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9. dusnueckme CBOMCTBA KPUCTaNNOB.

LUHpOL'IaFILUEE npuMmeHeHWMe KpWUCTannoe B COBPEMEHHOFI TEXHUKE 06\/CFIOBJ1€'HO HMX YHWKanbHbIMHA
du13nYeckumn ceoiicTteamu. B cBoko ouepeab, 3TU cBOMCTBa B HONbLIOK CTENeHU ONpeaenarTCcA CTPYKTYPOil
KPWUCTANNoB, WX TPEXMEPHO-NEPUOANYECKMM CTpoeHuem. MHOorme M3 3TUX CBOWCTB HEBO3MOMHbLI B
HEKPUCTaNIHMYECKMX TENax. dursnyeckme cBomcTBa KPWUCTannoe aHHU30TPOMNMHBI K NOOYHUHAKTCA UX CUMMETPKUK
(cm. paspensr 1, 2.7). 3aHuMmaerca 3TMMKM  Borpocamu ocobblt  pasgen Kpuctaanorpapuu -
Kpucmannmﬁuauxa. Mbil pacCMmoTpum 340ecCb JIMWb HEKOTOPbLIE M3 Hanbonee BaXKHbIX dJHBHHECKMJ( CBOMWCTB

KPWUCTanNnnos.
9.1. OnTHMYecKue CBOIMCTBA.
9.1.1. NMpoxoxaeHUe CBETa YEPE3 KPUCTANNDI.

HaI'IOMHHM, YTO CBET — 3TO NIEKTPOMArHMTHbBIE BOJIHbl, CKOPOCTb PacnpocTpaHeEHWA KOTOPbLIX B BaKyyme

¢ = 3-10%w/c. AnanasoH AauMH BoAH BuaMMoro cseta 380 — 760 HM. DNeKTPOMarHWTHblE BOHbI —
nonepe4Hblie, T.e. KOHEGEHMH BEKTOPOB HaNpAXMEeHHOCTWM 3NEKTPUYECKOTO E M marHmTHoro H I'IO}IEFI
nepneHaMKyIapHbI HanpasAeHMIo pacnpocTpaHeHus BosiHbl N(K nepneHamkynapHbl apyr apyry) — puc.9.1a.
[na uene KPUCTaNN00NTUKM AOCTAaTOYHO PacCMaTpMBaTb NOBEAEHME TONBKO 3N1eKTpuyeckoro Bektopa E. B
ecmecmeeHHoM cBeTe KonebaHua sekTopa EnpoucxoasaT Bo BCeEX MNOCKOCTAX, MNPOXOAALWMX Yepes
HanpasneHue N (puc.9.16). C nomolLbio cneumanbHblX yCcTponcTe (nosaapuszamopoe) KonebaHna MOMKHO
CBECTU B OfHY NJIOCKOCTb (puc.9.18) — TaKoW CBET Ha3bIBAETCA AUHEUHO M0AAPU308AHHbLIM.

Mpoxoas 4epes BeLLECTBO, CBETOBaA BOJIHA BbI3blBAaeT CMELLEHUE 3NEeKTPOHHbIXx obonoyek aTtomos
(nonapuszayuro P). HanpaxeHHocTb nona B BeuwectBe E yMeHbLUIEGETCA MO CPaBHEHUIO C HaNpPAMKEeHHOCTbIO
nons 8 Bakyyme Eo, E = Eo - 4TtP= Eo/X, rae X — Quasnekmpuyeckasa NpoHUYaeMocms BELWECTBa. ITO NPMBOAUT
K YMEHBLWEHWH CKOPOCTK CBETA V B BELWWECTBE NO CPpaBHEHWKO CO CKOPOCTbBHD B BaKyyme C. Mepa 3ameaneHunA
CBETOBOM BO/IHbI C,"U' = \/X = n> 1 Ha3biBaeTcA nokasamesnem rnpeanomsieHuUAa Bellecrea.

B uzompornHeix cpepax (ras, »KMAKOCTb, CTEKNO) CKOPOCTb pacnpocTpaHeHWAa CBeTa M roKasaTesb
npenomneHmMAa He 3aBUCAT OT HanNpaBneHWA. CseT OT TOYEeYHOoro MCTOYHKMKa, NOMELWLEHHOIO B Takyw cpeay,
NPOXOAWT 332 OAHO M TO }KE BPEMSA BO BCEX HANPaBNEHWAX OAMHAKOBbIW NyTb. COeaMHMB KOHLbI 3TUX NyTeN,
nonyynm chepuyeckyro NoBEPXHOCTb, KOTOPas Ha3blBAaeTCA 1108epPXHOCMb 80s1Hb! (pnc.9.2).

B kpuctannax Kybudeckoli cuH2OHUU MOBEPXHOCTb BO/HbI TaKe asnsetca chepoi. Takum obpasom, B
OTHOLUEHUU pacnpocTpaHeHMA ceeTa Kybuyeckme KpUcTanabl U30TPOMHbI.

Kpuctannbl cpedreli u Huswell kamezopull ONTUYECKM aAHU3OTPOMHbLI BCNEACTBME aAHU3OTPONWUK
,[],MB)"IEHTPHHECKOﬁ NPOHWU3aEMOCTH. 3K KpWUCTannbl Oﬁﬂa,ﬂ,aIOT ocobbiMm OMNTWUYECKMM CBOMCTBOM —
deynpenomaeHuem. CBeToBas BOMHA pa3fenaeTca B KPUCTaANe Ha ABE BOJHbI C PAa3sHbIMU CKOPOCTAMM Vi U
V2 W B3aUMHO MEprneHauKyNapHbBIMU HanpasBAeHUAMM nonaapusaummn (HanpasneHuaMM KonebaHuid
anekTpuyeckoro sektopa) EiLE; (puc.9.3). CooTBeTCTBEHHO, M NOBEPXHOCTU BOJIHBI B TaKUX KpucTaniax
OBOWHbIE.

B kpuctannax cpedHell kamezopuu ogHa U3 ABYX BONH 0ObIKHOBEHHAA, T.€. TaKan e, Kak U B N30TPOMHOM
cpege. MNosepxHocTb BoAHLI — cdepa, cKopocTb obosHauyaeTcA V,. Bropaa BonHa — HeobelikHoeeHHaASA,
CKOPOCTb ee V. B PasHbIX HanpaBAeHUAX pasinyHa, NOBepPXHOCTb BONHbI — 3AAUMNCOUA BpalleHuA. [pu aTom
BO3MOMHbl ABa BapuaHTa: 1 — anauncoua BbITAHYTbIA U BNUCaH B cdepy, T.e. Vo>V, 3TO onmu4yecku
nonoxumernsHsle Kpuctannbl (puc.9.4.a); 2 — annuncous, CNAKCHYTLIM U ONMUCaH BOKPYT chepbl, T.e. Vo<Ve ,
3TO onmuyYecku ompuyamessHoie Kpuctannbl (puc.9.46). B aByx NpoOTUBOMNOMOMNKHbLIX TOUKAX 3/41MNCOUA, U
chepa KacatoTca Apyr Apyra. Yepes aTv TOUYKM NPOXoAuT HarnpaBieHWe, B KOTOPOM Vo= Ve , ABYNPENOMAEHUE

OTCYTCTBYET. 310 HanpaeneHne MMeHYEeTCA onmu4YecKaa oCcb, OHO ABNAETCA OCbO CMMMETPUK Lm BO/THOBOIA
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NOBEPXHOCTU W COBMaAA3ET C [M1aBHOW OCbK CUMMETPUU KpucTanna. [MoCKoNbKY B KpUcCTannax cpegHen
KaTeropuu Takoe HanpasAeHWe OAHO, 3TM KPUCTanAbl ABAAKOTCA onmuyecku OOHOOCHbIMU. B nrobom
Hanpas/IeHNMW, KPOME ONTUYECKOWN OCU, VoFVe , U COOTBETCTBEHHO, No#N.. Pa3HocTb nokasarenen |n, - ne|
HasblBaeTcA cuaoll dsynpenomsaeHus 8 p[AHHOM HanpasneHun. OHa MaKcMmanbHa B HanpasieHWUM,
nepneHANKYNAPHOM ONTUYECKOM OCU — 3TO 2/1a8HAA CuAd 08YNpenomMaeHus.

