus oOpasua, HO C NOLIAaroBbIM H3MEHEHUEM yIJI0BOM MO3H-
[IMM OT CHMMKA K CHUMKY. B 06paTHOM MPOCTPAHCTBE K& IbI MaJIblii YIIIOBOMH WAL COOTBET-
CTBYET HOBOMY CEHYEHHIO BBIGPAHHOTO y3/1a Ha puc. 5.1.4 6 chepoit Isanbaa. [1o coBokymHoc-
TH CHUMKOB MIPOBOJMTCA BOCCTAHOBIICHHE (POPMbI ¥ ODHEHTALINH Y3714 OOPATHOMN peLIeTKH.
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IMpu ucrnons3o0BaHUYU TEXHUKH COBPEMEHHOTO AU pPaKTOMETpa yKa3aHHas 3a/1a4a obecreuu-
BaeTcs 3 PeKTUBHON MPOrpaMMOi MOBOPOTOB 00pa3la U AETEKTOpa IS MOLIAaroBOH PerncT-
palny UHTEHCHBHOCTEH OT TOUKM K TOYKE M MOCJENYIOIEro rpadguueckoro BOCIpPOU3BEAeHUS
CHCTEMbI U30JIMHUN (paBHONW UHTEHCHBHOCTH) 110 OTHOUIEHUIO K MAKCUMYMY TaHHOTO y3J1a 00-
PaTHOM PELLETKH. '

B cospemennoi aumepamype cywecmayem obosnauenue — mapping — 0as 0annoil IKCRepumMei-
ManbHoi RPOYEOYPbl, KOMOPYIO 8nepable ucnoas3osan Jlasaie npu uzyuenuu meniogo2o 0guMdcenus
amomos 8 peuiemre no Iggexman ougghyznozo paccesiniust peHmMen08CKUX ay4ei.

IMocie AIOPATIOMHHHIS CXOHBIE MPOLIECCH! CTAPEHHMS YCTAHOBICHD! st GOBLIONH CepHH Ma-
TEpPUAJIOB, OOBETUHAEMBIX KITIOUEBBIM CJIOBOM — ducnepcuonio-maepoeiowue cnaassl. CxoqHas
TEXHOJIOTHS UCITONIB3YETCS MPH CO3JAHUN MATHUTHO-)KECTKUX MATEPHATIOB C 0OCOOO BHICOKHUMHU
3HAYEHUSIMU KOIPUMUTUBHOM cuiibl. Bo Bcex 3TUX Cllydasix [JIaBHOH «3aLENKO» ABIISAETCS JIMHUA
1IpesieIbHON PACTBOPUMOCTH HA AMArpaMMe COCTOSIHHS U BO3MOXXHOCTh MAHEBPUPOBATEL BpEMe-
HeM 11 dy3HOHHOTO OTXHUra [T CO3AaHUsl MeTacTabUIbHON (HO yCTORYHMBOM NPHU OOBIYHBIX
TEMIIEPATYPHBIX YCIIOBHAX) CYOCTPYKTYPBI.

5.1.4. beaguddy3moHHbIe npeBpaLleHnn

O Tepmunosoruun. B HacTosulee Bpems 3Ta 00,1acTh McCileJ0BaHUIt BecbMa pa3HOOOpa3Ha
BKJIIOU4eT B ce0sl OOIUIMPHbIE U HHTEPECHBIE COBPEMEHHBIE HAITPABIIEHHS B PUIHUECKOM MaTEPH-
anoBeaeHu. Mcropuuecky, 1o pactrndpoBKU MPUPOIBI ITUX SIBJIEHUH, ObIJIH U3BECTHBI B 3TOM
KOHTEKCTe TIPUMEPBI U3 paspsaga TexHonoruu mertamion. CaMblil XapakTepHbIH — 3aKajka cTa-
JIM, KaK MPaKTUYeCKH BAXKHBIA NMpHeM 00paboTKH xese3HbIX cru1aBoB. [ pyro# — «oaoesnnas wy-
Ma» — nionmuMopd b epexoa B-Sn—o-Sn ¢ NooXKUTENLHBIM 00beMHbIM 3 dekToM (HarpH-
Mep, paspyllieHHe MyHIUPHBIX MYTOBUL IPYCCKUX cOJLAAT B xos10Hble 3uMbl X VIII B.).

B nutepatype BcTpeuaroTcs pa3idiyHble HAMMEHOBAHUS U151 3TOrO KJlacca MEpPEXOA0B KpHC-
Ta/UIMYECKOr0 BEUIECTBA OT OHOH CTPYKTYpbI K Apyroi. PaboTs! no pacuindpoBke CTPyKTypbl
3aKANEHHONW CTajM TIPUBEIM K PACIIPOCTPAHEHHIO TepMUHA — MAPTEHCUTHBIE MpeBpalleHus. B
30-e roast npoutoro Beka I'.B.KypaoMoB onpenennn takue npespauieHns kak 6e3anddysu-
OHHbIE, MOCKOIBbKY NMEepecTpoiKa CTPYKTYPbI COMPOBOKIACTCS NEPEMELIEHHUIMHU ATOMOB HA pac-
CTOSIHUSI, MEHBIIIHE MEXATOMIbIX. B AansHelimieM Obi10 0011Apy)KEHO, YTO CITUCOK BELLECTB ¢ Ta-
KHMH MEPEXOIaMHU JAIeK0 YXOAUT 3a Mpeebl CITABOB xkese3a. O0001eHHas XapakTepUCTHKA
CTPYKTYPHBIX MPOLIECCOB COJEPKHUTCS M B HA3BAHHUM — IPEBPALUCHUS] KOOIEPATHBHOIO THIIA.
Mmeercst B BuiLy, 4TO HOBASI CTPYKTYpA BO3HHKAET U3 NpeALLeCTBYOLEH npadasbl myTeM MabIx
OPUEHTUPOBANHDBIX CMEUICHUH, CABUIOB, IOBOPOTOB LIEJIBIX ATOMHbBIX KOJUIEKTHBOB — [JIOCKO-
CTeM, TeTpa’aApoB U T.M. s HAILIEro U3J10KEHMS TPHHUMITHANBHO, YTO 3Aech He paboT4eT cTaH-
JAPTHBIA MEXAHW3M 3aPOXK/ICHUS U pOCTa KPUCTAUIOB HOBO# dasbl 3a'cuer auddysnu.

O cTpykTypHoM aHaju3e (pasoBbix npespawennii. M3sectHo, uto 6e3nuddys3nonsie dpazobble
NpeBpallieH!s] UMEIOT LIMPOKOE pACTIPOCTPAHEHHE, OCOOEHHO B HU3KOTEMIIEPATYPHOM HHTEp-
BaJie, a TaAKXe NP BO3AEHCTBUH BbICOKOTO JaBIEHMS.

BecsMa pa3BUThI IU(PPAKIIMOHHbIE HCCIEAOBAHUS (PA30BBIX NEPEXOLOB B CEMHETOMIEKTPHYE-
cKuX kpucTaiiax. [IpuunHou 3Toro aBisercs To, YTo, B OTJIMYKHE OT MATHUTHBIX MPEBpALLEHNH,
KK/l IEpeXo/i MapadieKTPUKa B CErHETOIIEKTPHUECKOE COCTOSHUE COMTPOBOXAAETCA CyLIle-
CTBEHHOW CTPYKTypHOH mnepecTpoiikoil. OObemMHbIe 3QdexThl U peasbHble NepeMelieHns aTo-
MOB, KaK MPaBUiio, MaJibl, HO CHMMETPHS MOXET UCTIBITEIBATH 3HAUMTEIIbHbIE U3MEHEHUS, HAUH-
Has C yTPAThl LIEHTPA CUMMETPHUHU (4TO Tpedyetcs u3 Teopun). CoObITUS MPOLIEALLErO AeCITH-
JIETUST MOKA3ajd, UYTO «IEPENOBble OTPAALI» BbICOKOTEMITEPATYPHBLIX CBEPXIIPOBOIHHUKOB
(BTCIT) Bo MHOrOM yHacneqoBaIN CTPYKTYPHYIO NMPOOIEMATUKY POACTBEHHBIX CEMENCTB Cer-
HETONIEKTPUYECKUX KPUCTAILIIOB. _

W3noxenHoe BbllLE MO3BOSAECT CUUTATH pACUIN(POBKY CTPYKTYpbl HOBOH (ha3bl, BOZHHUKAIOLIEH
Tpu nepexojie, cretnduyeckont AMdpakuroHHoN NpodIeMON UCCIEIOBAHUS [TOJTMAOMEHHOTO KPH-
cranna. JleficTBUTENIbHO, BEPHEMCS K 3a/lauaM, fpeacraBneHHbiM B riase 4.1. Tam Bes «uaeonto-
rUs» B 3HAUMTEbHOM cTeneHu nocrpoeta ta @ypoe-(ITatrepcona) cunrese s 60abIIOIO MACCH-
Ba IKCMNEPHUMEHTAILHO IMOJTYHEHHBIX JAHHBIX O peduiekcax oT MOHOKpucTauia. Eciu ke npouso-
wien 6e3a1dby3noHHbLI ha30BbIN MEPEXO1, IKCTIEPUMEHTATOP YXKE HE PACNOoSaraeT MOHOKPUCTAJI-
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JIOM 3TOH HEM3BECTHOM (ha3bl. DKCrIepUMEHTANIbHAS MOCTAHOBKA B 3TOM CUTYyallMH B 3HAYUTENBHOMN
CTEeleHH OMUPAETCS Ha AHAJTM3 JIULIb OTAEIbHBIX «OTBETCTBEHHBIX» pedieKCOB, HO C AeTalIbHBIMU
HU3MEPEHUSIMU HHTEHCUBHOCTEN M0 TOYKAaM B 331aHHBIX 0OJIaCTX 0OpaTHOrO MPOCTPAHCTBA.

Oco0yr0 BaXHOCTH MPUOOPETAET YUET UEPAPXHH CUMMETPHH — MOMCK BO3MOXHBIX MyTeH
npeodpa3oBaAHUS JAHHOH TOUYEUHOMN I'PYMIbLI B MOACPYIITY, aHATU3 I3KCIIEPUMEHTATHHO Hal1eH-
HBIX paclleIUIEHHH, MOCTPOEHNe CTPYKTYPHBIX MOJiesieil U UX MpoBepka Mo peHTreHorpaMmmam
MMOJIMKPUCTAJIIOB.

Bee 3T0 nokasbIBaeT, YTO PeXUM CTPYKTYPHO#M paciuudpoBKH A1 (a30BbIX MPEeBpAILICHUI B
OOJILLLIMHCTBE CITyYaeB onpenensiercs creudhuIeckoi cxeMoi «pob U oluboK», a He pelIeHH-
eM o0paTHO# 3axaum JudpaKUHH.

Kpucrana ¢ nosmgomennoii crpyktypoii. C Touky 3peHust kpucrauiorpaduu, npu pazosom
nepexose 6€3 U3MEHEHUS XMMHUUYECKOTO COCTABa BO3ZHMKAET KAYECTBEHHO HOBOE CTPYKTYPHOE
cocrosHue. KoHeUHbIH NPOAYKT — AoAudOMeINbIE KPUCMAN — HETIB3S OMKCATh KakK MOJIMKpHUC-
TaJlJ1 CO CTOXACTHYECKUM pacripefie/icHUeM B3aUMHbIX opyueHTauui 3epeH. Mmeercs B Buay, 4to
UCXOAHBIN KpHcTaul npadassl NpeBpallaeTcss B OTPaHUYCHHBIH KOHIIOMEpAT OPHEHTALIMOH-
HbIX COCTOSIHHH (IOMEHOB) HOBOU (pa3bl.

B 3a11aue 06 OpHeHTALIMAX CTPYKTYPHBIX JOMEHOB CIIEAYET YUHUTBIBATH ABa acnekTa. [lepsblii
CBA3aH ¢ QyHAAMEHTAIBHBIMU CBOMCTBAMM CUMMETPHHU KpUcTasuia. JedcTBUTENbHO, NYCTh NMpH
TeMriepatype (pa3oBoro rnepexoaa J0HKHbBI IPOUCXOIUTH U3MEHEHHU S JAHHOH CTPYKTYPBI MyTEM
KOHKPETHBIX ATOMHBIX MOJBIDKEK B OMNpENE/ICHHbIX KPHUCTAIIOrpadHUUEecCKUX HAMPABIEHUS. X.
HcHo, 4TO CBOMCTBA CUMMETPHH TO3BOJISIIOT «PA3MHOXHUTE» 3TOT POLECC; MOyHaeTCs cepust
JKBHUBAJICHTHBIX BO3MOXHBIX MAPLIPYTOB, YUCIO KOTOPBIX CBSI3AHO C FPYNIMOBO# aaredpoil uc-
xonHo# dasel. Takum 0Opa30M, Mbl MPUXOAMM K BO3MOXHOCTH CYLUIECTBOBAHUS HOBOM (ha3bl B
BU/I€ oMpenesieHHoro Habopa opuenmayuonieix cocmosinuti (OC).

Jlis unmocTpanuu Mcnois3yeMm HarsiaHyio cxemy. Ha puc.5.1.5 (a) nmokaszano, kak nyrem
HakjoHa cTopoH kBagpata OEDB Ha npou3BOIBHBIN yron ¢ UCXOAHAd pelueTKa MOXeET ObITh
npeobpa3zoBaHa B NPAMOYTONIBHYIO C 3JIEMEH-
tapHoil ayeitkoit OA’B'C’. B Takom Bapuaii-
T€ ABOMHMKOBOro caBura (MHBapHaHTHas
miaockocTk (110), Hampasienue casura
[1,-1,0]) ucxonnas P rerparonansHas peuer-
Ka npeobpasyercs B P opropomGuueckyio.
Ha pucynke 5.1.5 (B) moka3zaHbl 4eTbIpe ajib-
_ TepHaTUBHBIE AYEHKH BO3MOXHBIX OpHEHTA-
10 yponnsix cocrosumit. Mcxommas oOpartHas

peleTka KpHcraiia Ao/hKHA ObITh 3aMeHeHa

CYIEPIO3ULMEN YeTbIpeX OOPATHBIX PELIETOK

HoBOM (hasbl. Kak BUAHO U3 CpaBHEHMS PHC.

5.1.5 (6) u (r), cMUMMETpHSA COBOKYMHOIO 00-
2 paTHOro NMpOCTPAHCTBA UK MOJNHOro Habopa
O  OC guccuMmmeTpuuHOM a3kl BOCIPOU3BOIUT
HCXOAHYIO TETPAroHaJbHYIO CHMMETPHIO.
3nech NeHCTBYET MPUHIIUIT COXpaHeHUst 0600-
LeHHol cummeTpuu, BeiaBUHYTHIH U.C. XKe-
nynesbiM K JILA. HlyBanoBbiMm.

