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Maru B. Pl4 - 11111 

0 nporpaMMax noacxa napaMerpoB Kpacrannaqecxoro nona 
nns HHTepnperauaA aeynpyroro pacceHHHH rennoBbiX aeArpoHoB 

0nHCbiB89TCH M9TOAHK8 nOHCK8 napaMeTpOB KpHCTannaqecxoro nonS! 
AllSI cnyqaeB xy6H'I9CKOA H rexcarOH8n&HOft CHMMeTpHft HS OCHOBe 9HeprHft 
nepeXOJlOB MelKJlY KpHCTannH'I9CKHMH ypOBHSIMH 1 H86lliOJl89MbiX B 9KCnepH
M9HTe no aeynpyroMy pacceHHHIO rennoBbiX aeArpoHOB aa o6paauax, coJlep
JKamax penxoaeMenbHhie HOHbi, Paapa6oraHhi cooTBeTCTByiOmae nporpaMMbi 
nOHCK8 H8 38M JlllSI 'I8CTHOrO cny'ISSI HOHS Pr S+. 

Pa6oTa BblllOllH9H8 B na6opaTOPHH HeATpOHHOA ~H3HKH OlHIH. 

Coo6Qleaae 06w,llflae-oro -CTBTYT& s.aep11wx accJieJlOII&IId • .Qy6aa 1977 

Matz W. Pl4 - lllll 
On Programs for Finding Crystal Field Parameters 
to Interpret Inelastic Neutron Scattering 

A method for finding crystal field parameters Is described 
using only the energy values observed in an inelastic neurton 
scattering experiment on compounds containing rare-earth ions, 
The considerations are done for crystal fields of cubic or 
hexagonal symmetry. On the basis of this method computer 
programs for the special case of the PfS+ ion were composed, 

The investigation has been performed at the Neutron 
Physics Le.boratory, JINR, 
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1. BBEJ(EHHE 

,nJUI o6'bJICHeHHJI nenoro p•,na csoB:cTB pe,nxoJeMen&uwx 
:weTaJIJIOB H JIX coe,nuHeHHB ueo6xo,nu:wo y'IHTWBaTb ,neii
CTBHe KpHCTaJIJIH'IeCKOrO 3JieKTpH'IeCKOrO DOJIJI BHYTPH TBep
,noro TeJia Ha pe,IUC03eMeJibHLie HOHW I L 21 . B qaCTHOCTH, 
3TO KpHCTaJIJIH'IeCKOe 3JieKTpH'IeCKOe DOJie /K3fl/ BJIHJI
eT Ha HeJaDOJIHeHHble 060JIO'IKB 4f - 3JieKTpOHOB pe,nKO
Je:MenLHbiX 3JieMeHTOB /P33/. B JaBHCBMOCTH oT cunw 
u cHMMeTpHH K3ll swpo)I(,Il;euuwe B cso6o,nuoM BORe J -
:wyn&THnneTw I J - nonuwi woweHT KOJIH'IeCTBa ABH)l(e
HHJI/ paciQeDJIJIIOTCJI B TaK Ha3b1BaeMWe KpBCTaJIJIH'IeCKBe 
ypOBHB. }f3yqaJI paCUieDJieHBe J -MyJibTHDJieTOB 4f - 3JieKT
pOHOB, MO)l(HO onpe,IJ,eJIBTb BeJIB'IBHY H CBMMeTpBIO K3IT. 
B MeTaJIJIB'IeCKBX coe,IJ,BHeHBJIX P33 ua6mo,naiOTCJI pac
menneHHJI MYJILTBDJieTOB nopJI,nKa 50 M3B /-500 K/, 
npH 3TOM Ha6mo)J,aeMOe paCCTOJIHBe .Me)l(_ny HaBHH3WBMH 
MYJILTHDJJeTaMH - nopJip;Ka 200 M3B. llo3TOMY npu uc
cne,nosaHHJIX B 06JiaCTH KOMHaTHOB H 6onee HH3KBX TeM
nepaTyp Heo6xo,nu:wo y'IHTwBaTb 34MtleKTbl BJIBJIHHJI K3II 
TOJibKO B OCHOBHOM MYJibTHDJieTe 4f - 3JieKTpOHOB. 

B nocne,nHue ro,nw o,nHBM H3 Hau6onee swro,nawx cpe,nu 
H3BeCTHbiX veTo,nos a3y'leHBJI K3IT B :w-eTaJIJJH'Iecxux coe
)J,BHeHBJIX P33 npe,IJ,cTasnJieTCJI ueynpyroe pacceJiaBe Ten
noswx HeB:Tpouos. Heynpyroe pacceJIHBe TeDJIOBWX aeB:T
poHOB Ha 4f - 3JieKTpoHax P33 csa3auo c nepexo,now 
3neKTpoua c o,nuoro KpBcTannaqecKoro ypoBHJI ua,npyroi. 
PaccTOJIHBe Me>K,D.y 3TBMB ypoBHJIMH o6Hapy)l(HBaeTCJI B 
CDeKTpe ueynpyropacceJIHHbiX HeiTpOHOB B BRAe DBKOB 
c onpep;eneHBOB !)HeprueB:. 
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B HacToHmeii: pa6oTe onHCbiBaiOTCJI nporpaMMLI noHcKa 
napaMeTpOB K3IJ Ha OCHOBe 3HeprHH nepeXO.IJ.OB Me:>K.IJ.Y 
KpHcTannuqecKHMH ypoBHJIMH, HJMepeHHhlx B 3KcnepuMeH
Te no HJy'leHHIO Heynpyroro pacceJIHHJI Heii:TpOHOB Ha 
coe.D.HHeHHJIX P33. IIporpaMMLI pa3pa6oTaHbl .D.nH qacT
Horo cnyqaJI HOHa Pr 3 +, KOTOpbiH HMeeT OCHOBHOe COCTOJI
HHe :t14 (J =4) . 