B Kpuctannax Huzwell kamezaopuu obe BoNHbI — HEODbIKHOBEHHbIE. [TOBEPXHOCTb BO/IHBI TaK)Ke ABOMHas, HO
6onee cnoXHOW GopMbl, CUMMETPUA ee mmm. 3Ta NOBEPXHOCTb U TPU €€ CEYEHUA NNOCKOCTAMU CUMMETPUM
nokasaHbl Ha puc.9.5. BHelWHAA NOBEPXHOCTb UMEET YeTbipe NONapHO NPOTUBOMONONKHbLIX YraybneHus, B
KOTOPbIX OHa KacaeTcA BHyTpeHHei nosepxHocTu (puc.9.5a,6). B AByx HanpasneHWAX, NPOXogalmX Yepes
TOYKM KacaHWA, CKOPOCTU BOH PaBHbI, Vi = V2 , U ABYNPENOMAEHMA HET, T.€. 3TO ONTUYECKME OCKU. Takum
obpasom, KpUCTannbl HU3LWEN KaTeropuu ABAAIOTCA ONmMuYyecku O8YOCHbIMU. YTON MEXAY ONTUYECKMMM
ocAMU 2VABNAETCA BaXKHOM XapaKTEPUCTUKONM ABYOCHbIX KPUCTANNOB.

Kaxkgoi ocu cMmMMeTpUM BOHOBOM NOBEPXHOCTU COOTBETCTBYIOT ABE M3 TPEX NaBHbIX CKOPOCTEM BOAH
Vg>Vm>V, (bpaHuy. grand, moyen, petit— 6onbluoit, cpeaHuit, manbiit) — cm. puc.9.5.6. O6paTHble 3HaueHus
3TUX CKOPOCTEW AT TPU IMaBHbIX MOKa3aTena NpefioMNeHNA Np<Nm<Ng . PA3HOCTb Ng— Np ABNAETCA 2/106HOU
cunoll OdeynpenomneHua. Kak M O[HOOCHbIE, ABYOCHble KPUCTannbl ObIBAOT MONOKWUTENBHBIMKU M
OTPULATENbHBIMU. Y MONOMKUTENbHbLIX KPUCTANNOoB (Vg — Vm)< (Vm — Vp), Y OTPMLATENbHbIX KPWUCTannoe
COOTHOLLEHWE 3TUX pa3HOCTeN obpaTHoe.

BonHoBas NoBepxHOCTb NO-Pa3HOMY OPUEHTUPOBaHa B KPUCTaNNax pasHblX CUHIOHWIA HU3LWe KaTeropun. B
pombuyeckoll cuHzoHUU TPU OCKU CUMMETPUM BOSTHOBOM NOBEPXHOCTM COBNaAAlOT C TPEMA €ANHUYHBIMMK
HanpasneHusammn Kpuctanna - Lonnu Ljs . B MoHOKAuHHOU cuHzoHUU oAHa U3 OCell CUMMETPUM BOTHOBOM
NOBEPXHOCTM COBNAaJAaeT C eMHCTBEHHOW OCblD CMMMeTpuU Kpuctanna L,unu L;,, noBe apyrve ocu He
COBMNafaloT € Kakumu-nubo onpeaeneHHbIMU Kpuctannorpapuyeckumu HanpasneHuamu. B mpuknuHHol

CUH20HUU NONOMXEHWE BOJIHOBOW NoBepPXHOCTHU HUKaKMMHKH YCNOBUMAMMW HE OTrpaHHUYEHOD.

9.1.2. NMonApU3aLMOHHO-ONTUYECKMIA METOA, UCCeA0BaHMA KPUCTAaNNOB.

[AnAa U3y4yeHua onTUYECKUX CBOMCTB KPUCTANNO0B M ONTUYECKOW AMArHOCTUKKU FOPHbIX MOPoOA U MUHEPaNoB
NPUMEHAIOT cneumanbHble NPUBOpPbl — NOAAPUCKONbI ANA KPYMHbIX KPUCTANA0B WM NOASPU3ALMUOHHbIE
MWKPOCKONbI ANA MEIKUX KPUCTaNNoB U netporpapuueckux wiiugoe (TOHKMX CPe30B FOPHbIX nopoa).
PyTUHHbIE UCCnenoBaHUA BeayT B napasnesnsHoM NonspusosaHHoOM ceeTe. [onapusaumoHHasa cuctema
npubopos BKAOYaeT gBa nonspusatopa Pin P, (puc.6). Hanpasnenus konebaHuit csera, nponyckaemoro
3TUMM NONAPU3ATOPaMM, B3aUMHO NepreHAUKYNApHbl (nonspusatopbl «ckpeuwjeHsl»). oatomy ceerT,
BbIXOAALMWA M3 NEepBOro nofspusatopa, racUTca BTOPbIM NoAspM3aTopom (ero HasbiBaloT aHaau3amop).
Ecnv mexay nonapusatopamu Haxo4uTCA ONTUYECKM M30TPOMHOE BeLecTBO (B TOM YMCNEe KpucTann
Kybuyeckon CMHroOHMM), TO none 3peHua ByaeT TemHbIM. Ecam 3Ke B NONAPU3ALMOHHYIO CUCTEMY MOMECTUTD
OBYNPENOMAAIOLLMIA KPUCTANN, cucTema B 0bLEeM cnyyae NPoNycKaeT CBET, U NoJe 3peHUA NPOCBETAAETCA.
MonapusosaHHaA cBETOBaA BOMHA, NMPOXOAA 4Yepes KPWUCTan/, pacnagaerca Ha ABe BOJIHbl € B3aMMHO
nepneHaMKYIApHbIMM  HanpasneHuamm Konebanuii (puc.9.6). BonHbl kKozepeHmHel (naT.kozepeHmua—
cuenneHune), T.e. MMeIT NOCTOAHHYI0 pasHocTb ¢pa3 & = 2mA/A , rae A — AAMHa BOAHbI cseTa, A -
onTUYecKana pasHocTb xoaa, A = d(n’- n”’), d — TonwmHa Kpuctanna, n’ u n’’ —nokasatenun npenoMmaeHus asyx
BO/H. [lBe KOrepeHTHble BOJIHbI, MMEIOWME Pa3HOCTb X04a, MOTYT MHTepdepuposaTb (YCMAMBaTLCA MM
0cNabnATbCA, B 3aBMCMMOCTM OT COOTHOLWEHUA A 1 A), €CIN Y 3TUX BONH KoebaHWA COBEpPLUAOTCA B O4HOM
NAOCKOCTU. PYHKLMA aHaNM3aTOpPa KaK pas M 3aK/N0YaeTca B CBEAEHUM B O4HY NAOCKOCTb KonebaHui asyx
BO/IH, Mpolweawux 4Yepes Kpuctann. B pesynbtate uHTepdepeHumm 6enoro ceeta (B KoTopom BeayT
HabnlogeHne) Kpuctann npuobpeTtaeT ApKWe uHmMepgepeHYUOHHbIe OKPACKU, NO KOTOPbIM CYAAT O cune
ABYNPENOMNEHUA — OJHOM W3 BaXKHbIX AWMArHOCTUYECKMX NPU3HaAKOB MUHepana. bonee cnoxHasa cxema
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nccnegoBaHUA KPUCTANN0B B CX00AWEMCA NONAPU30BAHHOM CBETe No3BOJIAET onpeaenTb ONTUYECKUA 3HaK
KpUCTanna, ero OCHOCTb, OLLEHUTb BENWYMUHY Yr/1a ONTUYECKMX OCEW U MONYUUTb PAL APYIMX ONTUYECKKUX
XapaKTepuUcTuK, 34ecb He paccmatpuBaembix. NogpobHee meToabl UCCNeLOBaHUA ONTUYECKUX CBOMWCTB

KPWCTanNnoB ONnuUcaHbl B VHESHHHaX no Hpncrannorpadmn U KPUCTaNNo0oONTUKE.