»*

Olm C npyroi#t CTOpoHbI, B KpHUCTa/lJle, KaK B

oTe peasbHOM 3KCNEPUMEHTAIbHOM 00BbeKTE, 3a-

poxaeHue u peanusauuss OC npoucxoast

Puc. 5.1.5. JIB0iiHHKOBAHHE TETPATOHAIBLHON pe- CIly4aiHBIM 00pa30M. DTO NPUBOAMT K [O-
werku no cucteme (110) /[110]; CTATOYHO CIOXHOH KapTHHE pacnpocTpaHe-

(a) - cxema ABO¥HNKOBaHHS; (6) — PparMeHT 06- HUS B 00BEME KPHUCTAIIA CTPYKTYPHBIX JOMeE-

PAaTHOM peweTky HexonHoi dassl; (B) — coBokyn- HOB HOBOH (asbl (M. cxemy prc. 5.1.6). B
HOCTb 00PA30BABUIMXCH OPHEHTALIMOHHBIX COCTO-

snit (OC) poMGHueckoit dasbi; (r) - Cynepnosu- 3TOM CBOE€OOPA3HOM 00BEKTE MUKPOCTPYKTY-
uus oOpaTHbIX peuleTok yetbipex OC pa becnopsiiouHa MO pa3MEelEHHUIO U pa3Me-
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pam otaenbHbIX 6110K0B. [1pH 3TOM, O0IHaKO, yriops-  [001]
NOYEHBI (3alaHbl B OCAX MCXOAHOM (a3bl) Bce BO3-
MOXHBIE OPHEHTALIMM KaXA0ro CTPYKTYPHOTrO [170]
¢parMeHTa ¥ MHOTOYHCIIEHHBIX KOTEPEHTHBIX H He-
KOrepeHTHbIX rpaHul. CoOTBETCTBEHHO, B HOBBIX
CTPYKTYPHBIX COCTOSIHMSIX COXPAHSETCA «MaMATh»
06 ucxoaHoit crpyktype. [Toatomy obpatHslit paso-
BbIf Mepexon (HampuMep, NMpH HAarpeBe BhIILE T)

[110]

MOXET BOCCTAHOBUTb MOHOKPHUCTANI Apaghasel, U B
3TOM CMBICJIE JOMEHBI OKA3bIBAIOTCS YIIPYTHMH.
INpumep audpaxumonnoii 3anauu. CTpykTypHBIE
5(dexTsl Npu Ha3oBBIX NpPEBpALICHUAX B 3HAYH- .
TEbHOW CTEMEHW WHAWBUAYAIbHBl M OTIIMYAIOTCS HKT
60mbILIMM pa3HOOOpa3HeM.
PaCCvMOTpPIM P KauccTBe TpHMEpa JIOrMKy Ha- Puc. 5.1.6. Mojenb nonuaoMeHHOro Kpu-
4aJIbHON CTaAHU 3KCMNEPUMEHTA C KPUCTAIIIOM CO- craE, KT'u HET —Korepeinnns i He-
eannenns YBa,Cu,0, . (B aumepamype ucnons3y- KOTepeHTHAS IPanuLbl (0603HaueHHs OC

emcs mepmun — cemeticmeo [-2-3 gvicoxomemnepa- cm. puc. 5.1.5)
mypnblx c8epxnpogoonukos.) Jnsa

3TUX KPHUCTAJIOB H3BECTHO IMpe-

BpallieHHE BBICOKOTEMIIEPATYpPHOIA s T[CNO]tetr T[mO]tetr
TeTparoHanbHOH ¢asbl B OpTO- o , o=
POMOHMYECKYI0O B TeOMETPUYECKOH _f N '°‘
cxeMe, MpeacTaBieHHoM Boiue. Ha $(oot) x . x +(hoo)
nepBoM JTamne TpebyeTcsd Mony- * [100] K . [OOI]."

YUTh QUPPAKLUHMOHHBIE CBUAETED- KL . ‘=

CTBa CTPYKTypHOro ¢a3oBoro re- 4 b
pexona. [ns 3Toi uenu ucnoansy-

FOTCA TPaAMLUMOHHBIE BHIBI PEHT- Puc. 5.1.7. ®opma peduiekcos Ha fayIarpaMme coeMHeHus
reHoBckoi cbeMkH. ITonesnad uH- YBa,Cu,0, :

(bopMauml MOXET coOepXaThbcHd (a) — ocb 30HKI [100]; (6) — ock 3011 [001]

y)Ke B KOHHUTypaiuu nNATeH Ha Na-

yarpamme. Ha puc. 5.1.7 noka3saHo, 4TO pacileruieHHe MATeH, CBI3aHHOE C U3BECTHBIM Ipe-
BpallleHUeM PTeTp_-)PopT’ 3aKOHOMEDHBIM OOpa3oM oTauuaercs aias AByx 30H [100] u [001].
Bunno, uto pednekcel, npunamiexauue 3oue [100], paciierieHsl nonepex nepumerpa 30-
HAJIbHOTO 3JIJIMICA MJIOCKOCTH. B NPOTHBOMOIOXHOCTL 3TOMY JUIS IIIOCKOCTEM, Mapaiielib-
Hbix [001], 3anaHo paciluenneHue pedekcoB BAONIb MEPUMETPA 30HATBHOIO uIMIca. U3 pu-
CyHKa sicHO, 4To pedekchl (001) Bo Bcex nopsiikax OTpaxeHUs OCTaoTCs CHOKYCHPOBAHHDI-
MH HepacUIENIeHHbIMHM TOYKaMH. Bee 9TH ocobeHHocTH U pakIIMOHHON KapTHHBI HEMPOTH-
BOpeuuBbIM 00pa3oM OOBACHAIOTCS TpaHchopMmalHMeil pelieToK Mo cxeMe OAHOPOAHOro
COBHra, T.e. ABOMHHMKOBaHHUA 1o cucteme {110/110} B cooTBeTcTBMM € prc. 5.1.5. Utak, nep-
BHUYHBIA aHAIU3 MOXET JaTh NMPOOHYIO MoAenb npeBpatuenus. ClenyroLri 3Tan uccae10Ba-
HUs — 0OHapyxeHHe Bcex KOMMOHEHT cucTeMbl OC. BecbMa 10/e3HbIM IKCIIEPUMEHTABHBIM
NPUEMOM SABJISETCA AMPPAKLUMOHHAs MUKPOCKOIHS B CXeMe TOnorpaduu yrioBoro ckanupo-
BaHuA. OcCODEHHOCTH 3TOr0 METOAa — CbeMKa B ClabopacXOoAsIIEeMCs My4Ke OT TOYEYHOTro
MCTOYHHKA M CBA3AHHbIE NOBOPOTHI 0Opa3ua 1 GOTOMIACTUHKH B COOTHOWEHUN w/2w (pHc.
5.1.8 a). DdakTUYECKH B ITOM IKCIPECCHOM METO/IE UCIOJIb3YIOTCH BO3MOXHOCTH TEOMETPH-
YECKOro aHa/Iu3a Ha jlay3-NMATHAX ¢ u3MeHeHUueM GopMbl (acmepuzsmonm), BbI3BAaHHBIM fedop-
Mauued peweTku npu pasosom mnepexone. Ha puc.5.1.8 (6) ans kpucranna GdBa,Cu,0,

NpeCTaBIeHbl IPUMEDLI TOMOrpaMMbl. BUAHBI 4eThipe NSTHA, KOTOPbie OTOOPANKAIOT MOJIU-
AOMEHHOW0 KoH(puUrypauuio obpasua nocie $ha30BOro npesBpamiedls. 3aMeTuM, YTO C MOMO-
WBIO TOMOTPaMMBI MONYYEHBl U TEOMETPHUUECKHE XapAKTEPUCTHKHN CXEMbI JBOMHHUKOBAHUS:
U3MEpeHHe BEPTUKAILHONW COCTABIIAIOICH paClIenieHUs 1aeT 3HaYeHue yria IBOMHUKOBA-
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Husi ¢=0,9°: He3aBHCHU-
MoOe€ OlpeaesieHHe TopU-
30HTaMbHOH COCTABIIAIO-
el paciyernneHus (mno
COoOTHoIIeHHO @~ 1-a/b)
MOATBEPkKAAET ITY BEIIH-
ynny. [NMocnenunit dakr
CBUIETENBCTBYET O TOM,
4TO npeBpalleHHE
PTCTp—)PopT MPOUCXOOHT
UMEHHO MyTeM ABOMHHU-
KOBaHHA M HE COIMNpO-
BOXZAeTCd  JOMOJIHHU-
TeAbHOI AuaTauuei no
OCSIM.

B omuceiBaemMo# 3kc-
NEPUMEHTAILHOH  MO-
ClegoBaTENbHOCTH HC-
clleloBaHHE MOHOKPHC-
i TaJJIOB MO3BOJISET yCTa-
, i HOBHUTb BAXHbLIE XapaK-

1 i ‘ —ii A v
3839 3898 v TCpMCTMKI:[ CTpYKTYpHOH
d NMNEPECTPOUKH H CBA3AH-
d{200} pecTp
Hble C ITUM OCOOEHHOC-
Puc. 5.1.8. (4) - cXeMa CLEMKH TONOIPAMM Y110B0TO CKdHUPOBAHHSA, M aaHHoro ¢a3oBoro
(6) ~ IpUMEPBE TOMOIPAMMBI CABOHHUKOBaHHOIO KpucTanta GdBa,Cu,0, npespaienus. Ilocne-

ayiowas 3azaya o6

ATOMHON CTPYKTYpe HOBOM (a3bl peideTcss METOAAMU NOJHOMPO(QHILHOTO aHANIM3A TOJH-
KpucTamueckoro obpasua (eM. naparpad 4.2.2) ¢ UCNO/b30BAHUEM NPHHUHUIIOB MOJEIH,
[OJIy4eHHON HAa HaYa bHOH CTAAMH AMGPAKLHMOHIHOIN0 aHaIn3d.

[MosuTHOHbIE NEPEXOAbl B METALINYECKUX H M0JYIPOBOAHMKOBBLIX MaTepHaiax.

CrieunanbHbIM ciaydaeM 6e3auddy3noHHbBIX MPeBPAILEHUH SBAAIOTCS B3aMMHbIE TpaHC(oOp-
MALMH CTPYKTYP, COOTBETCTBYIOLLHUX OMUCAHMIO MTPOCTEHUIMX WIAPOBbLIX YNAKOBOK (cM. . 1.5).
B monenu, n3zodpaxerHol Ha puc. 1.5.1, cABHUr WAPOBOro CJIOS B 34 JdHHOM HAIIPABJIEHHH HA
Masioe (PUKCHPOBAHHOE PACCTOSHHE COXPRHAET IUIOTHEHALIYIO YIIAKOBKY M JIUIIb W3MEHSET IO-
psanok uyepenoBaHus crnoeB. Hanpumep, umeercs HampasjieHHe, KOTOPOE 3aaeT Mepexo/bl
A—B, B—C, C—A npu caure Ha oaun war. [lostomy kybuueckas MociaeaoBaTebHOCTb
ABCA nyTeM 3agaHHOrO YMUCNA 3aKOHOMEPHBIX CABHUIOB ONpPEIENIEHHBIX CIIOEB, HANPHUMED,
C—A—B ¥ T.n. B 06beMe KPHUCTAJIIa, MOXKET NPEBPATUTHLCA B IOC/TEA0BAaTEIbHOCTE ABA rek-
CcaroHaJbHOM ITOTHeHMEH YTaKOBKH. XapaKTEPHBIM [IPUMEPOM TAKOTO [IPEBPALLEHHUS SBIISET-
csl MeTasTnyeckuit Ko6aneT. COrfliacHO CpaBOYHHUKY, MTOMUMOPQHbIA Nepexol U3 BBICOKOTEM-
nepatypHoit ¢asbl (rioTHeimwas kybuveckas YIAKOBKA, TUK pEILIeTKa) MPOMCXOAUT IpH
450 °C, u obpasyeTcd o-MOAMPHKALMSA CO CTPYKTYPOH TUIOTHEHIIEH reKCaroHalbHOM ynakoB-
k. B KoopamHaTax KyOUUeCKOH peleTKH MHIEKChl HHBAPHAHTHOM T1ockocTH {111} u nanpas-
nenue casura tuna [110]. DTum onpeaensercs YMUCI0 BO3MOXKHBIX OPUEHTALIMOHHBIX COCTOSAHUMI
(11OMEHOB) rekcaroHanbHoOM (pa3bl B COOTBETCTBUU CO CBONCTBAMHU CUMMETPHH TOUEYHOMN IpyIl-
nel m3m kyb6uyeckoit npadassl. OCOOEHHOCTHIO JAHHOTO NEPEXoaa ABJIAETCA He3HAYHUTEIbHAS
pa3Hula yAeAbHbIX 00bEeMOB ABYX (a3 M Malblif SHEPTeTHYECKUH OApbeEp, MOCKOJIbKY IBE
CTPYKTypbI BecbMa cxodHbl. [Tosromy nepexon B—>aCo OTIMYAETCS «BAIOCTBIO» U CTPYKTYp-
HOE COCTOSTHUE METAIIMUECKOro KobajibTa BCErIa XapaKTEPU3YETCs BBICOKMM COAepKaHUEM
ABYMEPHBIX HAPYLICHUH YKIAOKU — 0e@peKmos ynakoeku — MPOCIoekK, KOTOPbIE MOT'YT paccMat-
pPHMBATHCA KAK OPUEHTHPOBAHHbBIE TOMEHBI UCXOHOH (a3bl.

IMpo6nema nedeKTOB yNaKOBKH UMeeT BaXKHOE 3HaYeHHe /1S (Pa30oBbIX NEPEXOLOB B KPHC-
Tajlax ceMercTBa aniMasa (eM. ri1.1.5). 31ech BO3HUKHOBEHHE MHOTOCIOHHBIX KOH(PHUTYypaLHi
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BO3MOXHO B IpOLIECCE KPUCTA/LTU3AUHH, B XOJ€ OXJIAXACHUA KPHUCTAsIa, MPH TEPMHYECKOH
06paboTke, NpH MEXaHUUECKHUX BoAeHCTBUAX. B KaXa1oM cnyvyae MexaHu3M (pazoBoro nepexo-
[a npeanoJjaraet n36upaTesbHble CABUTM MUIOTHOYMaKOBAaHHbIX MIIOCKOCTEH HA (PMKCHPOBAH-
Hbl€ PACCTOSHHA BIOJb HAMpPaBIEHHUS, EPIEHAUKYIIPHOro ocH 6-ro nmopsaka. Tak, BecbMa
6oratblit HA0Op MOMUTHUITHBIX MOANGHUKALIMI YCTAHOBIIEH B CTPYKTYpe KapOuna kpeMHus. B
MaTepHanoBeIYeCKOM MpaKTHKe, HAMPUMEp, U3BECTHBI MHAMBUAYabHBIE ¢a3bl SiC co cioii-
HOCTBIO ynakoBkH 15, 21, 33, 51 u Gonee. Bo3HUKHOBEHHE NOJUTHITHONH CTPYKTYpPbl B MaTepH-
ajsie BO MHOTHX CIIy4yasix sIBJSieTCs C/IEACTBUEM HECOBEPLICHHOM TexHOoNMoruu. Crie/lyeT yuecTb,
4YTO HU3KHUE IHEpreTUYecKue 6apbepbl MEXAY MHIANBUIYATbHBIMU CTPYKTYPHBIMU COCTOSSHUS-
MH CIIOCOOCTBYIOT BOZHUKHOBEHHIO CIIOKHOH TOMEHHOMN CUCTEMBI KaK KOHIJIOMEpaTa pas3iny-
HbIX oauTUNOB. [1pu 3TOM Nf06as rpaHula, pasfensioilas 1Ba THIIA YEpPeIOBaHHA CIIOEB,
MOXeET OKa3aThCs AePEeKTOM YHAKOBKH, TO €CTh OYEHb TOHKOM MPOCHOHKON BIOPUMTHOMH I'eK-
caroHanbHo#it Moaudukaunu. Takum obpa3zom, nudpakLUMOHHBIA KOHTPOIb peaNbHON CTPYK-
TYpPbI TAKOrO PO/Ia MATEPHANIOB COBPEMEHHON TEXHUKH SIBJISICTCSH CYLLIECTBEHHBIM 1 obecrie-
4eHHUs 6a30BbIX HPUINUYECKHX CBOMCTB.
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maBsa 5.2
HOBbIE TEHOQEHUUWX B KPUCTAINTOTPA®UN

5.2.1. Tepmun: anepuoauveckuin kpuctann. MogynupoBaHHble CTPYKTYpPbiI.
Heconimepumblie KOMNO3UTHI

CrpoitHas kapTHHA TEOPHUH MPOCTPAHCTBEHHONH CHMMETPHUH M peanbHbIX KPUCTAITHYEC-
KHX CTPYKTYp YXe JaBHO HapyllieHa HeTPUBHAIbHBIMHU OTKJIoHeHUAMH. CyiecTByer 60.1b-
was o0JIACTh YACTUYHO YMOPSAOYEHHBIX CTPYKTYp, MJIS OMMCAHUS KOTOpBIX Tpebyercs
060011eHHe OCHOBHBIX MOHATHI cuMMeTpuU. CTPOro roBops, MOXXHO NPOCIEANTD B CIIELH-
anpHOU MUTEpaType (M B JAHHOM Kypce) HeNnylo UeNoYKy «HEKAHOHHUYECKUX» CTPYKTYPHBIX
COCTOSIHUH, HAUMHAS C HEYNOPAOOUCHIIbIX MBEPObIX PACMEOPOE B CILIABAX U dedhekmos yna-
KO6KU B METAJUINYECKOM KobasibTe. B 3TOT nepeueHb BXOAAT CIIOXKHbBIC NOAUMUNHBIE CUCHE-
Mbl B aJIMA30T10A00HBIX MOTYNPOBOIHUKAX, PACCMOTPEHHBIE BbILIE KOHPUTYpaUHUH NOJIHIO-
MEHHOIr'0 KPHCTaJjla, COBPEMEHHBIE MATEPHAIIbl TUIIA CYNEPUOHHBIX NPOBOOHUKOB, UHMEPK -
auposannbie cmpykmypst Ha 6a3e rpaduTa, 3aMOPOKEHHbIE HCUOKUE KPUCMAAAbL, TIEPEXOI-
HbIE CTPYKTYPBI B MeMaiauieckux cmexkaax U pag Apyrux. CooTBETCTBEHHO BO3HUKIIO H HO-
Boe 0003HAYEHUE — anepuodudecKue Kpucmanivi — I8 ONUCAHUA JOCTATOYHO Pa3HOPOAHO-
ro Habopa 0OBEKTOB HCCIEAOBAHUS.

