Cankr-IleTepOyprckui rocyiapcTBeHHbIN YHUBEPCUTET
Kadeapa kpucraiorpagpuu

PeHTreHOBCKHME METOAbI
N3y4YeHUS T1e(PEKTOB B

KpUCTAJLJ1ax



Tema 2

MeToanl onpeae/IcHUS pacnpeaeeHus
NMPUMECHBIX AaTOMOB U BAKAHCHU
10 KPpUCTAJLIOrPpapMUeCKAM MO3UIIAAM

1. ITo mapaMeTpaM KpHMCTAJIMYECKOH PEIIETKH

2. 110 MesKaTOMHBIM PACCTOSTHHSIM.

3. Ha ocHOBaHHH onpeneJeHusi CMeIIaHHbIX
32CEJICHHOCTEH KPUCTAJIOrPpaUIeCKUX MO3UIUH



ObBEKTbLI PACCMOTPEHUASA

TBEPADBIE PACTBOPDLI C TOYEYHbBIMHU
NTEDOEKTAMU

TN®PAKIIMOHHASI KAPTUHA

TpexmepHasi oOpaTrHasi pelueTrka 1
He3HAYUTeIAbHbIC Y peKkThl TUPPYy3HOTO
paccesiHMsA, CBA3aHHBbIE C IPOSIBJICHUSIMHA

OJIMKHEro mopsijaiKka



OnpeaesjeHue CMEIIAHHOU 3aCEJIEHHOCTH
KpUCTAJLIOrpapMueCKMX MO3UIIUH

* TpeOOBaHUSA K IKCIIEPUMEHTY

* YTOUHEHHE METOAOM HAMNMEHLIIINX
KBAAPaTroB

* Ucmoaab3oBanue Dypbne-MeToaa



TpeOdoBaHuA K IKCIEPUMEHTY
1(h) = kIDF(h)["LPyA(n)(1+a)+P(h)+B, rae
h - BekTOp 00paTHOI pelieTKH

K - MacmITaOHbIii MHOKHTEJID;

LP - dakTopsl JlopeHna (MHTErpajibHOCTH) U
MOJIAPU3AUOHHBIN;

Y - MONPABKAa HA IKCTUHKIHUIO;
D nmonpaBka Ha aHOMAJIbHOE PACCeSHUE;
O.- MONMPAaBKa HA Tem10Boe Tu(py3HOE paccessHHUE;

A() - DyHKIUA NPONYCKAHUS, 3aBUCSIIASI OT
JHHeTHOroKOA(P(PUIIUEHTA MOIJIOICHU A ;

P(h) - BKJ1aJ] MHOTOKPATHOI'0 PACCesTHUS;
B - HHTEHCMBHOCTH paccessHUus (poHA.



HYTI/I HNOBBIINICHHUA TOYHOCTH
IKCIICPUMCHTAJIbHbIX HHTEHCUBHOCTEH

1. TiareabHbIH 0TOOP 00PA31OB.

2. IlIpuganue oopasuaM chepuyecKou
(popmbl (00J1€ryaeT yuyer norjioimeHus
M YMEHbIIAET BJUSHHE HA
MHTEHCHUBHOCTH AHU30TPOIIUH
pacceMBalOIMX CBOUCTB KPUCTAJLIIA).



3.Acnosib30BaHMe YCPeIHEHHBIX HMHTEHCHBHOCTEH
HE3aBUCHMbIX OTpakeHHil (ChbeMKa B 4YacTH
00paTHOro MPOCTPAaHCTBA B JABa WM 0oJjiee pa3
NnpeBbINIAIONIEH HE3ABUCHUMYIO 00J1ACTbD ).

4 IIpoBeaeHue U3MEpPEeHue HHTECHCUBHOCTEH
pediekcoB 10 MAKCHMAJBHO  BO3MOKHOIO
sHaueHus Sin 0/A (S), koTopoe onpenenasiercs Kak
0COOCHHOCTAMM MCCJIEAYEeMOI0 KPUCTAJLJIa, TAK U
MAKCHMMAJIbHO JONMYCTHMbBIM YIJIOM IIOBOPOTAa
AeTeKTOpa. JTO0  MO3BOJSAET  BIOCJIEACTBUH
YTOYHHUTD CTPYKTYPHYIO MO/IeJIb 1o
BbHICOKOYIJIOBBIM OTPAKEHMSAM.