9.1.3. HeKOTOpPbIE ABNEHUA HRIMHEHHOM ONTUKM.

[Jo cux nop Mmbl paccmaTpuBanu ABNEHUA AuHelHolU onmuku, nonaras, 4YT0 AW3NEeKTPUYEecKas
NPOHULLAEMOCTb Cpebl HE 3aBUCUT OT HANPAXKEHHOCTU 3NeKTpUYecKoro nonsA. Ha camom gene npu 6onblumx
HanpAXeHHOCTAX MNOJIA Takas 3aBUMCMMOCTb BO3HMKAET, M TOorga Mbl MMEem Jeno C HeauHeliHoeimu
ONTUYECKUMM ABNEHUAMU. HENMHEMHOCTb MOXKET MOPONKAATBCA KaK BHEWHUM 3SNEKTPUYECKMM Nosem
(cTaTMyeckMm WM paamMoYacTOTHLIM), Tak M nonem camoli ceemogoll 80sHbI BONbLWIOW WMHTEHCUBHOCTH
(nasepHoe u3nyueHue). B nepsom cnyyae MMeeT MecTo asnekmpoonmuyeckull 3¢ghghexkm, BO BTOPOM — LieNbli
PAL, HENUHENHbIX ONTUYECKMX 3GQEKTOB, M3 KOTOpbiX Haubonee Ba)KHbIM NPeACTaBAAETCA 2eHepayus
emopoli zapmoHuku. Cpa3y obpallaem BHUMAHME, YTO 3TU ABJIEHUA XapaKTepPHbl TO/IbKO AR KpucTannos 6es
LeHTPa MHBEPCUM.

Inekmpoonmuyeckull aghhekm.

MpUNoXKEHUE K KPUCTANNY BHELHETO 3/1EKTPUUYECKOTO NONAA MEHAET 3HAaYEHWA NOKa3aTe el NpenoMmIeHua U
BM/, BOTHOBOWM NOBEPXHOCTU. ITU U3MEHEHUA MOXHO ONMCaTb C NOMOLbIO NpuHyuna Kopu. B pasaene 4.8
Mbl chOpMYyNMpPOBaNK 3TOT MPUHLUN MNPUMEHUTENBHO K poCcTy Kpuctannos. [agum 6Gonee obuiyio
bOpMYNMpPOBKY, CNpaBegAUBYID WM ONA [AHHOMO CAyYaa: Kpucmana, Haxodawulica nod eHewHum
so30elicmeuem, COXpaHaem 3snemMeHmbl CUMMempuu, obujue 0014 Kpucmanna 8 omcymcmaeuu so3delicmeus
u 0na eo3delicmeus 8 omcymcmeuu Kpucmannd. PaccmoTpum gna npumepa ONTUYECKU WM3OTPOMHbIA
KyBUYeCKMIt KpUCTann Buaa CUMMeTpumn 43m. IneKTpuyecKkoe none MMeeT CUMMETPUIO KoHyca comm . MNpu
NPUNOXKEHUN NOAA BAONL L3y KPUCTanna UCYE3HYT BCE 3/IEMEHTbI CUMMETPUM, KPOME 3TO OCH (TaK Kak oCb
Le copepuT niobble ocu cummeTpun). Kpuctann ctaHeT TPUroHaNnbHbIM, @ 3HAYWUT, ONTUYECKM OAHOOCHBIM.
Mone, npunoxeHHoe BaoNb Lis, NpespallaeT Kpuctann B pombuyeckuid. None, HanpasneHHoe BAONb N06OM
NAIOCKOCTU CUMMETPUK KpUcTanna, npeobpasyeT ero 8 MOHOK/AUHHbBIK, @ HanpasAeHHoe NPOU3BO/bHO — B
TPUKAUHHBIN. ONTUYECKK BO BCEX 3TUX CAYYaAX KPUCTaNN CTAaHET ABYOCHbIM, Pa3HULLA NULLb B OPUEHTUPOBKE
BosIHOBOM nosepxHocTw. MpuE || Ly ogHa 13 ocelt cummeTpumn BOMHOBOM NosBepxHocTH Byaer coBnagathb ¢
Lukpucranna u ¢ HanpasieHWem Nons, Ase Apyrme oc CUMMMETPUM BONHOBOW MOBEPXHOCTM COBMAAYT C
HOPManAMM K MNAOCKOCTAM cummeTpuu. Npu NpousBosbHOM HanpasneHun E nono)keHue BONHOBOM
NOBEPXHOCTM He CBA3AHO HW C ObIBLUMMM INEMEHTAMM CUMMETPUU KPUCTaNNA, HU C OpUeHTaUMeNn nons.
Kybuueckuit kpuctann cummeTtpum 23 04HOOCHbBIM MOMKET CTaTb TaK¥Ke TONIbKO NPU NPUAOKEHUU NONA BAONb
Ls. Mpu nobbiX ApYrMx HanpasAeHWsAX MOAA OH MpPeBpaTUTCA B ABYOCHbIM (pombuueckuid npuE |IL; u
TPUKAUHHbBIN B NPOU3BOJIBHOM C/lyYae).

B MCXOZIHO O/JHOOCHbIX aLEHTPUUHbIX KpUcTannax (Kpome BUA0B cummeTpun 4 n 42m) none, npunokeHHoe
BAO/Ib FTNaBHOM OCM, OCTaBAAET KPUCTaNA OZHOOCHbIM. [loie NPOM3BONBHOTO HanpasneHua, a ANA BUAOB
cummeTpun 4 n 42m—TaKKe U BAONb [NaBHOM OCK NPEeBPaLLaeT KPUCTANN B ABYOCHbINA.

Yron onTUYecKkux ocel, UHAYUMPOBAHHbLIA NOAEM B MCXOAHO OAHOOCHbLIX KpUCTannax, NponopuMoHaneH
KBaApaTHOMY KOPHIO M3 HanpaxeHHOCTM nonA. OaHako B KyBMUYECKMX KpucTannax ¢ HaseAeHHOM
ABYOCHOCTbIO yron 2V OT HanpAMeHHOCTM MOoAA He 3aBucuT. [BynpenomneHue, BO3HMKalowee 3a cyeT
aneKTpoonTMyeckoro 3sddekTa, NPoONopuUMOHANBHO HANPAMKEHHOCTU NpPUAOXKEHHOro nons. [Mostomy
PacCMOTPEHHbIN 3N1EKTPOONTUYECKMIA 3PdEKT HasbiBaeTcs AuHeliHbIM( 3TO He NPOTUBOPEYUT ero OTHECEHUIO
K AB/MIEHUAM HE/IMHEWHOW ONTUKK). BO3MOMEH TaKKe KeaodpamuyHbill 3N1EKTPOONTUYECKUN 3ddeKT, npu
KOTOPOM WHAYUMPOBAHHOE NONEM ABYNPENOMIEHWE NPONOPLUOHANBHO KBaApaTy HanpaXeHHOCTU NONA.

KBagpaTnyHbiM aneKTpoonTuueckum adpdektom moryT obnagaTte KpucTaanbl Nioboid CUMMETpUKM, B TOM
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yucsne U C UEHTPOM MWHBepcuMu. IToT 3ddeKT, Kak npaBuio, HEBENMK, U NUb B HEKOTOPbIX
CErHETOINEKTPUKAX, MPUYEM B MapasNeKTpuyeckon ¢ase, MoKeT gocTuratb OoONbWKMX 3HAYEHUH —
Hanpumep, B BaTiOs, K(Nb,Ta)Os (o cerHeTtoanekTpukax cm. ganee).