CBoeobpa3sHasi NOrpaHU4HAst CUTyaLMs B KpUCTa/Torpaduy BO3HHUKAET MPH PACCMOTPEHHH
CTPYKTYD, KOTOPBIE HE 3aMbIKAIOTCS HAa 6a30BOM TPAHCISLIMOHHON pellIeTKE 1 XapaKTepHU3YIOT-
Cs B3aMMOJECHCTBHAMM AONONHUTENIbHBIX nepuoanunocteit. Ucropuuecku, ara nudpakiimon-
Has 3afada BocxonuT K pabote Hdemuurepa (1927 r.) o paccesHuun Ha ¢parMeHTax peUIeTKH,
MOABEPTHYTHIX CUHYcOMAaIbHON aedopmauun. B 9ToM HampaBieHHH ycnewHo pa3pabaTbiBa-
IOTCSl MHTEPECHBIE MPOOIEMBI C HOBBIMH KITIOUEBBIMH CITOBAMM — MOOYAUPOBAILIbIC CIMPYKMYPbL,
KOHYeHmMpayuoHitie 00Melibl, OTMEUEHHDBIE PAHEE 2CAUKOUOANbHbBIE MAHUMIIbIE CIMPYKMYPbL, 801-
HbL 3aps0080T nAOMILOCHIU. ’

B nauieM H3/10)KeHHH OTPAHUYMMCS HATJIANHBIMH ITPUMEPAMH, JOMYCKAIOUIMMHU TOJKOBaHHUE
B pamkax $a30Boi Moayasuuu npu GOpMHUPOBAHMHN MHTEPPEPEHLMOHHON KapTUHbL. OOIIHit
noxo yAo6HO MOKA3aTh I MPOCTOH CTPYKTYpPhI 3KBMATOMHOTO cocTaBa AB ¢ ucnonb3osa-
HHeM cxeMbl puc. 5.2.1. 3aech H306paxKeHa NPUMUTHBHAS PELUETKA U3 aTOMOB A, B KOTOPO# [UIs
aToMOB B peanusyloTcd Tpu rHIMOTETUUYECKUE KOHCTPYKIIMH.

1) Bosiee npocToit BApUaHT — cmpykmypa ¢ cousmepumoii Mooyaayueil — NPEACTABIIEH CXeMa-
TU4YECKH Ha puc. 5.2.1 (a).

PakTHYECKH, 34ech aTOMbI B 3a cueT cTaTH4ecKOro cMeleHus BaoJib ocd Y ([0 CHHYCOH-
NanLbHOMY 3aKOHY) 3aat0T BAOJb OCH X HOBYIO NIEPUOAHYHOCTE C MOCTOSHHOH pelieTKH 6a A/
MoaynupoBaHHo# ¢a3bl. [ToaTomy naHHas KOHGHUTrypaurs TPAKTYETCS H B TEPMHHAX «OOBIKHO-
BEHHOTI'O yNOpsiio4YeHUs)» aTOMOB B, npy KOTOPOM HCXoQHAs KBaapaTHas f4eiKa nmpespaluaer-
Cs B IPMOYTOJIbHYIO C COOTHOLEHHeM 6:1 Mexay napaMeTpamu.

2) B marepuanoseneHun cerHeroatekTtpukoB U BTCII coeanHeHHit 3aMeTHOE BHUMaHHE
NPHUBIIEKAIOT Hecousmepumsie passt (HC®, incommensurate phase). Takue CTpyKTypHBIE COCTO-
SIHUS TIPEACTABIAIOT COOOM HOBBIH K1acC 0OBEKTOB, OTIMYAIOLLKXCA OT OOBIUHBIX pelueTok. Ha
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puc. 5.2.1 (6) mokazaHa ynpouleHHas
Moznenb s coemuHenuss AB. Beptu-
KaJnbHasi KoopAuHaTa aToMOB «B» 3ana-

Ha CPIHyCOI/II[aJIbHOﬁ 3aBUCHMOCTBIO (C )

nepuoaom 4.5a) nonepeyHoro OTKJIoHe-
HUS OT MPAaBHJILHOTO MOJIOXEHUS B Oa-
3oBoH A-pemtetke. U3 3T0# cxeMbl BUA-

HO, 4TO AJi1 aTOMOB «B» B HalpaBJICHUH

OX HEBO3MOXHO 3aJ1aTh TAKYIO Xapak-
TEPUCTUKY, KaK nepuod uoeHmudnocmu.
[Tpu 3ToM, crcTema coxpaHseT Tpexmep-
HBI JajbHUM MNOpPSOOK, B KOTOPOM,
KpOME MEepHOAOB MO OCSAM KOOpAMHAT,
MOSBMJIACH HOBAsi XapaKTEPUCTHKA —
801110801 6exmop TIONEPEYHON MOLYIs-
uuu atomoB «B». B tepMmuHax teopuwm
CHMMETPHUU TMOCIEN0BATEIbHOE OINHCA-
Hue kpucrannos ¢ HC®D norpebosano
BbIXONA 3a paMKH ¢hedoposckux epynn
(3aIaHHBIX B TPEXMEPHOM TN POCTPAHCT-
BE€) M PA3BUTHS H-MEPHOL KPUCMARA0ZPA-
¢uu. OTIUYUTETBbHOH OCOOEHHOCTBIO
uHTepdepeHUMH Ha crpyktypax HCOD
ssnsiercs 3gdexrt pazoBod MOIYISLNH,
MpU4YeM KOOPAMHATHI YacTH aTOMOB B
sAueke OMUCHIBAIOTCS BOJIHOW CMelle-
HUH C MEpHOAOM, HEKPATHBIM TEPUOILY
UCXOIHOM peieTkn. PaKT BO3HUKHOBE-
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Puc. 5.2.1. (a) — cxeMa cou3MepHUMOi MOLY/ISILIMK ATO-
MOB B pelietke; (6) — Hecou3Mepumas MOAYIAUNS aTO-
MOB BTOPOIO KOMMOHEHTA B GA30BOM pelueTke;

(B) — pacrnonoxeHHe ATOMOB B CTPYKTYPE [IByXKOMIIO-
HEHTHOTO HECOW3MEPHMOro KOMMO3HTA

HUS MOIYJISIMH NIPOSIBIISETCH B PEHTIEHOBCKONH IU(PPaKLMOHHON KapTUHE B BUAC OMMUYCCKUX
«OYX08», «Ccameiiumog», KOTOpble 00pa3yioT UEHTPOCHMMETPUUHYIO KOHPUTYpALIUIO BOKPYT

KaXI0ro «InpaBHJIBLHOTO» pe¢mexca.

[Tpumepom moxer ciayxuts uccnenosanue HC® B kpucramne Sn,P.Se, B unTepsase

T=221+193 K. Ilo nudpakTOMETPUUECKHM 1AHHBIM ObLIa MOCTPOEHA KapTa pacrpeaeSICHUsT UH-
TEHCUBHOCTH (mapping) B riiockocTH (X*0Z*) obpatHoii pewetku (cM. puc 5.2.2 a). [1o sToit
KapTe YCTAHABIHUBAIOTCS MapaMeTpbl BOITHBI MOAYJISIUMH — HAMPABJIEHHE U BETUYMHA -BOJIHO-
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Puc. 5.2.2. (a) - TIpumep KOHPUTypaLUK CATEITIMTOB U OCHOBHOTO y3J1a OOPATHOH pelueTKH /I MOAYJIMpPO-
BaHHOMN CTPYKTYpbI Sn,P,Se : (6) — TeMnepaTypHas 3aBUCUMOCTb MO/IYJIS BOJTHOBOIO BeKTOpa q B 06/14CTH

CYLUECTBOBAHUA HCCOH’}MCPHMOFI MOOYNALUHU

9.445
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BOT'O BEKTOPA B KOOPAMHATHOM ceTke 0OpaTHOH pewieTku. Cy)aeHHE O HECOM3MEPUMOCTH MO-
OYJISAUMH OCHOBBIBAETCS HA MPPALMOHAIBHOM COOTHOIIEHUH MEXIY MOAYJIEM BOJIHOBOIO BEK-
TOopa M mapamerpoM oOpatHOI peiueTkd. HamexHpiM 3KCIEpUMEHTAIbHBIM CBHAETENBLCTBOM
CYLLECTBOBAHUS HecOW3MepHUMOU ¢a3bl B HEKOTOPOM MHTEpBajIe TEMNEPATyp SBIAETCS MOHO-
TOHHOE M3MeHeHHe [UTMHBI BoHoBoro Bektopa q(T) B npouecce HarpeBa (oxIaxaeHus) obpas-
ua (cM. puc. 5.2.2 6). [peanonoxutensHo, Ha3oBblil MEPEXOA MPU BOZHUKHOBEHNH (YHUYTOXE-
HHUH) YKa3aHHBIX MOOY/SALMA OTPEAeSeTCS PACIPOCTPAHEHUEM HEKOTOPOH BOHBI aTOMHBIX
CMELLEHHIt B pelleTKe, M «3aKaika» (TemrepaTypHas QUKcaluus HEPABHOBECHOTO MOAYJIHPO-
BAHHOI'O COCTOSHHMS) MpEICTaBseTCs HEBO3MOXHOM. [T03TOMY 3KCMEpUMEHTaIbHOE HabJtoe-
tue HC® (B oTMuMe OT aHTHU(A3HBIX JOMEHOB B METAJUIMYECKHUX CIIIaBax) TpeOyeT crielinab-
HBIX TeMIEpAaTyPHbIX TPUCTABOK st paboTbl B pexkume in situ. Crieunduueckoit nppakunoH-
HOIf 3a/1a4eil OKa3bIBAaeTCs ONpele/ieHHe PEAsTbHBIX aTOMHBIX CMELUEHHUH, KOTOpblE 00pa3yIoT
BOJIHY MOAYJIALIMK ¥ ONPENesIstoT ee nossipusaumio. CTanaapTHeld MyTh CTPYKTYPHOFO aHAJH-
3a — pellieHne o6paTHO 3a1aun IUGPAKIMM — 30ECh 3aTPY/IHEH 3aMETHBIMHU 3KCMEPUMEHTATTb-
HBIMH CJIOXKHOCTAIMHU, HEOGXOAMMO aHAIM3UPOBATH WHTEHCHBHOCTH OTIAENbHBIX OTPAXKEHHH,
TPUBIEKATH CUMMETPHIHBIE COOOPAKEHHS U IPYTHE JIOTHUECKHE XO/Ibl METOA «MPOO 1 OLUM-
6oK». s KpUCTaNIoB Sn,P,Se, aHanu3 aHOMANbHO# TeMIepaTypHOH 3aBUCHMOCTH Operros-

CKHX M CATEIUTUTHBIX pedIeKCcoB, a TAKKe yciaoBuil moracanus B obnacty HC® nossonui no-
CTPOMTH MOJIe/Th, HOATBEPN/IEHHYIO CDABHEHHEM PACUETHBIX 3HAUYCHUH C IKCIEPUMEHTOM. BbI-
J10 TIOKA3aHO, YTO B MIOCKOCTH cuMMeTprn (010) BO3HHMKAET NOrepedrast TMHEHHO-MONspU30-
BAHHAS BOJIHA CMEUICHHUIH ATOMOB 0J10Ba. ATOMBI OJIOBA CMELLAIOTCS BAOMNb HAllpaBeHus, 01u13-
koro k [101]; opHeHTaLMs BONTHOBOIO BEKTOPA  COCTaBisAeT yron 9° ¢ ocvio koopauuar [100].
SlcHo, uTo ’KCcnepuMeHTasbHbIe 3ata4uu A1 HC® BecbMa pasnuyaroTCs 111 KOHKPETHbIX CHC-
TeM U CKa3aHHOE JUIIb WILTIOCTPHPYET BO3MOXHBIE TUPPAKLHMOHHBIC TPOOIEMBI NIPH ATTECTA-
LMH U CTPYKTYPHO#H paciiugposKe.

3) Hecousmepumbie KOMIO3UTBI. DTO CPABHUTENLHO HOBOE MOHSATHUE, KOTOPOE MOCTENEHHO
BXO/MT B IPHHATYIO TEPMUHOJIOTHIO B CBSI3H CO CTPYKTYPHOH pactindpoBKOH psita HEODBIMHBIX
da3. TpUHUMMHATBHBIE OTJUYMSA TAKOrO POJIA CTPYKTYP MOACHAIOTCS HA YNPOLICHHOH cXeme
puc. 5.2.1 (B). 3aech aTOMBI COPTa «A» (PUKCHPYIOT KBAAPATHYIO PELIETKY C EPHOIOM a BAOJIb
FOPU3OHTANLHOM OCH. ATOMBI KOMIIONEHTa «B» mpuHaiiexar 1ainoi CTpyKType, H OHH Tak-
ke UMEIOT TPAaHCIAUUOHHYIO MEPUOANYHOCTE BAOJL [OPU3OHTANIBHOTO HAIPABJICHHUSA, HO C
MHBIM MapameTpoM a,=1.25a. MTak, B JaHHOI CHCTEME EPUOAMYECKAs MTOCIEA0BATENLHOCTD

[PUCYTCTBYET B ABYX BapHaHTAX Ul OJHOTO KpUCTAJI/IA.