S.AcK/II0YeHHue BJUMSAHUA HA HHTEHCUBHOCTH
MHOIOKPATHOIo paccessHust (CbeMKa KaxKa0oro
OTPa’KEeHHUs He MeHee JIBYX pa3, NP4 BpalleHUuH
KPHCTAJLJIA BOKPYI BEKTOPA PACCesIHUA, YTO He
T0JIKHO BJIMATH HA HHTEHCHUBHOCTh
OTHOKPATHBbIX OTPaKeHU ).

6. BHeceHnune mocJsie nmomnpasok Ha LP-dakrop,
IOIVIOIIEHHEe, IKCTUHKIIUIO, 4 IIPHU U3BECTHBIX
KOHCTAHTAX YIPYIOCTH M HA TEIIOBOE
aug@y3Hoe paccessHuUe.



BBIBOIBI

* OCHOBHBIM KPpUTEPHUEM JT0CTOBECPHOCTH
onpeaeIeHUs 3aCeJICHHOCTH
KPUCTAJIOTPAPUICCKUAX MOZUIIUUA CIAYKUT
COIVIACOBAHHOCTb MEKAY JaHHbIMHA
XUMHYECKOI0 aHAJIHU3Aa UCCJIeYeMOro Belecrsa
U COCTABOM KPUCTAJLJIA, MOJYYEHHBIM B
pe3yjbTare CTPYKTYPHOI'O UCCJIeOBAHUS.

 Tak Kak 3JIeMEHTHBIH COCTAB MOKET
CYIIIECTBCHHO BAPLHPOBATH OT KPHUCTAJJIA K
KPUCTAJLLY, KeJATeJbHO YTOObI XUMHYECKUH
aHAJIU3 ObLJ CAeJIaH 1Jig 00pa3ua,
HCII0JIB3YEMOI0 B TU(PPAKIIUOHHOM
IKCIIEPUMEHTeE.



B03MOKHOCTH YTOYHEHMS 32CEJI€HHOCTEH METOA0M

HAMMEHBbIINX KBAaJPaTOB
CMmemaHHbIi pakTop 3acesieHHOCTH Py

F)j = Zmlj ,  [Ie M;; - 10JM 3J1EMEHTOB i B IO3HIMH
1
2. mit <1
1

DaKTOPHI ATOMHOI0 PACCETHUA KPUCTALIOIPAPUICCKUX MO3UIIUN:

f. :Zm--fi,
J i 1 @

CocTraB KpUucTAJIOTPAPUIECCKUX MO3UIUA MOXKET ObITH
YTOYHEH B pe3y/jbTare ONTHMHU3AIMUA CTPYKTYPHOU

moaeau MHK (nmoaronxka [Fa(h)| u |[FB(h)| - skcnepuMeHTAIbHBIX
M BBIYMCJIEHHBIX CTPYKTYPHBIX aMILIUTY).



IlyTH ocj1adieHUs BJMSAHHAE KOPPeasauu
MEKIAY CTPYKTYPHBIMH IIapaMeTpamMu
HA Pe3yJbTAThl YTOYHECHUS

1) BBoa orpaHuyeHuil HA BAJJIOBOU XUMHUYECKUHA
COCTAB KpPHUCTAJLJIA.

2) OnruMu3anus cepum Moaeieu ¢
(pMKCUPOBAHHBIMHU NMAPaAMETPAMM 3aCeJIeHHOCTH,
KOTOPBIE 32aHbI ¢ HEKOTOPbIM IIATOM;

3) YTouHeHuHE 32CCJICHHOCTH 0 OJIMIKHEYIJIOBOMY
MacCHBY pe(ieKCoB, HA KOTOPbIE¢ BIUAHHE
HeOoNpeaeJJCHHOCTEH TeMIIEPATYPHBIX (PaKTOPOB
MaJIo.



Jlpyrue uCTOUYHMKHU OIIUOOYHOIO
onpeaeJIeHUs 3aCEJICHHOCTEMN:

a) OINHMOKH XMMHYECKOI0 aHAJIN3a

0) 3HAYMTEJbHbIE HETOYHOCTH
ONTUMMU3HUPYEMbIX MOJEJICH

B) CYIECTBEHHOE BJIUSIHUE SIKCTUHKIIMU
HA MHTEHCUBHOCTH MAJIOYIJIOBBIX
OTPaAXKCHUM.