IneKTpoonTMYECKMiA 3ddeKT UCNoNb3yeTca B YCTPOWUCTBAX ANA YNPaBAEHUA MHTEHCUBHOCTBIO Na3epHoro
nsnyyeHuna. Cxema Takoro ycTpoincTea noKasaHa Ha puc. 9.7. Mexay ABYMA CKpeLLeHHbIMKU NOAAPM3aTOpamMm
nomellleHa MNacTUHKa, Bblpe3aHHaa M3 KybWYecKoro Kpuctanna WMAM MO WM30TPOMHOMY CEeYEeHUIo
HeKkybuuyeckoro Kpuctanna. Yepes Takyw cUCTEMY CBET He npoxoauT. [MpUnoseHHoe K NAacTUHKe
3/1EKTPUYECKOE MNONE CO343eT B 3TOM CEYEHWUU ABYNPENOMNEHME, M CUCTEMA NPONycKaeT CBET
MHTEHCMBHOCTb KOTOPOro OMNpeaenAeTcA HanpAMKeHHOCTbio nona. Ecnuv none craTuuyeckoe, noayyaem
ONTUYECKMI 3aTBOP C MrHOBEHHbIM cpabaTtbiBaHmem. Ecnv none nepemeHHoe, TO MHTEHCUMBHOCTL CBETA
MOAYAMPYETCA C COOTBETCTBYIOWEW YacTOTOM. ITO MCNONL3YeTCA, Hanpumep, B ONTUYECKOMW CBA3MW.
OCHOBHblE MaTepuanbl, NPUMEHAEMbIE B 3NEKTPOONTUYECKUX YCTpoUCTBax — aurnapodocdatbl Kanma
KH,PO, (KDP) u ammonuna NH;H,PO, (ADP), Huobat autua LiNbOs;, HMobBaT 6Gapua — HaTpua («BaHaH»)
Ba;NaNbsO1s,teTpabopat nutua LiBsOgu mHorue apyrue.

leHepayua emopol 2apMOHUKU

IT10T 3ddEKT WMPOKO UCNONb3YETCA ANA PACLUMPEHUA AMana3oHa YacToT 1Aa3epPHOro U3NyYeHus, B TOM Yucne
NOBbIWEHUA YacToTbl (Npeobpa3oBaHue UHPPAKPACHOIO U3/IYYEHUA B BUAMMOE) U MNaBHOW NepecTpomnKu
yactoTbl. CyTb ABNEHUA 3aKOYaeTcA B cneayrollem. MNoa aeicTeMem MOLLHOM CBETOBOM BOJIHbI C YacTOTOIM
V B KpucTanne so3byxaaeTca BONHa NoAApuU3auMM ¢ yABOEHHOW 4yacTtoTol 2v. OHa, B CBOW ouyepenpb,
BO3OY)KAaeT 3NEKTPOMArHUTHYIO BOIHY C YacTOTOW 2V — 8MOpPYIo 2apMOHUKY, KOTOpPasa NoayYaeT 3HEPrMio OT
OCHOBHOI BO/IHbI Yepes BOAHY noaapusaumm. OgHako pgna Toro, ytobbl aTa nepegada aHeprum bbina
adpdeKkTMBHON, HEobXoaAMMO, YTobbI coBnaaanu ¢pasbl BOMH C YacToTam v U 2V, a 3Ha4YUT —4Tob bl 6b1nKM paBHbI
Ux nokasatenu npenomnenuna n” = n. 310 HasbiBaeTca ycnosuem 801HOB020 cuHXpoHU3MA. OBbIYHO 3TO
YCNIOBME BbINONHEHO ObITb HE MOMET M3-3a TOro, YTO MNOKasaTeNb NPEeNOMAEHWA CBETa BO3pacTaeT C
yBe/IMYeHUEM ero 4YactoTbl (Qucnepcus cseTta). OgHaKo B ABYNPENOMAAIOWMX KPUCTannax CUHXpOHU3auma
BO3MOMHA, TaK KaK B HUX PacnpoCTPaHAIOTCA ABE BOJIHbI, MOKA3aTeNN NPENOMAEHUA KOTOPbIX Pas3/iIMYHbI.
PaccmoTpum, Kak OcCyLLecTBAAETCA BONHOBOW CUMHXPOHM3M B KpucTanne aurngpodocdarta kanma KH,PO,
(KDP) —oaHOM M3 Ny4LLMX HENMHENHO-ONTUYECKUX MaTepPUanoB. ITOT KPUCTaNN OAHOOCHbIA OTPULATENbHbIN,
BO/IHOBAA MOBEPXHOCTb TaKMX KPWUCTanNoB noKasaHa Ha puc.9.4.6. [losepxHocme nokazamenell
npesnomaeHus obpaTHa BONIHOBOM noBepxHocTU. OHa u3obparkeHa Ha puc.9.8 anAa ceeTa ABYX YacTOT —V U
2v. BugHo, 4To NoBEPXHOCTM 0OBIKHOBEHHOM BO/IHbI C YaCTOTOW V U HEOOLIKHOBEHHOW BOJIHbI C YacTOTOM 2V
nepecekaoTcA — ToYkM N1 1M N2 Ha pUCYHKe; B 0bbeme 3TWU NOBEPXHOCTU MEPECEKAKOTCA MO OKPYHKHOCTH.
HanpasneHus, coeguHalLME LEHTP nosepxHocTen O ¢ Toukamu 31ol okpyKHoctu (ON;, ON; Ha pucyHke),
ABNAOTCA HANPABAEHUAMU 80/1HO8020 CUHXPOHU3MA. OHM 06Ppa3yIOT KOHYC, OCb KOTOPOTO — ONTUYECKan 0Cb
Kpuctanna. MNagarowan B TAaKOM Hanpas/ieHUM Ha KPUCTa BOIHA C YaCTOTOW V U NOCKOCTbIO NOAAPU3ALUH,
COOTBETCTBYIOWEN OObLIKHOBEHHOW BOAHe, BygeT nNopo)aaTb BOAHY BTOPOM FAapMOHUKW C YABOEHHOIA
yactoTol. [NOCKOCTb NOAAPU3ALMM BTOPOM TAPMOHMKM NEPNEeHAMKYNAPHA NAOCKOCTM NOAApU3aLUM
MCXOAHOM BOAHbLI, YTO [aeT BO3MOMHOCTb pa3genuTb 3TU BOAHbl. Bo BTOpPYH TapMOHUKY MOMKET
nepekauymeatbca Ao 20% sHepruu nagawolLei BosiHbl. MMeroTcs TakKe BO3MOXHOCTU reHepaumn TpeTbeil U

YEeTBEPTOU rapMOHMUK.
9.2. dneKTpHUYECKUe CBOMCTBA KPUCTANNOB.

M3 Bcex PpU3MYECKMX CBOMCTB KPUCTANNOB MMEHHO 3/NEKTPUYECKUE CBOMCTBA MCMONb3yloTcA Haubonee
wupokKo. Mpesae Bcero, 3To KPUCTaNNbI C PasHbIM TUNOM NPOBOAMMOCTU — NONYNpoBoAHUKK (Si, Ge, GaAs,
InSb 1 ap.), MoHHble NnposoaHUKK (Ag:S, Lil), doTonposogHukK (CdS, ZnO, PbTe), BbicokoTemnepaTypHbie

ceepxnposogHuMkn (YBa;Cuz07, BiSr,Cu;07). Mbl He Byaem OCTaHaBAMBAaTbCA Ha 3TUX CBOWMCTBAX, OHM
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[OCTaTOYHO XOpPOWO M3BECTHbl. PaccMoTpuMm  34ecb  3NEKTPUYECKME CBOWMCTBA HENPOBOAALLMX
KpucTtannos(duasnekmpuxos). 3TW CBOMCTBA CBA3aHbl C 3s1ekmpuveckoll noaapusayueli Kpuctannos — Anbo
06YyCNOBNEHHOW BHELWHUM Bo3delcTeuem, AMbBO camonpousBoNbHOW (cmoHmaHHoU). DnexkTpuueckas

nonspusaumna P — 3To cpeaHWii AMNONbHbIA MOMEHT eQuHULLI 06bema BellecTBa, KOTOPbIA CKNaablsaeTca

. 1 i
N3 MOMEHTOB 3/IEMEHTapPHbIX gunonei, P = ;Ep, Ka-mM?, roe p = ql, g- 3apaa, | — AAvHa aunona.