Takoro poaa KOHCTPYKIIMH, ABHO HAPYIUAIOLIME «IPABUIIA HTPbD KIACCHYCCKON KPUCTAILIO-
rpacduu, 6bLTH paciubpoBaHbl B CTPYKTYpax (a3 1T pasiniHbix cucteM, HaunHas ¢ Rh-Ge,
Hg-As-F, Eu-Cr-Se, La-Cr-S. TepMuHONOrus 31€ch eile He yCTaHoBUIIACh OKOHYATEIBIO: B
OTEUECTBECHHON JUTEPATYPE — /HCCOUSMEPUMBIC KOMNO3UMbI, B UIOCTPAHHON — incommensurate
intergrowth compounds. K HacTosuleMy BPEMEHH M3BECTHO 3HAYMTENBHOC YMCIO MOLOOHBIX
CTPYKTYP B HEOPrAHUYECKUX U OPTAHUUYCCKMX CUCTEMAX, a TAKXKE /U HEKOTOPBIX (a3 BbICOKOTO
AABIIEHUS YUCTBIX JIEMEHTOB. BO3MOXHBIE MPOCTPAHCTBEHHbIE KOHPUIYPALIMK ATOMOB OKa3a-
JIUCh Pa3HOOGPA3HBIMH; HMEIOTCH YKE paboThI, B KOTOPbIX NPOBOAUTCA KIACCU(DUKALINS BAPH-
AHTOB COBMELLIEHHS ABYX WK DoJlee MepHOIMUHOCTEH B 0HOM KpHcTasyie. OTMeuaeTes Creum-
¢MKa CTPYKTYP C PACMOIOKEHHEM ATOMOB OJIHOTO U3 KOMITOHEHTOB COEIMHEHHUS B CIICLMAITBHBIX
NO3ULIMAX, TAKUX, KAK OCOOBIE KaIa1bl, RUPALICAbIILIC P1ObL, NAOCKUC AKMUGHBIC COU.

Bosiee moapoGHble CBEAeHUs MOXHO HAWTH B JIMTEPAType, cM. Hanp. 0630p: Sander van
Smaalen, « Incommensurate crystal structures» (1995) Cryst. Rev. Vol. 4, pp. 79-202.

5.2.2. KBasunkpucrannsl

«Ukocarapuueckas katactpoda», HCTOPUA KOTOPOHM HacuuThiBaeT yxe Oonee narHaguaTH
et (Shechtman D, Blech J., Gratias D., Cahn J., Phys.Rev.Lett., 1984) csizana ¢ CyLIeCTBeH-
HBIM HapylieHHeM OOLIENPUHATBIX MOHATHI B KpucTamiorpadguu u ontuke. [lepsudnbiv pak-
TOM 3/1eCh SBUIOCH HABTIOACHUE HA MEKTPOHOrpaMMe 3akaieHHoro crutasa Al-14 at.% Mn au-
bpaKLHOHHOTO y30pa C MOBOPOTHOI OChIO 5-ro mopsaka (cm. puc. 5.2.3). O6pasiibl FOTOBUIIHCH
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MO CTaHAAPTHOM TEXHHMKE IMOJTyYeHHS TOHKOI aMopdHO
JIEHTBI 3a c4eT cBepxObicTporo (10° rpan/mun) oxyaxaeHus
pacrijiaBa, BBUIMTOTO Ha BpalLIAOLIMICA BOJOOXJIaxKAae-
Mbli 6apabaH (melt spinning). dnekTpoHorpaduueckoe Uc-
CJIEIOBAHME NTOKA3aJ10, YTO CTPYKTypa MaTepHasna npuHai-
JIEKUT UKOCAIAPUYECKOH CHHTOHUM; Habop audpakiMoH-
HBIX KApPTUH MO3BOJIWI BBIABUTH BCE XAaPAKTEPHBIE YIJIbI
MeXay ocaMU 5, 3 U 2 ¥ ONpeaenuTh TOUYEUHYIO TpYIy
m35, ocobeHHOCTH KOTOpOH 0Ocy*xaanuch Boiule B ri1. 1.2.

[Tapanoxkc 3akito4asncs B MpOTUBOPEUHH MO ABYM KITIO-
4YeBbIM CITOBAM:

— CHMMETPHs 5-T0 MMOPSAIKa HE COIJIacyeTcs ¢ TpaHc-

LMOHHOM pELUETKOM;
— NMPPAKUHOHHAA KAPTHHA 1O BUIMMOCTH «HACTAH-
BaeT» Ha MEPHOANUECKON CTPYKTYpE.

Hrocaropuueckue momugsl u ynaxoeka amomos @ Kpuc-
masne. DKCNIEpUMEHTAJIBHBIE (DAKThI 3aCTABUIIM PUHSTD K
PACCMOTPEHHIO CHUCTEMBI aTOMHOH YMAKOBKH, 00J1aaaio-
IMe JaJIbHUM MOPSIKOM, HO JIMLIEHHbIE KpUCTauIorpadu-
YeCKOH TpaHCIAUMOHHOM cuMMeTpuH. [losBuinCch HOBbIE
0003HAUCHUS — CHEHMAZONANBIBIH KPUCIANY, KUKOCAIOPU-
YCCKUL KpUucmamm, «keazupeuwiemka» U Haunbosee NnpuHs-
TBIH TEPMUH — «KBAZUKPUCMALT), UCTIONIb3YEMBbIE TS IPHUH-
UMMTHATBHO HOBOM Tonojiornyeckod koHuenuuu.Takue
CXeMbl BIepBbie BBeN B KpucTasutorpaduio Anan Makkeit
{Kpucrannorpadus, 1981, 26, 910-919), onepenns Ha He-
CKOJIBKO JIeT B3pbIB MHTEpeca K JaHHOH mpobiieme. B Ha-
crosiiiee BpeMs KOJIMYECTBO PeaibHO MOJTyHEHHDbIX KBa3u-
KPHUCTAJLTHYECKUX KOMITO3HLMI HCUUCIISIETCS MHOTHUMH [ie-
carkamu. Cpeau HUX MpeACTaBIeHbl KaK CTabWIbHbIE, TAK
v MeTacTabuIIbHBIE CTPYKTYPbl B MHOTOKOMITOHEHTHBIX CH-
creMax Tumna Al — mepexoaHble MeTaUTbl, B CHCTEMAX Ha OC-
HoBe Pd, Ha 6asze Zn nubo Mg u apyrux.

(a) ¢ my
=

Puc. 5.2.3. (a) — obBpaseu kBasu-
Kpuctanna; (6) — eKTPOHOrpaM-
Ma 00pasla ¢ 0cblo 5-ro nopsiaka

O6paTuM BHUMAHUE, YTO MpPH YUETE MPUHIHITOB CUMMETPHH HEKOTOpbIE (PAKTHI MPEICTAB-
" IAIOTCH ecTecTBeHHBIMU. B rmase 1.2 oTMeuanuce 0COOEHHOCTH HepapXHU TOUEYHbIX PYII, KO-

TOpbIE MOCTPOEHBI HA HEOPMOSONATbIbIX
MOBOPOTHBIX OCHX, TO €CTh IPUHALIEKAT
BBICILIMM MpPeIeTbHBIM IpyNnaMm 1apa. B
TAKHUX CITy4asX TOIOJIOrUs MOJHOCTBIO
OTpeNeseT KECTKHUE OrPAHHUYEHHS [10BO-
POTHBIX Ocell cMMMeTpHuH (Tolbko N=2,
3, 4, 5), UX B3aUMHBIX YIJIOB ¥ KOMOHHa-
UM, obecrneynBaroIINX KOHEUYHbIE [10-
psiaku rpynn (toasko A=120, 60, 48, 24,
12). Ha cxeme puc. 5.2.4 (a) ais BbiCLLINX

CUHTrOHMI (KyOHueckas U MKocasapuyec- -
Kast) YMCJI0 BOBMOXHBIX FPYIIN HE CBA3a-
HO C KOHLIEMLMEN MPOCTPAHCTBEHHON pe-
1wetku. MHave roBops, Wi MOArpyI
Mpene/ibHbIX TPYMIN Wapa oTkas oT 001-

MePUOAUYHOCTH [OTIONHAET NMPHUBBLIYHBINA
KpucTaaiorpapuueckuii nepeyeHp TO-
YeUyHbIX FPYII TOJIBKO ABYMSI UKOCAIOPU-

34TCIIBHOIO ycCjaoBHA TpaHCHﬂLII/IOHHOﬁ %

Gg*

Puc 5.2.4. [Mo/1unHeHune rodey-

HbIX IPYIII U TEOMETPUS KBA3U-

KPUCTAJTMYECKOH CTPYKTYPhI:

(a) — vepapxus npeaebHbIX
IpynIl Wapd;

(6) - BjIoXeHHe KyDa B neHTa-
rOH-A0ACKAMIP;

(B) — pax6MeHHe MPAaBUIILHOIO
NATHYrOMbHUKA
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yeckumuy rpynnamu. [pu 3ToM nuszwue rpynisl KyOUYeckoi cMHroHMH (M3 1 23) OKa3bIBAIOTCS
nepeceyeHHAMU TPyl ABYX CHHTOHHH.

31ech yMECTHO OOPaTHTh BHUMAHKE, YTO HEOObIUIIbIE AH(PPAKLIMOHHBIE KAPTHUHbI ObLTH OOHAPY-
KeHbl Ha cruTasax amoMuius. CripaBoulible Jaiiiible MOKA3bIBAIOT, YTO HA IMArPaMMax COCTOSHUS
3TOTO IEMEHTA C NIEPEXOAHBIMH META/LTAMM H3BECTHBI HHTEPMETAUIN/AbI CTPYKTYPHOTO CeMENCTBa
Al ,Me (Me=Mn, Tc, Re, Mo, W) ¢ HKOCa3/1pHHECKO YITAKOBKON aTOMHBIX MIOTOIPAHHHUKOB. B

rnase 1.4 ykas3aHo, 4TO JAHHBIA CTPYKTYPHBIH THIT OTHCBIBAETCA IPYNNOA M3 (NIPOCTPAHCTBEHHAS
rpyrna Im3, nBe GopMyJIbHBIX euHuLbl Ha stueiiky). Coctas coeautiens Al-14 ar.% Mn ONH30K
K yKa3aHHOMY IS KBa3MKPHCTAIUTHYECKOro MaTepuana. Kondurypaius CTpyKTYpbl TAKOBA: y3/10M
OLIK pewieTku SBISETCS «IOTYNPaBUITbHBII HKOCAYAP, BEPUIMHAMU KOTOPOro ClIyXaT MO3HLHN
ATOMOB ATIOMHIIHS, A B LCHTPE HAXOUTCS MEHBIIHIA 110 pa3Mepy aTom nepexoaHoro metayuia. Co-
OTHOLLEHHE ATOMHBIX PaJMyCOB KOMMOHENTOB MPUOIKEHHO COOTBETCTBYET 3Hauenuio 0,902 s
[UIOTHOTO MOKPBITHS [TOBEPXHOCTH chepbl MenbLIero paanyca 12 mapamu.

Tpu nepBoHa4asbHON paciindpoBKe CTPYKTYPbl KBA3HKPUCTAIIOB B MEPBYIO OUEPEb UC-
[0JI30BANACH MO/IEITb Pa3OUelns POCTPAIICTBA 110 THITY RI0CKUX nokpuimut [lenpoysa ¢ momMo-
UBIO CHELHAIIBIBIX POMOOIIPOB C 3aMeUaTeIbHbIMU yrjlaMu: 72 U
144°. Ykasanuble pa3OHeHHs COnepX)ar B cede HEKOTOPYIO allbTepHa-
TUBY TPAHC/ISILLMOHHBIM pEIIETKaM. DTOT MOAXO0/ MOXHO MPOUILIIO-
CTPUpOBATHL Ha [pUMepe NpaBUIbHOro nsaruyronbhivka. Ha
puc. 5.2.4 (B) moka3aH BIOXKeHHbIH paBHOOEAPEHIibIIi (C YITIOM NpH
OCHOBAHHUU 72°) TPeyroJbHUK, A1 KOTOPOro COOTHOLIEHHE CTOPOH

OTBEYAET 30.10MOMY CCHYCIHUIO =(1++/5)/2=1.618034. Buano, kax ¢ r1o-
MOLLBIO MPOCTHIX CEKYLIMX peaausyeTcss MU0 paclMpeHue noaob-
HbIX puryp, nubo yriybaeHue Bo Bce Hojiee Masbie pa3sMepHbIE Mac-
wtabbl (ungasyust u degasiyus). Takoro Tumna NoCTpoeHUs Mo3BOIA-
IOT 00ECMEeUUTD Ul CUCTEMBI TOUYEK Oa/IbHUll HCMPAIICAAYUOIIIBLE RO-
PHOOK, KOTOPBIH MOXET COJEPKaTh MPU3HAKM CUMMETPHUH C NMOBO-
POTHBIMHU OCAMH 5-TO NOPsAKA (CM., HAIPUMED, pHC. 5.2.5).

He cienyeT, onHako, AyMaTb, YTO PELIEHHE MPOOJIEM CBOANTCS JIMLIb K yAa4HOMY MCIOJIb-
30BAHUIO YHCTO «TpUroHoMmerpuuecknx s¢ddexros». g nMocnenoBaTe/bHOi TPAKTOBKH HEo-
6bIYHBIX AMPPAKLIMOHHBIX CBOHCTB ONpPEIeIouIe ABISETCS «TeHETHUYECKas» CBA3b YKa3aHHbIX
pa3buenHit ¢ MepUOAMIECKUMU CTPYKTYPAMH B NIPOCTPAHCTBAX DO0JIee BRICOKON MEPHOCTH. Ha-
MpuUMep, CTPYKTYpPy KBa3HKpPHUCTALIA B TpexmepHoM (3D) mpocTpaHCTBe ClIeAYET NPOAHAIH3H-
poBaTh B KAYeCTBe CrielnanbHoOM npoekunu u3 (6D) npocrpancrsa. BaskHble OCOOEHHOCTH UII-
JIOCTPUPYIOTCA HA [IpUMEpe, KOTOPBIil BriepBbIic CHOPMYITMPOBATIH BbIMTYCKHUKH M®TH Kany-
run 1., Kurtaes A., Jlesuros JI. (ITucsma XKDOTD (1985), 41, c. 119). Ha puc. 5.2.6 npeacrase-
HA MPOEKLMS Y3108 AByMEPHOI KBAAPATHON PEIETKH HA MPAMYIO, KOTOPAs NPOXOANT MO yr-
oM a=58.28° k ocu 0X, npuuem tga=1=1.618034. [1poexTHPYIOTCS TOILKO TOUKH BHYTPH I10-
J10ChI, OFPAHHYEHHOM JIHHUAMU MOA JAHHBIM YIJIOM. Pe3ybTaTOM TAKOH NMPOSKUNH SBIISCTCH
LIEMOYKA TOYEK, B KOTOPOH 3aaHO0 YIIOPSA/I0UeIHOE YePeI0BAHUE IBYX BO3ZMOKHBIX PACCTOSHUA
Mex 1y coceniuMu Toukamu. CooTHOIEHHE 3TUX paccTosiuii (S u L Ha puc. 5.2.6) Takxke coB-
MAJAET C 3010MbIM CCHCHIUCM.

[MocenoBaTENLHOCTh PACIIOIOKEHUS OTPE3KOB «YIPABSETCH» M0 MPABHUIIAM YHCIIOBOTO psi-
oa Qubonauuu: 1, 1,2, 3,5, 8,13, 21, 34, 55, 89, 144.. . BuyTpu 3T0ro0 psaa ACHCTBYET MPABUIIO

m. +mJ+| J+7’ OTHOLIEHUE COCCAHUX HIICHOB M. H/m ﬂpM6HH)KaCTLH K BCJIMYHHE T IIpHU BO3pAC-

Puc. 5.2.5. TIpumep yso-
pa nokpseitus [enpoysa

TaHUU j HOMEpA WieHa paaa.