CokpanieHue 4ucjia BApUAHTOB HA
HAYAJIbHOM JTAalle
* IlpeHeOperaemM HeNPONMOPIUHUOHAIBHOCTHIO

KpUBBIX {;(S) U, momMeniaeM B aHAJIU3ZUPYEMYIO

J-10 MO3HUIIMIO TOJIBLKO OMHH M3 BO3MOKHBIX
OCHOBHBIX 3JIECMEHTOB.

* YTOYHSIeM, He HAKJIAABIBAsA OrPAHUYECHHUH,
nmapaMeTp 3aceJieHHOCTH P; (3HaYeHHe KOTOpPOro
MOKET CTATh 00JIbIIIe eJII/IHI/IIII)I)

* B 3ToM ciydae 3aki0unTeIbHOE 3HAYeHHe P;
VAOBJIETBOPSIET NPUOIUKEHHOMY COOTHOMIEHHIO:
Pizi = Z;, tnmez; Zj- 1MCJO0 JIEKTPOHOB Yy
COOTBETCTBYHOINUX XUMHUYECKHUX 3JICMEHTOB.



 Jlast olleHKM BO3MOXKHOCTEH MPUMEHEHUSA
PEHTICHOCTPYKTYPHOI'0 METOAA B KAK/IOM
KOHKPETHOM CJIy4ae MOKHO MCII0JIb30BATh
napaMerp:

Q; = Mg;K;Az/F(000), rae mg; — 10151 MPUMECHOTO
3jieMeHTa B B j-0M mo3uuuu,

KJ- - KPATHOCTD J-0il MO3MIIUH,
Az - pa3HuILIa B YK cJIe 2JIEKTPOHOB Y A u B
3JIEMEHTOB (OCHOBHOI'0 U IPUMECHOI0)

F(000) - umc10 3JIEKTPOHOB, COOTBETCTBYIOIIIEE
COACPKUMOMY FJICMECHTAPHOHU AUYCHKH
KpHUcTaJLIa (pacceMBaOIas ClocOOHOCTD
KPHUCTAJLJIA)



 Eciau pojib MaTpulbl A BBINOJHAECT BAKAHCUS [,
10 Q; = mMg;K;z;/F(000),

T.e. Ompeaeasier cogepxkanue npumecu B B
IO3MIHKHA | B Mac. %.

KoHUIeHTpanusa npuMecd B KOHKPEeTHOM
KPUCTALJIOrPA(PUIECKOMN MO3UIMU MOKET ObITh
Hage:xxHOo onpeaejeHa MHK, ecaun mapamerp

Q; 2 0.004 (onmpenesieH SMIUPUIECKH)



BoamoxxHocTn dypbe-meToda npu

noKalrmnnm3auunn npunMecCcHbIX atoOMOB

Bo3moxHocTn dypbe-meToaa npu nokanusauymm
NPUMECHbIX aTOMOB, BHeA4PEHHbLIX B MYyCTOThI
N3BECTHOW CTPYKTYPbI, ONpeaensanTca peanbHou
NOrpeLUHOCTb KapT pasHOCTHOro Pypbe-cuHTEe3a
(6p):

op(r) = L/VZ[|Fa(h)| - |[FB(h)|]lexp(-2rihr) ,

roe V - oObemM anemMeHTapHoOM A4EnKH,
h - BEKTOp 0OpaTHOW peLUeTKH,

IFa(h)| n |[FB(h)| - cooTBETCTBEHHO, 3KCNEPUMEHTANbHbIE
N BblYMCIIEHHbIE ONA Moaenu n3s cpepmnyecknx
HEeB3anMOLENCTBYIOLLMX aTOMOB CTPYKTYpPHbIE
amMmnnnTyagbl.