9.2.1. NMupoanekTpuyectBo. CerHeToaNeKTpMUYecTBo.

Mupoanekmpuyveckull a¢hcpekm (rpeyd. nup — OroHb) - 3TO U3MEHEHWE CNOHTaAHHOM NoNApM3aLMK KpucTania
npu UsmeHeHuu ero TemnepaTypbl. CNOHTaHHaA nonapusaumna PscBA3aHa ¢ HANWMYMEM B CTPYKTYpe KpucTanna
O0AMHaKOBO OPUEHTUPOBAHHbIX ANMNObHbIX FPYNM aTOMOB UKW CTPYKTYPHbIX hpparmeHTOB. [OCKONbKY BEKTOP
nonAapusaumm I'IOJ']HprIFI, Cc CMMMETpMeFI meooco, TO CNOHTaHHaA nonApusaumMa BO3MOMHa /UL B
KpMCTannax AecAatTy NoNAPHbIX BUAOB CUMMETPMU — NPUMMUTUBHbIX M NAaHanbHbIX (cM. pasgen 2.6). 1o ectb
npoAasneHwWe npuHUyUna HelimaHa - cummempusn csoﬁcmeaxpucmanﬂa 0oHHA eKMAodYame 8 cebs
cuMmMmempur Kpucmannia.

CnoHTaHHaA nonApM3auMA NPUBOAWUT K NOABAEHMIO M3DOLITOYHbLIX JNEKTPUYECKMX 3apAaoB  Ha
NPOTHUBONONOMHbBIX KOHUaX KpWCTanna. OAHGKD ecnn Kpuctann ANuTenbHOE BPEMA HaxXoOWTCA Npw
NOCTOAHHOM TemnepaType, 3TW 3apAgbl HelTpanusylTca aacopbupylowmmnca U3 BO3Zyxa MOHaMU, M
NonApM3auUmna KpucTanna He npoasnaetca. MsmeHeHue TemnepaTtypbl kpuctanna AT (HesaHO, Harpes UK
OXNaKAeHUEe) MEeHAEeT PpacCTOAHUA Mexay aTtoMamMu W CcMmellaeT 3apagbl  aunosield. BosHukaer
pononHutenoHan nonapmsauma AP, = yAT, rge ¥y — nupoanektpuyeckuii KoahpduumeHT.

Knaccuueckuin npumep NUpoaneKkTpuyeckoro Kpuctanna - typmanud Na(Mg,Fe)sAlg[Sic01s][BO3]s(OH)4 ,Bua,
cummeTpun 3m (puc.9.9). MonspHbiMKM QparmeHTamu CTPYKTYpbl TyYpMasiMHa ABNAIOTCA [BYXITarKHble
aHWOHHbIE TPYNMUPOBKKW, COCTOALIME W3 LWeCTUYNEeHHbIX Koneu, TeTpasapos SiOs, BepliMHbl KOTOPbIX
obpalleHbl B oaHy cTopoHy(puc.9.10a). K aTum BepluMHam NPUMbIKAKOT TPOMKKM OKTasgpos (Mg,Fe)Os,
coeauHeHHble pebpamu ¢ oKTasgpamu AlQs MeXay KOTOPbIMM PacnofioeHbl TpeyronbHUKK BOs;
(pnc.9.106). 3HaueHMe NUMPO3NEKTPUYECKOTO KoaddULMEHTA ANA TYpManuMHa

1.3-10%ka-m2-K?. 310, KaxeTca, HeMHoro. OAHaKo NAacTUHKA TypmanuHa ToAWMHON 1 Mmm, BbipesaHHas
nepneHanKyIAspPHO NUPO3IeKTpudeckon ocu Ls, npu Harpese Ha 10°C npuobpeTaeT pa3HOCTb NOTEHLMAN0B
1.2 KB! Y BUHHOM KMCNOTbI MUPO3NEKTPUYECKMiA KoabduumneHT paseH 7.6:10°, y cynbdata autua y = 30-10°
*ka-m?-K2,

Obpallaem BHUMaHWE, UTO Y 3TUX BELLLECTB HaNpaB/IiEHWE BEKTOPA CNOHTAHHOM NOAAPU3aLMKN ONpeaenseTca
KECTKOM CprHTprﬁ KPUCTanna U HE MOMET 6bITb U3MEHEHO NPUNOMEHHUEM BHELWIHETND 3NEKTPHUYECKOIO
nonAa. anOSﬂEKTpMKM TAaKOro Tuna TaK WM Ha3bIBaOTCA — MEeCmKue. CVLIJ,ECTBVET TaK¥e KNacC MA2KUX
NUPO3NEKTPUKOB, ¥ KOTOPbIX BHEWHWM 3/1EKTPUYECKMM MONEM MOXHO M3MEHUTb HanpasneHue Ps. 3tu
BELLECTBA MMEHYIOTCA Ce2Hemo3asneKmpuKU — Mo HasBaHWIO OAHOTrO W3 NpeacTaBWTesIeid 3TOro Knacca,
cerHeToBom conu. K cerHeToaneKkTpuKkam OTHOCATCA Takne coeanHeHus, Kak BaTiOs, LINbOs, KH,PO,4, PbTa,0s,
PbWQO.u mHorue gpyruve. CnoHTaHHaA NonspusaLmna 3TUX BELWECTB 04eHb CUAbHO 3aBUCUT OT TeMNepaTypbl,
BO3HMKas CKauykom npu memnepamype Kwopu — TemnepaTtype ¢a30BOro nepexoga M3 HernonspHon
napas/fiekTpuyeckon ¢asbl B MNOMAAPHYIO CEerHeToanekTpuyeckyw ¢asy (puc.9.11). B paspene 6 mbl
paccmMaTpuBanM TakoW nepexo — nonvmMopdHoe npespaujeHue cMeuwjeHUA B NMepPOBCKMTOBOM CTPYKType
BaTiO;. CmeweHWe ueHTpanbHoro atoma Ti B KWMCNOPOAHOM OKTasgape B HanpasAeHWMM OAHOro U3
kucnopogos scero Ha 0.006 HM NpeepalLaeT KyBUYEeCKyo CTPYKTYPY B TETPArOHaAbHYIO NOAAPHYIO CTPYKTYPY
(cm. puc. 6.30), c BbLICOKMM MNMPO3NEKTPUYECKUM KoabduumeHtom Yy = 1- 10Pka-m2K?1. Boobuwe
NUPO3/IEKTPUYECKNE KO3DPULMEHTBI CEFTHETO3/IEKTPMKOB Ha [Ba — TPU nopaaKka bosiblie, Yem y KeCTKUX

MMPO3NEKTPUKOB.
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ﬂwpoanempwuecme KPWUCTannbl {B OCHOBHOM CEFHETOBHEKTPHKH) HMCNONb3YHOTCA B Ka4eCTBE NPEeUM3IMOHHbIX
AaTumkos TemnepaTtypbl (TouHocTs go 107°°C), npuemuukos uHdpakpacHoro u CBY-usnyueHusn, u Kak

adpdekTUBHLIE Npeobpa3zoBaTeniv TENNOBOM SHEPIMU B 3/IEKTPUYECKYIO.
9.2.2. Nbe3oaneKTpuyec