CylecTBoBaHKe OCTPbIX TUPPAKLHOHHBIX MAKCUMYMOB, [TOKA3AHIBIX Hd PUCYHKE, ONPENCITA-
€TCS B ITOM CUTYyAaLMH y4acTHeM B (pa30BbIX COOTHOILEHHSAX OCOOBIX CBOMCTB MOCIE10BATEIbHOC-
T PuGOHAYYHU U Beeit anre6pbl 30510Toro cedeHHs. C TOYKH 3pEHUs CTPYKTYPHOIO aHAIN3a MPo-
fJleMa KBAa3MKPHMCTANTA HAXOANTCS HA CTA[MH MHTEHCUBHOrO pa3BuTHs. [TpuBeaeHiibiii mpumep
JHLIb MOSCHAET MPUHLMIT OTOOPAKEHUS CBOUCTB MEPHOAMUYECKON PELICTKH (MPOCTPAHCTBA BbIC-
Lieif pa3sMEPHOCTH) B TeOMETPHYECKO# 33a1a4e Ha MTOCTPOESHHE CNEUHANBHON NPOeKLHH. SICHO, 4TOo
CYIIECTBYIOT BAPHALIMK BHIOODA CIOS, U3 KOTOPOTO BEIETCH MPOCKTUPOBAHHE; OAWH W3 TIPUMEPOB
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npencTaBlieH Ha

pe2 L6, Bore wars, KBASWMEPUOLUYECKAS o o o o o
U3 3IKCIEPUMEHTABHBIX NOCREAOBATENLHOCTH
paboT M3BECTHO 3HAYM- :
TelnpHOE pa3HooOpasue
BO3MOXHBIX KBA3HITEPH-
OINYECKUX CTPYKTYp —
dekazonaibible, OKmMazo-
Haavlivle KPUCManisl, an-
npoKcuUManmel K8A3uKpu-
cmannog, KOTOpble Tak-
e ABNSAIOTCHA MPOEKLIUSI-
MU PELIETKH U3 MHOrO-
MEPHOIr'0 MpPOCTPAHCTBA.
B pamkax npeacraBneH-
HOHM BBILUE MOIEIH 08)-
MepHast pewemrka —> Ked-
3URCPUOUHCCKA YenoH-
Ka KOHTPOJHPYIOINM
(akTopoM okazbIBaeTCH
yroJ1 HAKJIOHA JIMHUU, HA
KOTOPYIO TIPOBOAMUTCA
npoekTuposaHue. Tosb-
KO /i pauuoHaNbHON
(mepuoaHUHOIL) y310BOH
npsMod [mnp] TawHrexc
yria OKa3blBaeTCHd Tak-
e pallMOHAJILHBIM YHC-
noM. CnenoBaTensHO,
CYLLECTBYET MHOIrO Ba-
PUAHTOB BbIOODA yrIila HAKIOHA, KOTla HPpaLHOHATIBHOE 3HaUYeHUe TaHreHca obecneuynBaeT KoH-
CTPYHPOBAaHHE KBA3UIIEPHOIHUYECKOH MOCEI0BATENBHOCTH TOUEK HA TIPAMOIA.

B uenom, 3apaya paciindpoBKY KBA3UKPUCTAUIMYECKOH CTPYKTYPbl CPABHUTENBHO CIOXHA.
JleAcTBUTE/IBHO, HA BCEX YPOBHSIX JKCIEPUMEHTAIBHBIX PAOOT BBIACPKUBACTCA JIMIID [IEPBHYHAS
cxema «11pob u owmbok». M3BecTHBIE MOAX0AB! peLeHUs 00paTHOM 3a4a4u TUdpaKLMH 31ECh 3a-
TPYAHEHbI OTCYTCTBHEM BbIPAXKEHHON TPAHCISILIMOHHON pelleTKU. B rocientue roas! BISBUIOCH
TaKXe, YTO AUPPaKUMOHHAS KAPTHHA OT KBA3MKPHUCTAIUTHYECKOH MOJenH o0nafder YHUKAJILHOM
YCTOMUMBOCTBIO K HAPYLLEHUAM JaIbHEro nopsaka. Tak, B MOAEIBHBIX IKCIIEPUMEHTAX MOJTHOE HA-
pyllieHHe JajIbHEro NOpsAAKa, T.€. CUTYALUs «MKOCA3APHUECKOro CTEKIIa», MPUBOIMIIO K COXpaHe-
HUI0 00Lel KOHPUIYypalIMK OCTPbIX AUPPAKLIMOHHBIX MAKCUMYMOB H CHMMETPHH 5-T'0 MOPSAAKA.

B kadecTBe pe3toMe Mog4YepKHEM, YTO QU3MUECKHE CBOMCTBA MATEPHUAIOB C KBA3HKPUCTAJI-
JIMYECKOM CTPYKTYPOI HHTEHCUBHO U3YYarOTCst, 0OCYXKAAIOTCS B HAYYHOH JIMTEPATYPE U HA KOH-
depeHLmax. Yxe oOHApYKEHBI 3AMETHBIE OTIMUMA OT KPUCTAIIIMUECKHUX CTJTABOB 10 TAKUM Xa-
PAKTEPUCTHKAM KaK TEMIONPOBOAHOCTD, KOIPPHULUMEHT TpeHHs, HEKOTOPBIC MTAPAMETPHI MeXa-
HUYECKHUX, ONTUYECKHX CBOMCTB, CNOCOOHOCTb K HAKOIIEHUIO BOAOPOAA, XUMUYECKAs! [TACCHBA-
uus nosepxHocTh. Hayunas v npuxiagnas cropona npo6iaeMbl KBA3MKPUCTAIIOB B LEIOM
NpeacTaBIISeT 3HAUUTETbHBIN MHTEPEC ISt COBPEMEHHOTO (PU3HYECKOT0 MaTEPHAIOBEICHUS.

BrieyaTnsomM pa3sBUTHEM «UKOCA3IPHUECKON TEMbI» B KPUCTAIIOrpad U IBUIOCH TAKKE
BHE3amHoe oOHapy)eHHe HeOOBIYHON KpHUCcTaInYecKod (JOpMBI yriaepoaa.
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Puc. 5.2.6. TTpuHuMiMaibHas cxeMa MOCTPOEHHUS MPOCKUMIA ABYMEPHO#M pe-
LIETKH Ha NPSMYIO

5.2.3. ®ynnepeHbl

«YBAXKUTENBHO HPOHHUYECKUI» TEPMHUH Kamacmpopa MOXKHO C TIOJIHbIM OCHOBAHMEM OTHECTH K
OTKPBITHIO HOBOH CTPYKTYPHON MOIM(HUKALMYU OAHOFO U3 CAMBIX PACIIPOCTPAHEHHBIX IEMEHTOB.
bbuit maBHO ompeaenetsl 6a3oBble KpUcTAIMYECKHE POPMBI yriiepoaa: rpadyT, anMas, rekcaro-
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Ha/TbHas MeTacTabwibHas ($asa JTOHCAEHIMT 1 aMopdHble COCTOSHUS YrnepoaHoi caxu. Ho B
1985 r. 6buta ony6iHMKoBaHa pabora H. Kroto et al // Nature, (1985) v. 318, p. 162 o nostyuenuu ¢a-
361 C,,, IMEIOLLCH TeTlepb HAUMEHOBAHUE bakmulicmepdyieper (IO NMEHI ABTOPA CXOMHON apXH-

TEKTYPHOI KOHCTPYKLIMH KYTIOJIa) Wit @yuiepen (Pyiepum) B pacnpocTpaHEHHOM 0D03HAUCHHH.

HeTpuBHANLHOCTH JAHHOW XUMHYECKOH CHCTEMbI (60 aTOMOB OIHOTO 3j1€MEHTA o0benuHe-
HbI B YCTOMUYMBO# MOJIEKYTIE) B KPUCTAIUIOrPAahUUECKOM PACCMOTPEHHMH IEMOHCTPHUPYET HOBbIM
MAapUIPYT B3aUMOAEHCTBUS CUMMETPHH MATOrO NOPAAKA C IEPHOAMYECKON PELICTKOH.

Crpykrypa pyniepena. Jl1s NOC/IEA0BATENLHOCTH H3TOKEHUS HAUHEM C KOH(UTYpALHH aTo-
MoB Tumna «pyrbonbHOro Msda». Popma Mosexkybl (yiiepeHa OMUChIBACTC KAK COveTaue
npocTsix GopM (OPOHUT MITOCKOCTEH) HKOCAAPUUECKON TOUCHHOM TPYIIbI CHMMETPHH. Cpenn
MHOTOI'PAaHHHUKOB YACTHBIX MPOCTBIX GOPM B 3T0# cHHronuu (cM. 1.2.4) nmerorcs 1se udeansiibie
dueyper [Thamona: ukocasap — 20 TpeyrosbHbIX rpaHei, 12 BepIIMH; MEHTaroH-10ACKaIp — 12
MATHYrObHBIX TpaHei, 20 BepuInH. B TaKOM H3/IOXKEHHH «KOHCTPYKLIMA» MOJIEKYJIbl MPH TEpe-
CEYEHNH 3THMX IBYX (Guryp umeer 32 rpaHu AByX TuUros: 20 MpaBHIIBHBIX INECTUYTOJILHUKOB
(YHACNeOBAHHBIX OT MKOCA/Apa) U 12 MPaBUIILHBIX MATHYTOBHUKOB (YHACTEIOBAHHBIX OT 110~
aekazapa). Cxema 3Tol (Urypbl I€T4/IbHO COBIMAAAET C
BHEILIHMM BHIOM OOBIYHOMN MOKPBILKH GYTOONBHOTO MAYa
u npejcrasiena Ha puc. 5.2.7. [TogdepkHem, 4To nepecede-
HME JBYX MHOTOTPAHHHUKOB OKa3bIBACTCH B JIAHHOM Cllydae
cneyuaneibim (TO €CTh MOJNHOCTBIO COTNTACOBAHHBIM MO JIU-
HelHbIM pa3mepam). [lefiCTBUTENBHO, YKa3aHHbiH 32-rpaH-
HUK SIBJISETCA COYETAHHEM JIBYX OPOUT MIOCKOCTEH, HO 1pH
3TOM BEPILHHBI JAHHOTO MHOTOIpaHHUKA (Ha MepeceueHUsX
II0CKOCTel) NpuHaiexat oduot opdbute rodek. Muaue ro-
BOps, BCE NMO3MULUUK ATOMOB YIJIEPOJA B MOJICKYJI€ 3KBHUBA-
JIEHTHBI, MOCKOJILKY BEPIIMHBI AAHHOTO MHOTOTpPAHHUKA
06pasyloT MPaBMIIBHYIO CHCTEMY TOYEK KPATHOCTHIO 50.
Koudurypauus MoJieKyabl TIOJHOCTBIO OTOOpaxaer ae-
MEHTbl CUMMETPUHM HKOCA3JAPHUYECKOH TOUEUIIOW TpyIIb

Puc. 5.2.7. Koupurypalins ato- m35: 6 MHBEPCHOHHBIX Oceit 5-ro mopsaxa (4epes UeHTPbl
MOB yrilepoaa B Monekyne dysi- [STUYrOSIbHUKOB), 10 HIIBEPCHOHHBIX OcCel 3-ro MopsaKa
AepeHa (4epe3 LUEHTpbI WECTHYTONBHUKOB), 15 ocell 2-ro nopsaka

(4epe3 cepeMHbl IPOTUBOJIEKALIMX pedep).

B 3TOM «COOpYXEHNM» OTCYTCTBYIOT HIEMEHThI TETPAIAPHUCCKON YITAKOBKH, XapaKTepHbIe
s anmasa. HaoGopoT, BUIHA reHeTHUECKas CBA3b ITOTO NOKPbINUA GMOMAMU CHePUHCCKOL NO-
8epX1OCMU Y TEKCATOHAIILHOTO y30pa 6a3UCHBIX MUIOCKOCTEH rpaduTa. CooOTBETCTBEHHO, B TEX-
HOJIOFMH CHHTE3a TAKMX MOJIEKYJ TpeOyercs BHAUasle TepMHUYECKOe pasjoxkenue rpadura (B
3MEKTPOAYroBOM paspsiae 160 Na3epHbIM Jiy4OM) Ha LIECTHYTOJIbHBIC aTOMHBIC bparMeHTshI.
Ocaiok Ha MOMUIOXKKE CONEPKHUT, KpOMe aMopdHOil caXH, OnpeaeneHHbld MPOLEHT yCTORYHU-
BbIX MoJTeKkyn pynnepena. [Mocie xuMudeckoi 06paboTKH, CernapalMy U BbINAPUBAHUA PACTBO-
pa o6pa3yeTcs MONMKPUCTALTHIECKHH MOPOIIOK (YJIIEPEHOB € OCHOBHOH cocrasnsoLueit C60.

JanHas KpUcTaquIM4yecKas CTpyKTypa dopmupyercs Ha H6a3e rpaHELCHTPUPOBAHHON Kybu-
YecKOM pelleTKH, B KOTOPOi KakioMy y3iy conocrasisetcs moiekyna C60. DneMeHTapHas
fueifka MMeeT mapaMetp pelieTku a=14.1 A, COEPKHUT YeThIpe GOPMYIIBbHBIX eNMHHULbI (240
ATOMOB) U MOXeT ObITh 0603HaueHa Kak cF240 B cranaapTHOM ONHUCAHUH (cMm. . 1.4).

Opuentaunonnsiii pasoseiit nepexon. MUtak, B OTIMYHE OT CUTYAUHH C KBA3UKPHUCTAIIAMH,
MOJIEKYJIBI, OBNANAIOUINE HEKPUCMALI02PApUICecKoti CAMMETPHUEH, BBICTPAMBAIOTCA B KA4CCTBE
Y3/10B B TpaHCIALMOHHOM pewerke. Toraa UCXoaHbiM ycnosueM GopMHpOBaHHs TPEeXMEpPHOi
peleTKH ABAAETCs AeicTBHe MpuHLMIa Kiopu BHYTpH NOIHOH FPYMIb IAPa B COOTBETCTBHH C
nepeceuenreM m35Nm3m=m3, 10MyCKAOINM COXpAHEHHUE Kybuueckoi cumMmeTpuu. Cnenyer
y4eCThb TOT/1, YTO HEOOXOAUMBIM TPeOOBAHUEM CTAHOBHTCS COTJIACOBAHHAS OPHEHTALIMS KITAC-
Tepa 6olee BBICOKOl CHMMETPUM B KOODAMHATHOW CETKE HU3KOCHMMETPUUHOHN DEHIETKH.
«OMOPHBIMUY MEMEHTAMU CUMMETPHH CITYXAaT OCH 3-T0 nopsiaka. M3 necatn Takux Hanpasie-
HUIA, TPUCYTCTBYIOLMX B MOJIEKYJIE, YETBIPE AOJDKHDBI ObITH COPUEHTHPOBAHBI BAOJIb IIPOCTPAH-




Bseoenue 6 penmeenosckyio kpucmaniozpaguio 135

CTBEHHBIX AuaroHasner tumna [111] B kybuueckoit sueiike. TeM cambIM, CHCTEMA OKA3bIBAETCH B
3HAYUTEIBHOMN CTENEHH AETEPMUHMPOBAHHOMN. [IJIst OCHOBHOTIO €€ 3/1eMeHTa — MOJIEKYJIBI — 3a/1a-
Hbl KOOPAWHATBI BEPLLUNH, KpHcTaiorpadyuyeckue HHAEKCh pedep (HanpaBeHU CBSA3H) U HH-
aekcel rpaHeit. Orcroa crenyert, 4To 3pdekTbl aTOMHOr0 ynopsaao4eHust A0JDKHbL ObITh A0M0JI-
HEHBI CIIELHAJIbHBIM AKLIEHTOM Ha OPHEHTALMOHHbIE XapaKTEPUCTHKU. JIeHCTBUTENBHO, B pe-
aJIbHBIX KPHCTAJIaX YCTAHOBJIEH BEChbMa crielnuaeckuit
pazoswiii nepexod opuenmayuonio2o muna TpU TeMnepa-
Type 249 K. Bellie 3T0ro ypoBHst CTPYKTYpY XapaKTepH-
3yeT IMHAMMUYECKHil OpHEHTALMOHHbIH GEcopaaoK  yc- QD
peaHeHHas ['LIK petietka, B KOTOpOH MOJEKYJIBI MOTYT
Bpauiatecd. Ilp¥ HH3KkuX TeMmIlepaTypax BO3HHUKAIOT
CTPYKTYPBI C )XECTKO 3aJaHHBIMH OPHUEHTALUAMHU KaXI0H Pa3 y
MOJIEKYJIBI B siueiike. AHAJIM3 MOKA3bIBAET, YTO MPH yCIIO- @_ Can
BHH COITACOBAHUA INIEMEHTOB CHMMETPHUM MOJIEKYJIBI H
peuleTkd (B paMKax TOYeYHOMH Tpymnmbl m3), BO3MOXHbI Pre. 5.2.8. [pHmepbt BOSMOKHBIX
HECKOJIbKO BAPHAHTOB CTPYKTYpP C NPUMHUTHBHOH nubo0 BAPHAHTOB OPHEHTALIHOHHOTO
IpaHEeLEeHTPHPOBaHHOHN KyOHUueckol petuerkoii. JBa npu- ynopsnodenns kpuctamia C,
Mepa TakHUX KOHGUTYypaluMii mpeacTaBieHbl HAa puc. 5.2.8.