[edopmaLoHHas aNeKTPOHHas
NNOTHOCTb

* [1pn TOYHbIX 3KCNEPUMEHTANbHbIX AaHHbIX
N KOPPEKTHON Moaenn MaTpU4yHOU
CTPYKTYPbl Op XapakTepusyeT
nepepacnpegeneHne aneKTpoHHOW
NOTHOCTU B pearibHOM KpucTansne no
OTHOLLEHUIO K MoAenu n3 cBoboaHbIX
aToMOB ("npokpuctanny”), T.e. apdeKThl
XUMUNYECKOro CBSA3blBAHUA, U Ha3biBAETCH
nedopmMaLMOHHOWN 3NEKTPOHHOU
nnoTHocTbio (A3I1).



WHTEHCMBHOCTU BbICOKOYITOBbLIX OTPaXeHUMn
CBsi3aHbl, B OCHOBHOM, C paccesiHuem Ha
ONU3KNX K cchepuieckumM BHYTPEHHUX
3NeKTPOHHbIX 060NoYKax aTOMOB

@

NckaxeHunsa OOl n3-3a HeagekBaTHOCTU
CTPYKTYPHOW Moaenu (paccymTtbiBaeTcs ang
cpepnyeckmx HeB3aMMOOENCTBYOLLNX aTOMOB)
peanbHOMY KpucTanmny MOXHO YMEHbLUUTb, eCrn
paccynTbiBaTb CTPYKTYpHble dpakTopbl FB(N) no
pe3ynsrataM BbICOKOYrioBou ontumMmmusaumm (S > 0.7
A-1) n3BecTHON Mofenu CTPYKTYPHI.



[TorpeluHocTU o(dp) Ha KapTax Il

° ﬂpM BbINMOJIHEHUN OINMMNCaAHHbIX BblLLE Tpe6OBaHVII7I K
IKCNEeEPUMEHTY N CTPYKTYPHON MOAETIN

cpeaHun ypoBeHb cpeaHekBagpaTUYHom
norpewHoctTn c(dp):

B LLIEHTPOCUMMETPUYHbIX KpUcTasnmnax:
0.04-0.06 2-A3,

B HELIEHTPOCMMMETPUYHbIX KpUcTannax:u
0.06-0.08 3-A3

B nonoxeHmnsx atomMoB c(0p) BO3pacTaeT, B
OCHOBHOM, 13-3a MOrpeLHoCcT MacLTabHoro
MHOXUTENS:

ans nerkux atomos - oo 0.1-0.2 3-A3,
ans 3d-anemeHtoB - o 0.2-0.4 3-A-3.



3akno4eHne 0 3aceneHHOCTU BbISIBIIEHHbIX HA KapTax
0301 no3nymn MoxXHO caenaTtb MeTogom nNpod 1 owmnbol
Mo NCYE3HOBEHUIO COOTBETCTBYIOLLIUX MAaKCUMYMOB
nocne BKNYEeHUs B MOAENN NPUMECHbBIX aTOMOB

 Cnegyet MMETb B BUAY, YTO 3P eKTh
acdepnYHOCTUN ANEKTPOHHOW MIOTHOCTU
Ha KapTax dp, CBA3aHHbLIE C bDecnopsaKkom
B pacnpeneneHnunm atToMoB 1 TENNOBbLIM
pasMbITUEM, XOPOLLUO MMUTUPYIOT OpYr

apyra.
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BbiBOAObI

* W3y4yeHune pacnpegeneHmns npuMecHbIX aTOMOB U BakaHCUU
NO NO3ULUAM N3BECTHOMN CTPYKTYPbI NPOU3BOAMNTCS
NpakTU4eCcKn Bcerga MeToaom npob n owmbok, Npu KOTOPOM
Hago paccMmaTtpuBaTb psd BapuaHTOB U TLATESTIbHO

O0OOCHOBbIBATb KOPPEKTHOCTDb MNOJTYHEHHbLIX PEe3yJibTaTOB.
BeibpaHHaa moaenb obsizaTenbHO A0MKHA 6bITb 000CHOBaHa
KPUCTanIoOXMMNYeCckn 1 NoaTBepXXaeHa peaynsratamMmm apyrmx
He3aBMCUMbIX UCCeaoBaHUN, B NEPBYIO odepeab AaHHBIMU XUMUYECKNX
aHanu3os.

« ABTOMAaTM3NpPOBATb OnpeaeneHne aneMeHTHOro cocTaea
KpucTannorpauyecknx no3uLnm, K CoxarneHuto,
HEBO3MOXKHO.