Moezoanekmpuyeckull 3chpekm (rped. Mee3o—aasnio) — 3T0 BO3HUKHOBEHUE 3/IEKTPUYECKON NoNApM3aumm
KpucTanna nofa AefCTBUEM MEXaHUYECKUX HanNpaXeHWd unn aedopmaunii. NMocKkoNbKY Takue BO3AENCTBUA
LEHTPOCMMMETPUYHBI, @ PE3YNbTaT (NoNApU3aLMA) aUeHTPUYEH, TO cornacHo NpuHumMny Kiopu nbesoad ek
BO3MOMEH TONILKO B KPUCTaNNax, He UMEIOLMUX LLEHTPa MHBEPCUK, U NPU TOM BAOL NOAAPHbLIX HanpaBneHWM
(B oTIMuMe OT NupoaddekTa — He 06A3aTENBbHO €AUHUYHDIX) — CM. pa3aen 2.6. Takum obpasom, nbesoaddeKT
MOTYT MPOABAATb KPWUCTaA/bl ABaAUATU BUMAOB CMMMETpUMU (ABaauaTb nepebit GecueHTpoBbIN BUA
cummeTpum 432 XoTA M UMeeT nonspHble HanpasneHua [111],nbe3oaddekTom He obnapaer).
MUpPOo3NEKTPUKM U CETHETOINEKTPUKM, ECTECTBEHHO, OAHOBPEMEHHO ABNAKOTCA U NbE303NEKTPUKAMM.

OAMH M3 CambiX U3BECTHbLIX M Haubonee WUPOKO NPUMEHAEMBIX Nbe303/IEKTPUKOB — KBapL, (BMA CMMMETPUM
32). B pasgene 6 Mbl yNOMMUHAaNW, YTO KBApL, UMEET KapKaCHYH CTPYKTYPY, NOCTROEHHYO 13 TeTpasgpos Si0,.
[edbopmauma KpuCTannos NpMBOAWUT K B3aUMHOMY cMelueHuto uoHos Si** u 0% ¢ obpasosaHuem
3NIEKTPUYECKUX AWUNOJIel W  BO3HMKHOBEHMEeM nonspusauumn (puc.9.12). Ha pwuc.9.13 nokasaHo
BO3HWKHOBEHME NOMAPU3ALUM BAOAb OAHOW U3 oceW L,npu AEWCTBUM OAHOOCHOrO PacTATUBAKOLLETO
(nonoXKutenbHoro) HanpsAKeHWa BAONL 3TOWM OCM MAKM CKUMAKLWLErO (OTPULATENBHOrO) HaMpPAXKEHMA
nepneHAUKYNApHO 3Tol ocu. B nepeom cnyyae nbesoaddekT HasbiBaeTca npoaonbHbim (puc.9.136), so
BTOpom — nonepedHbim (pmc.9.138). Monspusaumoo MOXKHO CO34aTb TaKXKe AeNCTBUEM CABMIOBOrO
HanpsaxeHua (puc.9.13r). OgHako HanpaxeHus BAONb ocv L3 nonApusauuu He BbISOBYT, Tak Kak 3To
HanpaB/eHWE B KBapLE He ABNAETCA NONAPHBIM,

MonAapusauusa AMHEMHO 3aBUCUT OT BEAMUMHbI HanpaxeHud, P = do (8 ckanapHoi d¢opme), rae d —
neezosnekmpuyeckull Kosgguyuedm. Ona keapua Bgonb L, oH paseH 2.3:102 ka1, B KpucTannax
CErHEeTO3NEKTPUKOB 3HAYEHUA NbE303INEKTPUYECKUX KOadPMLMEHTOB Ha 2 — 3 NOpALKA Bbile.
BO3HWMKHOBEHUE 3/MEKTPUYECKOM NoAapusauum noa AelcTBUMEM HanpaxeHun uaum gedopmauuin — ato
npamoll neezosgppekm. Ecnu ke K KpPUCTanny nNpUOMKWUTb BHeLWHee 3NeKTpuyeckoe none, oH byaert
pedbopmupoBatbea, U 3To — obpamHelill neezoagpexkm. Jedbopmauma € NPONOPLUOHANbHA HANPAMKEHHOCTH
nonsa, € = dE(B ckanapHoi dopme), C TEM e Nbe303NEKTPUUECKUM KOO PULMEHTOM.

Mbe303NEKTPUKU  ABNAKOTCA  3NEKTPOMEXAaHUYECKMMM  npeobpasosatenamu, T.e. npeobpasyoT
MEXaHUYECKYIO SHEPTUIO B 3/1IEKTPUYECKYIO U HaobopoT. OHU LWMPOKO MUCMOBL3YIOTCA B PAANOTEXHUYECKUX
YCTPOMCTBax Kak cTabunmnsatopbl 4acToTbl, Y3KONOAOCHbIE GUNBLTPbI, B YNbTPaaKyCTUKE Kak NPUEMHUKU U
U3ny4aTenu yaAbTpaseyka (3X0N0Tbl, TMAPO/IOKATOPbI, MOABOLHAA CBA3b), B KAYECTBE AAaTYMKOB HAMPANKEHUN.
B nupoaneKTpuKax aNeKTpPUYECKan MONAPU3ALMUA MOMKET CO34aBaTbCA U MPU BCECTOPOHHEM CHATUWU UAU
PacTAXXeHUM,  NO3TOMY  MX  MPUMEHAKT  ONA  Perncrpaumm  rmapocTaTUYECKUX  AasieHui.
MonynpoBogHUKOBLIE Nbe303AeKTPUKK (ZnS, CdS, InSh, GaAs) MCNoAb3YIOTCA B YCUAUTENAX YAbTPasByKa.
MNbe3oaddeKkT B 3TUX KpUCTannax BO3HUKAET MpU CABUIOBbIX Aedopmauumax BCNeACTBUME CMELLEHWUA

KaTUOHHOW M aHUMOHHOW NOAPELLETOK APYr OTHOCUTENBbHO Apyra.
9.3. MarHuTHble CBOICTBA KPUCTaNNOoB.

ATombl BewecTBa oﬁna.qalm MarHMTHbIMM MOMEHTaMK, CBA3aHHbIMK C 0p6|r1TaJ1beIM ABUHeHnem
I/IEKTPOHOB U UX CNUHaMW. Bo BHelwHemM MarHUTHom none c HanpAXeHHOCTbHO H B BewecTee BO3HMKaeT
pe3yﬂbTHpVK)LLI,MFI MarHUTHbIA MOMEHT M, CKnagblBakOolWwn MCA U3 MOMEHTOB oTAeNbHbIX YaCTWL, — BeELWEeCTBO

HamarHuymsaeTca. MarHuUTHbIA MOMEHT eanHKUbI obbvema J = M/V Ha3biBaeTCA HOMAzHU4YEeHHOCMbHO.
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HamarHuyeHHoOCTb NponopuMoHanbHa HanpaxeHHoctu nona J =Y H, rae Y —mazHUMHas socrnipuum4yusocme
BeLlecTBa.
Mo oTCyTCTBMIO WMAIM HANWUMKD B3aUMOAEWCTBUMA WMHAMBUAYA/IbHBIX MArHUTHbIX MOMEHTOB aTOMOB BCe

BELLecTBa AeNATCA Ha ABE TPYNMbl — HEYNOPAZOUYEHHbIE U YNOpAA0YEHHbIE MarHETUKY COOTBETCTBEHHO.
9.3.1.Heynopaao4yeHHble MarHeTUKK.

310 cnabomarHWTHbIE BelecTBa C MarHUTHOM BOCMPUUMMUYMBOCTBIO Nopsagka 10 — 10°°, He 3asucaweln ot
HanpaAeHHOCTM nonA. Mo 3HaKy MarHWTHOM BOCMPUMMYMBOCTM PasnuyaloT AuvamarHetuku (P < 0) u
napamarHetuku (Y > 0).