Hosble cBepxnpoBoanukn. OTKpbiTHE dysiepeHa NOPoIUIO BeCbMa OOINbLIYI0 aKTHBHOCTD
vcceq0BaHUH B 001acTH XUMHUH M PU3UKH HOBBIX MaTepHuanos. K nacrodiueMy BpeMeHH NoIy-
YeHBl MOJIEKYJIbI APYTHX cocTaBoB — C, ), C., M T.I., CHHTE3UPOBAHO 3HAYMUTENIBLHOE KOJIMUECTBO

PO

3
ot

4 X

70°
OpraHU4YecKUX COeduHeHUH Ha Oaze (yruiepeHOB, pa3BUBAETCA MPHMEHEHHE CBOEOOpa3zHOro
KJldcca YriIepoaHbIX MATEPHANIOB C KOHurypaunei narnompyook. MHTEeHCHBHAS IMHAMHKA HUC-
CIe10BATE/IBCKMX M TEXHOJOIMUECKHX paboT 3TOro HampasieHUs ONpeneiniia BOSBHUKHOBEHHE
HOBBIX KOHILICTILIMM B MaTepHaoBeACHHNH.

PaMKu TaHHOTO Kypca MO3BOJISIOT JIHIIb KPATKO OCTAHOBUTHCS HA OCOOEHHOCTSIX COEAMHE-
- HHM# CO CBEPXNMPOBOISALINMHU CBOMCTBaAMH. UHCTHII (ysneped B KPUCTAUIMYECKOM COCTOSIHUH
XapaKTepH3YeTCs Kak MOJIYIIPOBOIHHUK C IUIMPUHON 3aNpelleHHON 30HbI nopsaaka 1.5-2 3B. Ipu
BBEJCHUH B MaTepHaJT HeOOJIBHIOTO KOJIMYECTBA (HA ypoBHE 5 aT.%) LeIoYHOro Metasia obpa-
3yeTcs TBEpAbI pacTBop, 0OJaJaoIUi METAILIMYECKOH TPOBOAUMOCTBIO. Jleruposanue npo-
HU3BOONTCH NyTeM 00pabOTKH MIIEHOK MO0 NOpOIIKOB (ynnepera napamMu MeTansia rnpu noBbI-

HWICHHBIX TEMIIEpATYpaAX. I/l3mepeﬂl/m nokKasalik, 4YtTo (1)33[)1 coCraBa M€3C60 MOTI'YT NEPEXOAUTH B

cepxnpososiee cocrosHue. Kpuruyeckas temnepatypa T, B untepsane 2+32 K nocruraer-
¢4, eclii oauH ik aBa kommnonenta Me=Li, K, Na, Rb, Cs BxoasT B ¢ymiepeH B KOMTHYECTBAX,
3aJaHHbBIX NpuBeaeHHOH Gopmynoi. Takas daza onuceiBaeTcs Kak meeposiii pacmeop eledpe-
1nusi, TAe KpynHble MOJIEKYJIbl C ) COCTABIAIOT MJIOTHOYNAKOBAHHbIM KapKac, B MyCTOTAaX KOTO-

pOro pa3MelaroTCsi aTOMbI METAJUIA 3aMETHO MEHbLIero auamerpa.
(Dma konguzypayus 8 cmpykmypHom ORUCANUU QHMUUZOMOPPHA 00bIYIIOMY MEepdoMYy pac-
meopy na baze memaana. Hanpumep, npu pacmeopenuu 6 Hukeae menbvliue no pasmepy anomol y2-
flC’[)()oa pasmewyalomcs 8 OKn‘laD()[)Ll'{C’CKuX nycmomax ochHogHo2o Kapkaca naomueniuen YRAKOBKU
amomos memainiia. )
UccnemoBanusa nokasanu As yKa3aHHbIX (a3 cBOEOOpPa3HYIO CBSI3b MEXIY KPUTHYECKOMH
Temnepatypo#t T_u nocrosunoit LUK pewerku. Ha puc. 5.2.9 (a) BuaHO, 4TO 1pH U3MEHEHHH

COOTHOILEHHUS METATIIMYECKHX KOMIIOHEHTOB TBEPIOTO PACTBOPA BO3PACTAIOT U pa3Mepbl siueii-
K4, H TEMIlepaTypa nepexoa.

B paborax nmocneaHux NeT JOCTUIHYT 3HAUMTENbHBIM IpoOrpecc B JOCTUXKEHUH Oorsiee BbICO-
KUX KPUTHYECKHUX TEMIEpaTyp Ui KpUCTALIOB dysulepeHa ¢ opranndeckuMu gob6askamu. Tax,
B komnosuuuax Tina C,/CHBr, u C,/CHCI, yxe nonyden yposens T, B untepsane 40-100 K
[PH MOCTOSHHBIX peleTkr a ~14.2-14.5 A MuTepecto, 4to 1 B 3THX CIyYasx aBTOpaMu paGoT
OTMEYAETCS ABHAS 3aBUCUMOCTb KPUTHUECKOM TEMITEPATYPhI OT pa3Mepa IEMEHTAPHOM TUEHKU.

B 3T0i1 cBA3M MOJIE3HO OOPATUTD BHUMAHME, YTO Ha rpaduke puc. 5.2.9 (a) snauenue T

IKCTPANOTUPYETCA K HYJTIO U «HeOIaronpuaTHOE» 3HdUEHHE NapaMeTpa PeIIEeTKH HaXOAUTCS
BOnMM3u a=14.1 A.
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T..K

32,00

28,00 |-

24,00 |-

20,00 |-

14,325 14,425 a0, A

(I,../I,,.)-loo

13,7 14,1 145 a, A

Puc. 5.2.9. (a) — 3aBUCHMOCTb KPUTHUYECKOH TEM-
MepaTypsl OT NEPUOAA PELIETKH 1Sl TBEPAbIX
dynnepeHoB, NErupoBaHHbIX LIETOUYHBIMH Me-

TayutaMu; (6) — OTHOLLIEHUE UHTEHCHBHOCTEH OT-
PaKeHUIi B 3dBUCUMOCTH OT MEPUOAA PELUETKH

C 3THM Xe YHUCIIOM IS KpUCTamioB gy -
JiepeHa CBA3aH cBOcoOpa3Hblil AU paKLHOIi-
Hblil 3¢hdekT, npeacTaBieHHbI Ha pHC.
5.2.9 (6). 3mech BHOHO, YTO UHTEHCHUBHOCTD
otpaxenus (200) HEeMOHOTOHHO H3MEHSETCH
C MapaMeTpoM pelIeTKH W MagaeT A0 HyJs
NpHU yKa3aHHOM BbIille 3HA4YeHUHU. AHAIU3
MOKa3bIBAET, YTO NMPUUYUHOH ABIAETCA Cre-
uMpuUUecKkoe COOTHOLEHHE aMIJIMTYAbl pac-
cessHus s OonpuIoi chepuuecKkoi Moseky-
76l (MOJieKyspHbIH dopM-daKkTOp) U UHTEDP-
depenunonHoi pyukuuu Jlays aas peieTku
¢bynnepena. CornacHo pacueram, €Ciu IHa-
METp MoOJeKyJsibl D paBeH IMOJOBHHE IMOCTO-
sHHOU peuweTku (D=0.5a) HeKOTOpBIE Y35l
oOpaTHOM pelueTky KpUCTaljia COBMAAAIOT €
MOJIOXKEHUAMU TNaBHBIX MUHUMYMOB MOJIe-
KynsapHoro ¢popm-pakropa. Cneacrsmem sB-
JIieTC BO3HHKHOBEHUE CHELHUANBHBIX HO-
MOJIHUTENBHBIX MOracaHuil — 3ampeT Ha pe-
bnekcol Npu yCIoOBUU

h2+k*+P=4n’,
DTUM omnpenensercs MoracaHue OTpPaXKeHHH
(200), a raxxe (442), (860) u npyrux.

O6paTuM BHMMaHHE Ha HEOOBIYHYIO [PO-
CTPAHCTBEHHYIO KOH(puUrypauuwo obpatHoM
petleTkH yiepeHa — MOCIeAHUM YCIIOBHEM
3anpelieHbl Bce peduiekchl cepun {h00} mpu
h — 4yeTHOM, a BCce HEYETHBIE TIOPSAIKH OTpaXKe-
HUSl 3THX CEpPHUIl OTCYTCTBYIOT MO NpaBHIaM
mia FLK pewerku. Takum obGpasoM, Bce Tpu
KOOpAUHATHBIE OCH OOpATHOH peleTKu OKa-
3BIBAIOTCA CBOEOOpPA3HBIMU «KOPHAOPAMM»,
Ha KOTOPBIX MPH CMEUHATbHOM 3HAUEHHH Na-

paMeTpa pelleTKH He UMEETCS HU OHOIO pa3pelieHHoro y3na. Kaxercs ecreCTBEeHHbIM Npel-
MOJIOXKEHHKE, YTO NoA0OHbIH BUI Dypbe-MPOCTPAHCTBA MOXKET OKa3blBaTh BIUsHUE HA HOpMY
U pa3Mepbl 30H BpuiutiodHa, INMEKTPOHHYIO CTPYKTYPY M CBS3aHHbIE C 3THUM (PHU3HMYECKHE Xa-

PaKTEPUCTUKH.
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BMECTO 3AKNMIOYEHUA. «O YEM HE BbINNO CKA3AHO»

B onpenenennoM cmsicie mo000it Kypc aekyuit HeceT Ha cebe PpyHkumo Bsedenus U He CO-
CTaBJISET MOHOrpadHyeckd 3aMKHYTOro OmucaHue mpoObsembl B LeloM. B mpeacraBieHHOM
TeKcTe ObITH 0003HAYEHbI OMOPHBIE MOHATHS KpUCTA/UTOrpaduu U XapaKTepHbIE IPUMEDDI TIep-
CTIEKTHBHBIX HAMpaBJIeHUH U1 CMEXHBIX pa3fenoB pu3nueckoro MatepuanoBeaeHus. Terneps,
IUTS 3aBepIUeHUs JTaHHOW KHHUIM KaXYTCS YMECTHBIMH IBA «KOHTYPHBIX» pa3aena, KOTopbie Mo-
CBSILLIEHBI TOYYHTENBHBIM 3MHM30/4aM peTpocneKTUBHOro nnaHa. [lepsbiit U3 HUX NpeacTaBiser
co0o¥ «anerndyeckuit 0630p 3MOXH NPOCBETUTENEH» U IMHAMUKH CAMOYTBEPKAECHHUS CTPYKTYp-
HOFO aHaIu3a Iocje BhIAaouerocs oTKpeiTus Jlays.

Uctopuuecknii pakypc. FO6ueii — 90 aer. [TocnenoBatensHOCTD COOBITHIA TPH BO3HUKHOBE-
HUM TaHHOW 00JacTH NpeacTaBsAeTCs UHTEpeCHOH U 3ddekTHOH. B kHHre omHOro U3 aBTOPOB
BaxHeiiitux otkpbiTHit (The Crystalline State, vol. | A General Survey, by W.L. Bragg,
London, 1933, nepeson OHTU M.-JI. 1938) BbIACNAIOTCS HMEHA UCCIEI0BATENEH, CO3aBIINX
3aBEPUICHHYIO CUCTEMY OCHOBHBIX MOHATHH 00penmeeno6cko2o NEpuoia pa3BUTHs KPUCTAILIO-
rpaduu (cM. Takxe [Ipunoxenue 2):

IMoitrerc (1690), [Narou (1784) — npUHUMIIBI CUMMETPUH TEPUOAHUYECKOTO CTPOEHHS KPUCTAILIOB;

®paunkenreiM (1842), bpase (1848) — kpucrannnyeckue cucteMsl (CHHIOHUHK) M 14 nipocT-
PAHCTBEHHBIX PELIETOK;

Feccens (1830), 3ouke (1879) — 32 knacca CUMMETPHH, BUHTOBBIE OCH, IUIOCKOCTU CKOJIb35-
LIEro OTpaxKeHUs; ,

Denopos (1890), Lendune (1891) — 230 npocTpaHCTBEHHbBIX TPYIIT;

Baprioy (1894) — Moaenu MjI0THOYNMAaKOBAHHBIX aTOMHBIX CTPYKTYP.

HobaBum k 3ToMy HccnenosaHus Ileepa Kropu (1894), nossosnsiiomiye cBsi3aTh CHUMMETPHIO
(hU3UYECKOTO CBOMCTBA CO CTPOEHHEM KpUCTAJLIA.

OTMeTHM cBOEOOpa3HbId BPEMEHHOHN pa3pbiB — pa3paboOTKU TEOPETUYECKHUX OCHOB KJIACCH-
YyecKkod KpucTauiorpaduy 3aMeTHo onepeaniv oTKpbiTHe X-nydeit (1895), sxcnepruMeHTHI 110
mndpakuuu (1912-1913) u peanbHble paciinPpOBKH aTOMHOM CTPYKTYPbI KPHUCTAIIOB.