* BbINonHeHne ycnoBuin, NO3BONSAKOLMX Nony4yaTb HAOOP MHTErpanbHbIX
NHTEHCUBHOCTEN, MakCMMarnbHO CBOOOAHbIN OT CUCTEMATUYECKUX U
Crny4YanHbIX OLIMBOK, CYLLECTBEHHO pacLUMPSIET BO3MOXHOCTH
PEHTrEHOCTPYKTYPHOro MeToaa Npwu onpeaeneHnmn cMeLlaHHON
3aCeneHHOCTM KpucTannorpadmyeckmnx no3nLmmn, HO NpuU 3TOM OLLYTUMO
YONUHSAIET BPeMs 3KCnepuMeHTa.

* OnuncaHHble NPUEMBbI MOMOratoT NOMoratoT nsberatb rpyobix OLWNOOK,
0OBbEKTUBHO OLIEHMBATb TOYHOCTb M JOCTOBEPHOCTL NOMy4YaeMblX
pesyneraTtoB. VIX ncnons3oBaHme rno3BonseT BbISABMAATbL OLLUNOKM,
BO3MOXXHbIE NPUN XUMUNYECKNX aHannsax.



CPABHUTEJIbHbIE BOSMO>XHOCTU PEHTTEHOCTPYKTYPHOIO (PCA),
HEWTPOHOCTPYKTYPHOIO (HCA) U SNEKTPOHOCTPYKTYPHOIO (3CA)
AHAJTM3OB KPUCTANNOB

Ponp Bo30OyquTens nudpakiiioHHbIX 3()(EKTOB MOT'YT BBINOJIHSATS:

1. PeatrenoBckue (X)nyun. PaccemBaroTCs 3J€KTPOHAMH.

. IloTok HEUTPOHOB. PacceuBarorcs sapamu.

3. Ilotok a1exkTpoHOB. PaccenBarOTCs B 3JIEKTPOMArHUTHOM I10J1€
aTOMOB Ha 3JICKTPOCTATUYECKOM MOTEHIMAJIE, CO3/IABAEMOM
AApPaMU U JICKTPOHAMHU.

N

Metoasl PCA, HCA u OCA, B ie1oM, UACHTUYHBI.



ToyHOCTDH onpcac/JicHud KoopanmHatr aroMoB

PIrA
HCA
i /P (r)mfrp
Prloeyr  FEA
P eny  IOA
) |\ .
0 r

CpaBHeHue pa3mMmbITOCTU
MaKCMMYMOB NIOTHOCTU
paccensaroLlen marepum

SCA>PCA>HCA

0P (I yeirrp - AAEPHAA NNIOTHOCTb

To4HOCTb ouKcauumu
kKoopauHat aaep B HCA,
LEHTPOB TSXXECTU
arnekTpoHHoro obnaka B PCA
N MakCMMYMOB CUNOBOrO Mong
B QCA onpepensercs
Pa3MbITOCTbIO MaKCUMYMOB
NNOTHOCTU pacceunBatoLLEeN
MaTeEPUN U NOHUXKAETCA B
pPAAy.

HCA >PCA > 3CA

0p(MN)penr - AMEKTPOHHAA NNOTHOCTb
OP(I')spexy - MMNOTHOCTL 3MIEKTPOCTAaTUYECKOro noTteHumnana



CxogumocTb psaaoB Pypbe

7} OnpepensaeTcA CKOPOCTbIO
ocna6neHusa F,,, C yrnom
avndpakuum (yBernmyeHnem
WHOEKCOB OTpPaXXeHUMN).

£
‘wedrp

CxogmnmocTb pagos dypbe
HaxoauTcst B 0bpaTHOM

__ 3aBMCUMOCTM OT OCTPOTbI
0 Si1%  MaKCUMYMOB MMOTHOCTU

OcnabneHue cakTopoB atomHoro MATEPUUN N NAOAET B pALY.
pacceaHus c ysenuduennem yrma  9cCA>PCA>HCA

andpakumm

Pap ®ypbe ans 8p(r)HeﬁTp He AABNnsieTcsa cxoaswunmcs
Psapg ®dypbe ans 5p(r)anekT CXOAUTCSA CIIULLIKOM GbLICTPO :> PCAIll
(VcuyesaloT AeTanu pacnpeaeneHus)