JuamazHemuKu - BellecTBa, aTOMbl KOTOpbIX He 0613faloT MarHUTHBIMU MOMEHTamMU. MX 3NeKTpOoHHbIe

060M104YKM 3ano/iHeHbl, opbuTasibHble M CNMHOBbIE MOMEHTbI CKOMMeHcupoBaHbl (puc.9.14a). BHewHee
MarHMTHoe none MHAyUMpyeT B aToOMax MarHMTHbleé MOMEHTbI, HanpasAeHHble NPOTUB NOAA, U None B
BellecTee ocnabnsetca, T.e. P < 0. [lMamarHUTHbIMM ABAAKOTCA OYEHb MHOTME MUHepasbl (KBapLl, Nonesom
LINaT, MYCKOBWT, KanbuuT), a U3 anemeHTtos — Al, Si, Ca, Mg, Na u T.n.

[MapamazHemuKy — Bel,ecTsa, aTOMbl KOTOPbIX MMEKT MOCTOAHHbIE MarHUTHble MOMEHTDBI, NpuUu4yem

HanpasB/ieHUsi 3TUX MOMEHTOB B OTCYTCTBUM BHellHero nons BecnopsagodHsl (puc.9.146). 310 atombl ¢
HEYETHbIM YMC/IOM 3/IEKTPOHOB Ha BHEWHWUX 000/0YKAX, a TaKKe C HEeCcnapeHHbIMU 3NEKTPOHaMW Ha
BHyTpeHHux d- u f-obonoukax (nepexoaHbie meTansnbl, peaxKo3emesibHble 3/1emeHTbl). MpU HanoKeHuu
BHELUHEro NoAA MOMEHTbI aTOMOB YacTUYHO OPUEHTUPYIOTCA, U BO3HUKaeT cnabas HamarHWYEHHOCTb, T.€.
P > 0. NapamarHuTHble MUHepanbl — 6UOTUT, porosas o6MaHKa, 0IMBUH, MMPOKCEHbLI U T.N. Kpome Toro, Bo
MHOIMX MUHEpanax MMETCA NMPUMECHbIE U 3NEKTPOHHO-AbIPOYHbIE MapamazHUMHbeie degekmsi, ANA
U3yYeHUA KOTOPbIX UCNONb3YETCA METOL 3/1eKMPOHHO20 NapamazHUmMHozo pesoHaHca (3M1P). 3ToT meTog
[AeT BaXKHYI0 KPUCTaNNOXMMMUYECKYIO MHbOPMaUMIO O cxemax usomopdusama, pacnpeaeneHmm atomos no

noacucremam [NCT, cTeneHn MOHHOCTU — KOBaNEHTHOCTU CBA3EN.

9.3.2. Ynopapo4yeHHbIe MarHeTUKK.

B aTux BellectBax MHAMBMAya/bHble MarHUTHblE MOMEHTbI aTOMOB YMOPAL4OYEHbl Oaxe B OTCYTCTBMM
BHellHero nons 6aaroaapa ocobomy KBaHTOBO-MeXaHUYECKOMY MexaHu3my obmeHHo20 szaumodelicmeus.
Mo TWNY MarHWTHbIX CTPYKTYP YNopaAoyeHHble MarHeTMKM MnoApasfenaroTca Ha ¢GpeppoOmarHeTuku,
aHTUdeppomarHeTMkn U beppUMarHeTUKu.

B gheppomazHemuKax MarHMTHbIE MOMEHTbI aTOMOB OPUEHTUPOBaHbI NapaanenbHo Apyr apyry (puc.9.14s).

B pesynbrarte 3Tu BelecTBa 061aaaloT cnoHMAaHHOU HamazHuU4eHHocmoto Js . Tennosoe ABuKeHue aToMoB
CTPEMUTCA Pa3spylWUTb YNOPAAOYEHHOCTb, NOSTOMY CNOHTAaHHaA HaMarHWYeHHOCTb B deppomarHeTuKax
BO3HMKaeT Npu Temnepatype  Huxe memnepamypsl Kiopu Te (puc.9.15), nogo6bHo cnoHTaHHOM
INEKTPUYECKOW MNONAPM3aLMM B CETHETOINEKTPUKAX (KOoTopble M3-3a 3Toro noaobua HasblBalOT TaKkKe
geppoanekmpuxkamu). Npu nepexoae U3 NapamarHUTHOM ¢asbl B GeppoMarHUTHYIO KpMcTana pasbusaeTca
Ha domeHbl — 061aCTU CNOHTaHHOW HamMarHMYeHHOCTU, OPUEHTUPOBAHHbIE APYr OTHOCUTENIbHO Apyra Tak,
UTO CYMMapHbI MarHUTHbIIi MOMEHT paBeH Hy/Mo. [lpu  Ha/NoXKEeHWW BHEelWHero nosA AOMeHbI
NepeopueHTUPYIOTCA B OAMHaKOBOM Harpas/iieHWM, M 3Ta OPUEHTaUMsA OCTAeTCA MOC/Ae CHATUA NoNA —
KpUCTann npespawaeTca B MOCMOAHHbIO mazHum. Takum obpasom, MarHUTHaa BOCNPUMMYMBOCTb
$eppomMarHeTMKOB PE3K0 3aBUCUT OT HaNPAXKEHHOCTM BHELUHErO MOJIA M MOMET A0CTUraTb o4eHb Bonblnx
3HaueHuli P > 1.

deppomarHuTHble KpucTanabl obnagaoT MazHuMHoU aHuzomponuell — CNOHTaHHaA HaMarHMYeHHOCTb B HUX
BO3HMKAET BAONb ONpeaeneHHbIX KpucTtannorpabuueckux HanpasneHull nezkoeo HamazHu4YusaHuA. ns
wenesa (OUK-cTpyktypa) a1o [100], ans Hukens (TUK)- [111], ana kob6anbta (FMY) — [0001]. NockonbKy Js—
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NONIAPHbIN BEKTOP, TO YAC/IO HANPAB/IEHUIA JIErKOro HamarHMunBaHuA (COOTBETCTBEHHO, U UMC/I0 OpUEHTaLNIA
MarHWTHbIX 4OMEeHOB) BABOe bonblue YMCNa COOTBETCTBYHOLLMX IKBWMBANEHTHLIX KpUCTannorpapuyueckmx
HanpasneHu. U3 muHepanos deppomarHeTusmom obnagaeT To/IbKO CAMOPOHOE Heses3o.

B avmugeppomazHemuKkax MarHUTHbIE MOMEHTbI COoCeaHWMX aTOMOB pPaBHbl U aHTUNAPanAenbHbl (pHC.9.14F),

T.€. B KPUCTaNNe UMETCA ABE MarHUTHble NnoapeleTkn. HamarHMYEeHHOCTb TaKoM CTPYKTYPbl paBHa HyAlo
(oaHaKo NpW HaNMUMKM 3HAYUTENBHOW KOHLEHTPauMM TOYeuyHblX AedeKTOB B OAHOW M3 MnoapeleTok
CMOHTaHHasA HaMarHWMYeHHOCTb MOMKEeT MMETb MeCTO — KaK, Hanpumep, B nuppotuHe Fei,S).
YNopaaoYeHHOCTb MarHUTHbIX MOMEHTOB BO3HWMKAaeT CKayKOM NpU KpUTUUYecKoi memnepamype Heens.
Bbiwe 3Toi TemnepaTypbl MaTepuan napamarHuTeH. HanpasneHne marHMTHbIX MOMEHTOB Ha3blBAETCA OCbIO
aHmugeppomazHemuzma. K aHTUdEpPpPOMarHUTHEIM MMUHEPANaM OTHOCATCA, HanNnpUMep, remaTtuT, reTuT,
WNbMEHWUT, CUAEPUT, TEHOPUT.