Bparr-mnanmmit naet 0630p cobuiTHit nocie oTkpbITUs Jlays B 1912 r.:

«...B mom nepuoo epemenu B.I. bpaee Gbu1 00HUM U3 21a81HbIX CIMOPOHHUKO8 MEOPUU, CO2AACIO
KOMOPOU penmeeHO8CKUe AY4U AIAIOMCA N0 C80el npUpooe KOPNYCKYISPHbIMU. ... A6MOp, MOAbKO
umo noaysusuuti moeda yuensiii ouniom 6 Kembpuosice, buLr, ecmecmaentiio, yoexcoeliibim cmopoit-
Huxom omyosckoi meopuu. Kozda pezyasmamest Jlays b6biau onyoaukosaisl u, no-euoumomy, 0oka-
3Q71U 8OAHOBYIO NPUPOOY PCHIMSCHOBCKUX AVYCH, ABNOD NONBIMAICH C ROMOWBIO PATUYNBIX IKCRECPU-
menmos naimu opyzoe obvscuenue psioy nabaooaemvix sigaenuil. [pasunsiocms saxmouenus Jlays
obL1a 6cKkope npusnana leocnopumoi. Oonospemeniio, oainoe um 0dvacHenue noopobrocmet penm-
2eloepamMmMsl YUKogod oomanku (ZnS) oxkasanoce uzauwie crolcisviM. Asmop nodowen Kk 3moii
npobaeme ¢ MOt MOYKU 3PCHUS, YINO INCKIPOMAHUMILBIC UMRYbChI, IKBUBANCIHMILbIC «DENOMY U3-
JAPUCnuIo» 8 00aacmu peHmMelOSCKUX ydeld, ompacaomes om niockocmeld kpucmana. Takoe
npednoaoscenue bbL10 8bI38aN0 OPMOL HAMECH U CMCUCHUCM UX NPU HAKAONHe Kpucmanra. Anaius
penmeenoepamm ZnS RoKazaa, yno 0CHOSHbIE RPUNAKU MO2YM Obimb 00bsCHeNbl RPEOROIONCCIU-
M PUACHONOINCCIUS QIMOMO8 8 2PANCYSHMPUPOBANIIOL peuieHiKe, a e NPECMol KyOuyueckou. . . »
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BecbMa mHTepecHb aBToOHOrpadrueckie kommeHTapuu M. Jlays B cratbe «Moti meopuec-
kuti nyme 6 ¢usuxe» (Makc Jlays, CraTtbu u peun, M., «Hayxka», 1969, c. 3-29).

«...B axademuueckom obpazosanuu (asmop yuuacs 6 ['emmuneeite) Kpucmannozpagdus. noumu
COBCEM PACMBOPUNACH 8 KyPCaX, KACAIOWUXCS 21A81IbLM 00pa30M ONUCAMETbHOT CIMOPOILbL MUNEDA-
noeuu. B kypcax no guzuxe kpucmanisl 06b14110 ynomMulaiucs 8 ONMuKe U HeMHnoz20 6 y4eHuu 06 yn-
pyeocmu. M smo bbi10 éce.

... Bnpouem, moxicem 6bimb 3ma HeOMAZOUWEHHOCMb IHAHUSMYU UMENA DIA2ONPUAMHOE cneocm-
gue 8 mom, umo s no3ouee (6 1912 2.) cmoe npucmynume K 6onpocam Kpucmaniogusuxu bes ecs-
K020 NPeOG3AMO20 MILeHUA. ..

...A nepeexan ¢ 1909 2. uz bepauna 6 Mionxenckuii yHugepcumem u JHcui mam 6 MaieHoKoM pol:
baykom domuke na bepezy 03epa, OmMKyda OMKPbIBANCs BeTUKONNIbIL 6U0 HA cadbl u 2opbL. Tak xo-
OO Mite BROCIEOCMAUU HUK020a 1e BbL10.

B Mionxenckom ynugepcumeme kpome Penmzena paboman mozoa Apronso 3ommepenso, Ko
MOpbLii 30 HECKONLKO em neped amum 0oLl npueiawent Ha nycmogaguyio kagheopy borvymana
Dmom 3amevamenshblii RPenooasament GblCUiCl WKOLbl OKA3bI6AN 02POMHOE BUAHUE HA CBOUX CT1Y
wameneii. Mecoy npouum, olt usnazan makice Ceol0 Meopuio 6031UKIOBEIUs PEHMEeHOBCKUX Lyyet
OHa yerukom cmosaa Ha no4e 6008020 NPEOCMABICHUS O PENMeeHOBCKUX JIYHAX U, MAKUM obpa
30M, NPOMUBOPEUUIA KOPRYCKYAPIOTL meopul, dltepeutiio sawuwyasueticss B.I. bpizeom 6 Anenuu..

... Taxum 06pasom, s Jcun mam 8 anmocepe, HACUYENIIO 60nPOCAMU O NPUPOOE PelM2eIO8CKU
ayueil. .. Ocobeniioe 3mauenue st melis umeno mo, umo 8 Mionxene Oblia euje Heusa mpaouyus uccie
008QIUA NPOCHIPANCIECIIOL PEUUENIKU KPUCIALIOS, 0 KOMOPOU €084 1U 6CHOMUIATU 6 opy2om mecme
Imo obvschsiocs omuacmu mem, umo 0o 1897 2. 6 Mionxene paboman Jleonapo 3onike, Komopb
MHO20 cOenan Ons mamemamuseckoi obpabonku 3moii npobnemsl. borvwas 3acayea npunadexcun
maxice munepanozy Ilaymo I pomy, Komopbii 8 CEOUX NEKYUAX ROCMOSIINO 2080PUL O PCUICINKAX.

B ¢pespane 1912 2. I1.®. Deawd, dokmopaiim Jommepdensoa, Komopbsii oonxcelt ObLl MamemMamuye
CKU UCCACO08aMb NOBEOCHUE C8EMOBbIX B0 8 NPOCMPAHCMECIHOU PEWemKe U3 ROJAPUSYIOWUXCH amO
MO8, 1O He MO2 NPULIMU K RPAGUWIbIGIM PE3YIbMAMAM, AGWICs KO MHe 1a K6apmupy u NORPOCUT CO8ema
Koneuo, s 1ie 3nan, Kak emy nomous. Ho npu o6cysicoenuu 3mo2o 60npoca mie RpUuna 60py2 6 20108,
MbICTb, 4O HAOO NONPOGOBANb NPONYCKANL YePe3 KPUCMALIbY Bo1ee KOPOMKUE 801ibl, a UMENIO perm
zenoeckue ayuu. Ecau amombl deticmeumensiio 06pazyiom npocmpancmeeniible pewenKu, mo 00IACIE
nonyuumbCst senelus unmepgepenyuu. Imo npeoaoscenue obeycoanoce bonee MoN0ObIMU GuUIUKAM
Mionixena, komopbie Kajcooe 60CKpecelive codupanuce 3a cmoaom 8 kage JIyy. Ooun us 3mot komnariu
Basmep @pudpux, Komopblii 1€3a00120 00 3020 3QWUNTLIL PADOMY 0 PACCEsHUU PEIMECHOBCKUX TYde
u cman accucmenmom 3ommepgensoa, peuitin RpoU3secU IKCnepumenmablioe uccredosaitue. Eourncm
genoit mpyonocmlo 66110 Mo, ymo 3ommepensd cnavana Huue2o He 02HCUdAN OM IMOIL UOCU U NPEONO
wuman nocadumo OPUOPUXa 3a ORBIMbL RO UZPHEHUIO PACAPEOCAe! IS HANPAGIeIUT Y Hel, BbIXOOHUUX U
annurxamoda. Ho u smo npensmcmeue 6110 npeodonento, kozoa npuwien na nomows Ilayns Kiunnuie
dokmopanm Penmeena. @pudpux u Kiunnute navan onbimol nepeo nacxoi 1912 e.

Ob6a npuwinu K 00iomy u momy ce pesyaomamy. Pomozpamma usryenus Kycka cyaogham
MeOu NoKa3ana, Hapady ¢ NEPEUUIIBIM PEIMICHOBCKUM TYUOM, BEHHUK OUPPAKYUONNOO CREKMD.
pewemiu. B enyb6okoil 3a0ymuueocmu wien s 00Mou no Jleonoawowmpacce nocae moeo, kak Ppuc
DUX NOKA3AA MIie IMU CHUMKU, U yiice 801U3U Moell keapmupel, naxoousgwetics na bucmapkumpac
ce 22, neped domom Nel0 na 3uepudwmpacce, mite RPUULIA 8 20]108Y MbICTb O MAMEMAMUIECKO
meopuu 3moz2o senenus. Heszadoneo 00 3moeo 6 cmanibe 011 « DUYUKAONEOUU MAMEMAMULECKU
Hayk» s 3a1060 CHopMyaUPOBat 60CX00AUYIO K Llsepoy (1835) meopuio ougpaxyuu na onmuye
ckoii pewemre. Mie 1ado 6610 MOALKO yHecmb HAIUdUe Mpex nepuood08 nPOCmMpancmeeniol pe
wemku, Ymobl 0bvsciums Hogoe omkpoimue. Habaooaembiil enuur unmepgpepeyuonitblx ayue
Y0anoco Xopowo c83amb ¢ KANCObLM U3 Mpex YCN08Ul unmepghepenyuu, 838MolX 8 OMOCAbIOCHL
Koeoa uepes 0se nedenu s KOAUHECMBEIILO NPOBEPUT MEOPUIO NO OpYeUM AYHUUUM CHUMKAM U HC
wies, Ymo ona enone nodmeepoutacs, 3mo Goin s mens pewaowuii oeis. Teopust npooondICan
nOOMEePICOAMbCs 8 OanbHEHUICM 20PA300 TYUULe, YEM MOHCHO ObLIO 6oL 021cudams. Imo 66110 occC
Beltio nopasumensho, ROMOMY 4Mo olta RPeOCMAsIsaa co0otl auitb npubnudicenue. ..

8 wions 1912 2. 1 0on0cUA IMO OMKPLINUE HA 3ACEOANUU HCMEYKO20 PUIUHECKO20 0OWecmBa
@ususeckom uicmumyme Bepauncko2o ynugepcumema Ha mom camom mMecme, 1ia KOmopom 6 oexaobp
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1900 2. Inank enepevie 2060pun o ceoem 3axone uziyuenust u meopuu keanmos. C mex nop 603Hukna
bonbuas iumepamypa no KcnepuMeHmanbibim u meopemuyeckum eonpocam 8 smou ooaracmu. Ilep-
6bitl 60O Waz noce mMoux on YOIUKOBAHIBIX UCCACA0BANUTT COeaNU 619132 B.I'. u BJI Bpseeu...

-..Hcmopusi omkpeimus unmepepepenyuu penmzenogcrux Jyyett ACHO Xapakmepusyem yeit-
Hocme nayunod sunomessi. Yoice 3a00120 0o onvimos Gpudpuxa u Knunnunza muozue @u3suku npo-
ycKamu pelimeenoscKkue nyyu yepes kpucmannsl. Ho ux nabntodenus ozpanuvusarucs npamo npo-
XOOUBLUUM IYHOM, OMHOCUMENBIIO KOMOPO2O ONU 1He MO2TU 8bICKAZAMY HUYe20 3ameqamenbHo2o,
Kpome ymeepucoenus o e2o ocrabienuu npu npoxoxcoenuu vepes KpUcmani; om ux 6HUManus yc-
KONb3aMu 20paz0o menee unmencusitie omraonentsie ayyi. Juws 2unomesa npocmpancmaenno
pewemky 0ana Mbicib 0 1HEoBX00UMOCHU UCCICO08aMb IMU AYHU. . . »

B 37011 npeBocxoanoit cenTenunn M. Jlays BaXKHO UMEHHO CyLIECTBOBAHHE THITOTESDI, KOoTOpas
He 00513aTe/bHO OKHA GBITh UCXOHO MPABIIBHOIL. HeACTBATENBHO, HCXOAS M3 AIbTEPHATUBHO-
IO NPEATIONOKEHMS O TIPUPO/E Nydeid, BParru NOCTUIIIM TakxKe yCNEMHOTO PelleH s TPO6IIEMBL.

Oreuectrennan kpucramiorpadgus. MMena u kaouesbie c108a. AHATH3 XPOHOJOTHYECKHX
OTIOPHBIX TOYEK B KPUCTAIIOrpapHy HILTIOCTPUPYET crieLdMuecK it «TPUHLKIT JOTIONMHHTE b~
HOCTH», XapaKTEPU3YIOLIHI NBAALATBIH BEK: B MOTMTHKE — KATACTPODHUECKHE BCIUIECKH C TH-
FAHTCKMM 3HAKOM MHHYC, B HayKe — yHUKanbHas 3((eKTHBHOCTb TBOPHECTBA «CO 3HAKOM
nocy. Mnmoctpauuedl MOryT ciyxuTb npeactasientsie B Ipunoxennu | JaTel, KOTOpbIE
CeHyac M3M1aleka MOXHO COBMECTHTH C MPadHbIMH TIEPHOLAMH BOMH K yronuyeckux becueno-
BEUHBIX SKCIIEPHUMEHTOB MePBOJ MOMoBHHBL XX BeKa. YCTORUMBOCTS M TBOPYECKUIT MOTEHUMAT
MOTOKUTENLHOTO 3HAHUS MIPH CIIOXKHBIX BHEIIHUX OOCTOATENBCTBAX IPOSBIIIUCH M B PA3BUTHH
KPUCTAJJIOrpaUYECKUX HANPABIEHUH B Halllel cTpaHe. B nepuon 1917-1991 rr. Bo3uukiM
MPU3HAHHDBIC HAYYHBIC LIKOJIBI, PA3BUBAIMCh COBPEMEHHBIE HCCIIENOBATENLCKHE LIEHTDBI:

HuetutyT kpucramnorpaduu um. A.B. [lly6Hukosa, HuctutyT obuieit 1 Heopranmyeckoit
xumun (MOHX) mm. H.C. Kypuakosa, UMET uM. A.A. baiikosa, LIHUUYepmer um.
W.I1. Bapanna, MockoBCKHit HHCTUTYT cTanu U critasos, MTY um. M.B. JIOMOHOCOBA — buzu-
YECKHH, XUMUYECKHH, TeOSIOrHYeCKHii PaKyTbTeThI, [Metepbyprekuii (neHUHrpanckmii) YHUBEp-
cuter, [erepOyprekuit (nenuurpanckuii) ropusiit uectutyT; ®TU um. A.D. Hodde, Uucturyr
Mertamnogusuku um. I'.B. Kypaiomona (Kues), HU®XH um. J1.4. Kapnopa, UuctutyT pusu-
ku Metaios (Exarepun6ypr), BHUMMoHokpucTanios (XapsKoB) 1 MHOTHeE apyrue.

B 5TOT e mepuon GBLIM BLINONHEHB! BhIAKOIIKECS PABOTHI, 3a KOTOPBIMH CTOSUIH SIPKHE
MMCHA aBTOPOB, XOPOLIO M3BECTHBIE B MUPOBOM KpPHCTa/UTOrpadguueckoM coobiuectse. BoT
TOJTbKO HEKOTOpBIE NPUMEPBI, bostee 6i1M3KKe K pobremMaM (U3MYECKOTO MaTepHAIOBENCHHS:

Teopemuueckas Kpucmanaozpagus, cmpykmypustii ananu3, Kpucmainoxumus —

A.B. llly6uukos, H.B. Benos, A.K. Bonaeipes, B.H. [enoue, I'.C. Knauos, I'.B. Bokwuit,
A.W. Kuraitropoackuii, 5. K. Baiinurreitn, M.A. [Topait-Kommnu, - U.U. ladpanosckui,
B.A. ®pauk-Kameneukuit, FO.T. Ctpyukos, B.U. Cumonos, U.C., XKenynes, JI.A. Ulysanos;

Ihacmuueckas degpopmayus, mexcmypei, dgotinurosaiiue, peansnias cmpykmypa - C.T. KoHo-
Geesckuit, A.D. Hodde, U.B. O6peumos, H.E. Ycnenckuit, M.B. Knaccen-Heknonosa,
M.B. Skyrosuy, M.II. lllackonsckas, B.U. Hpeponosa, .M. Posuuckuit, 10.C. Tepmunacos;

Cmpyxkmypibie npoyeccel 8 MemMaiiuyeckux cucmemax., ¢asossie npespawenus — I'.B. Kypmio-
moB, H.B. Arees, H.T. I'ynuos, H.4. Censkos, S.I1. Cenuncekwuit, 51.C. Ymanckuit, KO.A. Bara-
paukuii, A.M. Enuctparos;

Penmeenosckas ougppaxyuonnas onmura ~

A.A. Kpusornas, 3.I. Ilunckep, A.M. Adanacses, B.d. Muyckos, B.JI. Uungen6om,
[1.A. besupransn.

s unTaTens maHHOro Kypca, NpHBEPXKEHHOTo MMeHaM — A.B. laponun, E.C. ®enopos,
I'B. Byns, H.C. KypHakoB — kak HEKOTOPHIM CHMMBOJAM poccuiickoi KpucTaniarpadpuu
MPEALICCTBYIOIICrO NEPUOAA, MPUBEICHHBIC MPUMEPbI MOTYT MOIYEPKHYTh HANEKHYIO IpeeM-
CTBEHHOCTDb TPaAMUHMH HAYKK U BLICOKOH TEXHONIOTUHM B Haweit ctpaHe. Ha 3ToM OCHOBBIBAIOT-
¢4 U HallW TMOXENaHHWS AKTHBHOCTH M YIauM B ITOH MOCTOSAHHO OGHOBIAIOIIEHCS, «3aBleKa-
TeNbHON» M 3heKTHON 061acTH GUMKU U XMMUM KOHIEHCHPOBAHHBIX cpen.
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NUTEPATYPA

[peAMeT NaHHOTO Kypca OMUPAETCS HA BECbMA 3HAYNTEIbHBIH 0OBEM KHUT M OPHIHHANIBHBIX TyOH
KalWi B HAYYHBIX KYpHANaX U TPyAax KOHDepeHUHH.