B cbeppumaaHemuxax MarHMTHele MOMEHTEI COCEOQHWMX aTOMOB TaKM¥e aHTUNapannenbHbl, HO C\/MMaprlﬁ

MarHUTHbIMA MOMEHT HE PaBeH HY/I0, U UMEETCA CNOHTaHHAA HaMarHUMYeHHOCTb. 3TO BbI3BaHO NMBO pasHbIMM
MarHMTHbIMM MOMEHTaMM aTOMOB B AByX nogpewetkax (puc.9.14a), nubo pasHbIM KOAMYECTBOM B
nogpelwerkax aToMOB C OAMHAKOBbIMU MArHMTHbIMU MOMEHTamMW. TUNUYHbIMKW NpeacTaBUTENAMM
deppumarHeTkos ABnAlOTCA eppumsl (beppolinuHenn) — coeanmHeHus coctasa M0 - Fe3* 05 ,rae M —
Co, Ni, Mn, Cu, Fe,Mg, 1 B ux uncne — marHetTut Fes;0,4 (TouHee, FeO -Fe,03).K 3TOl e rpynne oTHOCATCA
Xxpomut FeCry04, repumunt FeAl.O4u ynbeownuHens Fe,TiOs, a TakXKe TBepable pacTBOpbI Nepeymc/ieHHbIX
MWHEpPanos, B YaCTHOCTW, TUTAHOMArHeTUT.

B cTpyKType ¢eppuToB KMCA0poa obpasyerT KyOMUECKyH MAOTHENWYI YNakoBKy, B KoTtopow 1/8 yactb
TeTpasgpuyecknux NyCcTOT 3aHATa TpPexBajeHTHbIMM KaTMOHaMW, a MOMIOBMHA OKTa3ApWMYECKUX MNycToT —
NOPOBHY ABYX- M TpeXBaNEeHTHbIMW KaTuoHaMU. B noapelueTKe TeTpasgpruecKkmx y3/108 BCE CNUHbI KATUOHOB
napannenbHsbl. B NnogpelleTke OKTasApUYecKUX Y3108 CMMHbI BCEX KAaTMOHOB NapannenbHbl Apyr Apyry, HO
aHTMNapansenbHbl CMMHAM TeTpasgpUYecKMx KaTMOHOB. Kpome Toro, MarHMTHblE MOMEHTbI ABYXBaJIEHTHbIX
M TPEXBA/NIEHTHbIX KaTUOHOB He paBHbl. TaKMM 0bpasom, CMUHBLI TPEXBANEHTHBIX KATMOHOB KOMMNEHCUPYHOT
APYr Apyra, U CyMMapHbI MarHUTHbIA MOMEHT CTPYKTYpbl ONpeaenfaeTcA TObKO MoHamu M2* (puc.9.16).
MuHepanbl rpynnel peppownuHenen, Hapaay ¢ GeppumarHUTHbIMKM TBEPALIMKW PacTBOPaMU «remaTuT —
WAbMEHWUT® U NUPPOTUHOM, ONpPEaenaloT MarHeTU3M rOpPHbIX NOPOA, NeMallnii B OCHOBE MarHUTOpasseaxu
M NManeomMarHuTHbIX uccneposaHuin. CuHTeTMYeckne deppuThbl, a TakkKe depput-rpaHaTtel MsFesO1 (rae M —
peAKO3EMENbHbIE 3NEMEHTbI) LIMPOKO WMCMOMAL3YIOTCA B MWUKPOBOJIHOBOM W BbIYUC/IUTENBHON TEXHUKE,

paguo3NeKTPOHUKeE.
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MNMoanucK K pucyHKam K pasgeny 9. ®Msnyeckue cBOMCTBA KPUCTA/IOB.

Puc.9.1. a — aneKTpomarHMTHas moge/ib CBeToBOM BoJHbI, E, H — BEKTOpa HanpAMXeHHOCTH 3/1eKTPUYECKOTO
M MarHUTHoro nona; 6 —HanpaeneHua konebaHWi B eCTECTBEHHOM Nyye, B - B NONAPU3OBAHHOM /1y4e, CNesa
— BWMA, NO HanpaBAeHUo Ny4a, cnpasa — sug, cboky.

Puc.9.2. NoBepxHOCTb BOJIHbI B ONTUYECKM M30TPOMHOM BeLLLECTBE.S—TOYEeUYHbIA UCTOYHUK CBETA,r1, M—MNyTy,
npoxogumble cBETOM 3a Bpemsa 1y, ts.

Puc.9.3. Cxema asynpenomneHua npuv HOpPMasibHOM MafleHWUCBETa Ha MOBEPXHOCTb KPUCTa/1a CpeaHen
CUHTOHMU. TOYKM U WITPUXM — HanpasneHua KonebaHuin nepneHAUMKYNAPHO U NapannenbHo NAOCKOCTH
PUCYHKa.

Puc.9.4. MNoepxHOCTb BO/HbI 04HOOCHOTC OTpUUATENbHOTO (a) U nonoxuTenoHoro (6) Kpucranna.

Puc.9.5. MNoBepxHOCTb BONHbI ABYOCHOrO KpPUCTan/na: a — nepcnekTnBHoe usobpaxeHue, 6, B, I — ceyeHun
NNOCKOCTAMMW CUMMETPUMU.

Puc.9.6. Cxema NpoxoXKAeHWA CBETa Yepes KPUCTa//l, NOMELLLEHHbIN B NONAPU3ALMOHHYIO cUCTEMY.

Punc.9.7. MNpuHuunmanbHaa cxema onTtudeckoro 3artsopa: Pi, P> — nonapusatopsl, K — Kpucrann, E —
NPUNOMXKEHWe 3N1eKTpuyecKoro nona, M - UCTOUHUK ceeTa.

Puc.9.8. MosepxHOCTU NoKasaTesiel NpenoMIeHusa 48 BOJH € Yactotamm v u 2v. ON;, ON; — HanpasneHus
BO/IHOBOTO CUHXPOHU3MA.

Punc.9.9. Mopdonorus (a) u ctepeorpamma (6) NMpo3aneKTpUHECKOro KpucTanna TypMmanamHa.

P1c.9.10. NonapHbIiA dparmeHT CTPYKTYPbl KpUCTaANa TYpMaanHa: a — Konbuo Sig0i1s, 6 — coegmHeHne Konbla
c okTasgpamu (Mg, Fe)Os u AlOg 1 ¢ TpeyronbHukamu BOs.

Pnc.9.11. TemnepaTypHas 3aBMCMMOCTb CMOHTaHHOW NOAApuU3aUunM TUTaHaTa bapua: Tc — TemnepaTypa
Kiopu, nepexo/, napasnekTpuueckoii gassl m3m B cerHeToanekTpudeckyto dasy 4mm.

Punc.9.12. ®parmeHT cTpyKTypbl KBapua (a) M cxema cCMeleHuWa 3apAafoB Nog AeWCTBMEM OAHOOCHOrO
Hanpa)keHus pactaxeHus (6) u cxkatus (8) c obpasosaHnem aunons.

Puc.9.13. NbesoaddeKkT 8 KBapue: a - NonapuMsauua BAONb oaHoM w3 ocel L, npu +olll; u-olly;; 6 —
nbe303dPeKT Npoao/ibHbIA, B — NMOMNEPEYHBIN, I - 33 CYET CABUra.

Prc.9.14. Cxema MarHWTHbIX CTPYKTYp AnamarHeTuka (a), napamarHetuka (6), deppomarHeTuKa (),
aHTudeppomarHeTuka (r), peppumarHermka (g).

Pnc.9.15. TemnepaTypHaa 3aBUCMMOCTb CMOHTaHHOM HaMarHuMyeHHocTu Hukena. Js(0) — HamarHMyeHHoCTb
npu abcontoTHOM Hyne.

Puc.9.16. Cxema cnUHOBbLIX MOMeEHTOB B deppute. [AMHa CTPENOK CUMBO/IU3UPYET BENUUYUHY MarHUTHbLIX
MOMEHTOB.
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