HuskenpupeeHHbIH CIHCOK BKIFOYAET UL U30paHHble KHUTH MO KpUcTamiorpadguu U AudpaKum
OHHOMY aHanu3y. [TepeYucITAOTC H3aHUS, KOTOPBIE MOXHO YCITOBHO MOAPA3IE/HTh HA TPH KATETOPHY

K - kmaccuueckue TPyIbl, cofepXkallie MUOHEPCKHe MyONMKALUMM MO MPUHUHITHAIBHBIM 3a1a4al
PEHTTeHOBCKOH KpHUcTaIorpaduu;

M — npu3sHaHHbIE MOHOTpPadUH MO MPEIMETY Kypcad;

Y — KHHUTH yu4eOHO-MOHOIpahHUYECKOro CBOMCTBA.
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NPUNOXEHUE

1. Ho6eneBckue npemun B o6nacTn pU3nKM U XMMunu — BbiBopka No TemaTuke
CMeXHbIX obnacten — CTpyKTypa, andpakuma, uanyeckoe matepuanosegeHue

1901

1914

1915

1917

1920

1924

1927

- 1929
1936

1937

1946

1954

1962

1964

B. Pentren
M. Jlay>
Y.I'. bparr, Y.JIL. bparr
Y. bapkina

IH. TunsoMm

M. 3urban
A. KoMrnitoH
JI. ne-bpoitns

I1. Jebait

K. O3succon, J1. TomcoH

I1. bpumkMmen

JI. TTonuur

k. Kenapsio, M. IlepyTit

. Kpoydyr-Xomxkus

3a OTKpbITHE Jy4yed, Ha3BaHHBIX €ro HMEHEM
(peHTreHOBCKHUX yyeit).

3a oTkpeiTHe AM(PAKLUU PEHTIEHOBCKUX Jyde
Ha KpHCTajllax.

3a BaKHBIH BKJIaJ B M3Yy4E€HUE CTPYKTYPbI KpHC-
TaJIJIOB C MOMOILBIO PEHTTEHOBCKHX JTY4eH.

3a uccrenoBaHUs PEHTIEHOBCKUX JiyyeH (OTKpBI-
THE XapaKTepUCTHUYECKUX JIyyel).

3a noctmxeHus B 06J1aCTH NPEUM3HOHHOR PH3uKu B
pe3ybTaTe H3yYeHUs] aHOMAJTHI CIUTABOB CTAJIb—HH-
KeJib (OTKPBITHE CIUTABOB UHBAPA U 3JIMHBApA).

3a yiccrieloBaHUs U OTKPBITHS B OOJIACTH peHTre-
HOBCKOH CMEKTPOCKOITUH.

3a OTKpbITHE SIBICHHS, HA3BAHHOIO €ro UMEHeM
(>dpdext Komnrona).

3a OTKPBITHE BOJIHOBOW NpUpoabl JJICKTPOHA.

(mo xumMuM) 3a BKJIAA B HAayKy O CTPYKTYpe MOJIEeKyJ
Onaroiapsi OTKPBITHIO TUIMOJIBHBIX MOMEHTOB M JIM-
(hpakUMH PEHTTEHOBCKHX JTyyei ¥ 3/IEKTPOHOB B rasax.

3a sKcnepUMeHTalIbHOE OTKPbITHE HHTEPpdEpeHLH-
OHHBIX ABJICHUH B KPHUCTAJIIAX, O0JyyaeMblX JJIeK-
TPOHAMH. '

3a u3o0perenune npubopa A MOMyYEHUsT OYEHbD
BBICOKOIO JABJIEHUS W 32 OTKPBITHS, CleflaHHbIe C
MOMOLIBIO 3TOro MpHbopa B 0b6nacTu PU3UKH BbI-
COKHX JaBJIEHUH. ‘

(mo xumuu) 3a Uccaea0BaHUE TIPUPOIBI XMMHYEC-
KOW CBSI3U U ee MpPUMEHEHHe A8 OomnpeAefeHus
CTPYKTYPBI CIOXHBIX COeIUHEHHH.

(mo xumuu) 3a uccrnegoBanus B o0jgacTu rnody-
JISpHbIX OEIKOB.

(mo xumuHu) 3a PEHTrEeHOCTPYKTYPHOE Ompeaesie-
HHE BUTaMuHa B, ¥ Apyrux BaxxHbIX 6HOXHMHYE-

CKHX OOBEKTOB.
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1985

1987

1994

1996

1611 —

1669 -

1669 —

1749 -

1772 -

1784 -

1830 -

1835 -
1849 —

1867 —

1891 -

1891 -

1894 —

I'. Xaynrman, Jx. Kapne (no xumuu) 3a BbIAAOLLIMECS TOCTHKEHHS B Pa3BH-
THH NIPAMBIX METOAOB OMpee/eHUs KpHCTAJUTHYE-
CKUX CTPYKTYP.

Jx. beanopu, K. Mrosep 3a uX BaXKHbIH MPOPHIB B OTKPBITHH CBEPXITPOBO-
JUMOCTH B KEpPAMHUYECKHX MaTepuasax.

b. Bpokxay3, K. Llemn 3a nuoHepCKUi BKJIaA B PA3BUTHE TEXHUKH pacce-
AHUSA HEUTPOHOB MPU U3yUYEHUH KOHACHCHPOBAH-
HBIX Cpel, B OCOOEHHOCTH 3a pa3BUTHUE HEUTPOH-
HOM CMEKTPOCKONMUHM U JUPPAKLIMOHHON TEXHUKH.

P. Kapa, . Kporo, P. Cmanu (no xumuu) 3a OTKpBITUE PYIIIEPEHOB.

2. HekoTopsie BaxHble 0aTbl Pa3BUTUA OCHOB KpucTannorpacgun
M CTPYKTYPHOro aHanusa

U. Kennep. Hosoroauuii Tpaktar «De niue sexangula, O 1IeCTHYrONIbHBIX CHEXHH-
Kax», THUIIOTe3a CTPYKTYPbI, KaK IUIOTHEHIIEH YIaKOBKH LIAPOB.

H. Crenon. Tpaktat «O TBepAOM, €CTECTBEHHO COIEpXalIeMcs B TBEPAOMN?,
3aKOH MOCTOAHCTBA YIJIOB I KPUCTA/UIOB ONpPENEJEHHOTO BEIIECTBA

D. bapronun. Tpakrat «OmnbIThl C ABYNPEIOMISIOUMM UCITANACKIM KPUCTAJIIOM, KO-
TOpPbIE MPUBEIN K OTKPBITHIO UyJECHOI0 U HEOOBIYHOTO MPETOMIIEHU .

M. Jlomounocos. [ucceprauus «O pOXICHHU W NPUPOJE CENUTPbI». PassuTue UaeH o
rUIoTHeHLIEH YKTaaKe [LapooOpasHbIX YaCcTHLl B KpUCTAILIE.

. Poms-Iennib. Kuura « Kpucramiorpadus i OHMCaHHE T€OMETPUYECKHX DUTYD,
[IPUCYLIMX PA3IUYHBIM TeaM LAPCTBA MUHEPAJIOB, H3BECTHBIM B OOIISKUTHH MO HMe-
HeM KpHucTauioBy. Oricanne BHEIHUX GOPM KPUCTAIUIOB M AEMOHCTpalus NOCTOAH-
CTBA B3aUMHBbIX YTJIOB MEX/1Y TPaHAMH.

P.-)K. aron. Kuura «OnbIT TEOPHH CTPYKTYPBl KPUCTAIIOB». 3aKOH PAlIMOHAIBHBIX
HUHIEKCOB, MOJENb MTOIUIIPUUECKHX 3IEMEHTOB CTPYKTYPBI.

U. Ceccens. Teopus cuMMeTpHu KoHeuHbiX ¢uryp. 32 Buaa CUMMETPHH AT KPHC-
TasaoB.

M. ®paukenreiim. MiccnenoBanue BO3MOXHbBIX TUIIOB POCTPAHCTBEHHBIX PELIETOK.
O. Bpase. «Memyap 0 cUCTEMax TOYEK, MPABUIILHO pacipe/ieSIeHHbIX Ha IIJIOCKOCTH U
B [IPOCTpaHCTBe». 14 TPAaHCIHAUMOHHBIX PEILICTOK.

A. Tagomun. CtaTes «BeiBojl BceX KpUCTa/UIorpadHyeckux noapasaeneHni U3 OQHOTo
o6utero Havana». MHBepcHOHHbBIE OCH, 32 KiTacca CHMMETPHUHM, 7 CHHTOHHI.

E.C. ®enopos. Monorpaduueckas cratbst «CUMMETpHS NPABUIBHBIX CUCTEM GUEYD».
230 npocTpaHCTBEHHBIX IPYIIIL.

A. llendnuc. Mouorpadus «Kpucramimyeckue CHCTEMbI U KPUCTAIUTHUYECKHUE CTPYK-
Typb». 230 MpocTpaHCTBEHHBIX IPYIIIL.

I1. Kiopu. Ctathst «O cMMMETPHUU B GU3NYECKHUX ABJICHUAX: CHMMETPHS 3JIEKTPHUECKO-
ro ¥l MarHuTHoro nosnei». [NpeaensHbIE IPYITBI CUMMETPHH.

1895-1896 — DkcnepumenTsl B. Peutrena. Cepus crateit «O HOBOM pojie ydein».

1897 —

1912 -

1913 -

1913 -
1914 -

B. Bapsioy. Cratsa B Proceedings of the Royal Dublin Society «A mechanical cause of
homogenity of structure and symmetry».

Dxcnepumentsl M. Jlays, B. ®puapuxa, [1. Kuunmunra.

Jlubpakums Ha KpUCTALTHYecKoi peleTke. Pentrenorpamma kpucramia CuSO,. Cuc

TeMa ypaBHeHuit Jlays.

DkcnepuMents! B.I. u B.JI. Bparros, HOHH3aUMOHHBIH CIEKTPOMETD, YPABHEHHE [IH-
dbpakumy.

I".B. Bynsd. YpasHenue audpakuui.

[1. Jde6ait. Cratha «Interferenz von Roentgenstrahlen und Waermebewegungy,
Ann. d. Physik. TemnoBo# ¢akTop paccesiHus.
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1915 — K. Hapsun. Crates «Theory of X-ray-Reflection», Phil. Mag.
INepBuuHas ¥ BTopruHast IKCTUHKIMS.

1916 — Pentrenorpamma Jlebas — Llepepa.

1919-1922 — Peutrenorpamma patuenus Llludonsaa — [Monanm.

1923 — I1. OBanba. Monorpadus «Kristalle und Roentgenstrahlen». BektopHas ¢popma ypas-
HeHUs TudpaKUMHK H NOCTpOeHHE B 0OpaTHOM NMPOCTPAHCTBE.

1912-1922 — Onpenenenbl CTpyKTYpbI YUCTHIX iemenToB: Li, Na, K, Cu, Ag, Au, Be, Mg, Ca,
Zn, Cd, Hg, Al, In, C, Si, Ti, Zr, Ce, Th, Ge, Sn, Pb, V, Ta, Sb, Bi, S, Cr, Mo, W, Fe,
Co, Ni, Ru, Rh, Pd, Os, Ir, Pt u nonyueHsl cTpykTypHble AaHHble 11s 140 HeopraHuye-
CKHX U OPraHMYECKUX COeIMHEHHH.

1913 -
1914 -

lpumepbi nepabix CMpPyKMypPHbIX pactuugposoK

C - anma3, NaCl, KCl - BJI. u B.I'. bparry;
Cu, CaF,, CaCO, - B.JI. bporr;

ZnS, FeS, - I[1.9sanbx;

1916 -

C, Si, LiF - I1. He6at, I1. lUepep;

Ag, TiO, - J1. Berapa ;

1917 -

Li, Na, Al, Mg - A. Xon;

W - BJI. Bparr;

3. KpynHenwmne MMpoBbIe LEHTPb! UICTOYHUKOB U3MNYy4YeHUH BbICOKOW MOLWHOCTHU

Hanus
Dpanuus
['epmanus

AHraus
HUranus
Poccus
Ulseums
[Lisefiiapus
Kurai
Nunus
Anonuns
FO. Kopes
TariBaHb
CLUA

bpasuins

Kanana

ABCTpaus
HO. Kopes
Anonus

Benrpus

A. CUHXpOMPOHHOE U3nydeHue
ASTRID, Aarhus
LURE, Orsay; ESRF, Grenoble

ANKA, Karlsruhe; BESSY, Berlin; DELTA, Dortmund; ELSA, Bonn;
HASYLAB, Hamburg

SRS, Daresbury

Elettra, Trieste

UAD, Hosocubupck; KMAD, Mocksa

MAX, Lund

SLS, Villigen

BSRF, Beijing

INDUS, Jaipur

Nano-Hana, Ichihara; Photon Factory, Tsukuba; Spring-8, Harima

PAL, Pohang

SRRC, Hsinchu ‘

ALS, Berkeley, CA; APS, Argonne, IL; CAMD, Baton Rouge, LA; DFELL,
Durham, NC; CHESS, Ithaca, NY; NSLS, Upton, NY; SRC, Madison, WI;
SSRL, Stanford, CA; SURF II, Gaithersburg, MD

LNLS, Campinas

CLS, Saskatoon.

bE. Tennogsie HelmpoHbI
ANSTO Research Reactor, Lucas Heights
HANARO
JAERI, Tokai; KENS, Tsukuba; KURRI, Kyoto
AEKI, Budapest
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epmanus BNSC, Berlin; Forschungzentrum, Julich; GKSS, Hamburg
Yexus CFANR, Prague

Poccus HUBP-2, Iyoua; [TUK, Maruyuna

dpaHums ILL, Grenoble; Lab. Leon Brillouin, Saclay

Hupepnanasr  [RI, Delft

AHravs ISIS, Oxfordshire

Hopserus JEEP-II, Kjeller

Cnosenus TRIGA MARK II, Ljubljana

Hanus Riso National Laboratory

[ senus NFL, Studsvik

Iseitiuapus  SINQ, Villigen

Apreutuna  Centro Atomico Bariloche, Rio Negro

Kanana CRNP, Chalk River; McMaster Nuclear Reactor, Hamilton
CUIA HFBR, Brookhaven, NY; HFIR, Oak Ridge, TN; IPNS, Argonne, IL;

LANSCE., Los Alamos, NM; MIT Nuclear Reactor, MA; NIST Center for
Nuclear Research, Gaithersburg, MD; UMRR, Columbia, MS; UITR, Urbana-
Champaign, IL
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