2. OCHOBHhiE CBE,l(EHH.JI 0 TEOPHH 
KPHCTAJIJIH{jECKOFO IIOJI.JI 

B paMI<ax MeTo.D,a 3KBHBaneHTHhlx onepaTopoB .D,nH 

raMHnLTOHHaHa K3II ( H K) HMeeT MecTo cne.D,yiDmee Bbipa
/3 .4/. 

:>KeHHe · 

~ ~p m m A2 
HK = ~ - Be 0 e C J · Jz · J + • J - ) · f,., 0 ffi=< -f 

m 
r.D,e 0 e - 3KBHBaneHTHbie onepaTOpbi CTHBeHca H 
Ha6op napaMeTpoB K3II. 

B cnyqae K3II Ky6uqecKoii H reKcaroHanLHoii 
MeTpHH H3 /1/ nony'laiOTCJI Bhlpa:>KeHHJI: 

}{ K 6 ,. B4° [04
° + 5·0 4]+B~[O~ -21·0~]. ,Ky . 4 

H = B o 0 ° + B 0 0 o + B o 0° + B 6 0 6 
K, reKC. 2 2 4 4 6 6 6 6 

/1/ 
m Be -

CHM-

/2a/ 

/26/ 

,lJ;nJI 6onee HarnJI.D,Horo o6cy:>K.D,eHHJI .n:eiicTBHJI raMHnL
TOHHaHOB Ha MynLTHnneTbl 4f - 3neKTpOHOB Bblpa:>Ke
HHJI /2a,6/ MO:>KHO BH.D,OH3MeHHTb cornaCHO npe.D,nO:>KeHHJIM 
JlH, JlHcKa, BonLc}la 151 H Yonneca, Cerana161 : 

}{ ·04 o6 1 "' w I X • - + (1- I X I)- . 
K. Ky6 F F 

4 6 

/3a/ 

J(K.reK~ WI(1-IYI) OBF~+y[x. 04+(1-lxJ) 0'§ + v-o: ]I 
2 F F ' 

4 6 

/36/ 

4 

.. 

·• 

"" 

"' 

r.D,e 0
4 

, 0
6 

- COKpall(eHHJI .D,nJI Bblpa:>KeHHH B CK06KaX 
/2a/ H F 2 , F4 , F6 - 'IHcna, KOTOpble nfHMYT JHa'leHHJI l, 
60, 1260 cooTBeTCTBeHHO .D.nH J ~4 ( Pr 3 ). IIapaMeTpbl 

m u 

K3II B r CO.D,ep:>Ka TCJI 3.D,eCb B O.D,HOM napaMeTpe w' KOTOPbiH 
.D,aeT nonHoe pacmenneHHe MynLTBnneTa, H B .D.BYX napaMeT
pax X H y, KOTOpble OHHCbiBaiOT CHnbl 'lneHa 4- ro nopJI.D,Ka 
K3IJ no OTHOWeHHIO K BKna.D,y 'lneHOB 6- ro H 2- ro nopJI.D,KOB, 

COOTBeTCTBeHHO: 

x .. _A_ 
1 +IAI ' 

y- c 
1+ICI 

A· B4·F1_ 
Bo ·F 

6 6 

C- B4·Fi. • ..!.. 
B 0. F X 

2 2 

/4a/ 

/46/ 

Y.D.o6cTBo npeo6pa3oBaHHJI raMBnLTOHBaHoB /2a,6/ B 
/3a,6/ COCTOHT B TOM, 'ITO OKa3biBaeTCJI B03MO:>KHbiM OnB
caTb BCe KOM6HHaUHH napaMeTpOB B f , T .K. X H Y Me
HJIIOTCJI TOnLKO B orpaHH'IeHHOM HHTepBane [ -1 , + 1] . B /36/ 
.D,ononHBTenLHO BBO.IJ.HTCJI napaMeTp V,. B 6 /B~ , onpe.n:enJie
MbiH H3 MO.D,enH TO'Ie'IHbiX 3apJI.D,OB .u;nJI K31I /3/. 

PacmenneHBe ocHOBHoro MynLTHnneTa Pr 3+ B Ky6uqec
KOM H reKcaroHanLHOM K3ll BnniDCTpBpyiOT puc. 1 II 2. 
B Ky6uqecKOM K3ll nonyqaeTCJI 4 KpHcTannu'leCKHX ypoBHJI 
/O.D.HH CHHrneT r1 ,O.IJ,HH .D,y6neT r3 ,.IJ,Ba TpHnneTa r4 H 15 /, 
a B reKcaroHanLHOM K3ll - 6 KpHcTannu'leCKHX ypoBHeii 
/TpH CHHrneTa r 1 , f3 , f4 H TpH .D,y6neTa r 5A, r5B, r6 /. 

,D;u4M}lepeHUBanLHOe ce'leHHe pacceJIHHJI TennoBLIX Heii:T
poHOB Ha nepexo.D,aX Me:>K.D.Y KpHCTannB'IeCKHMH ypoBHJIMH 
.D,nJI CHCTeMbl napaMarHHTHbiX HOHOB OllHCbiBaeTCJI B ,D;HnOnb
HOM npu6nu:>KeHHH /ManaJI nepe.D,a'la BMnynLca K I cne.D.yJO

mHM o6pa3oM 171
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dQ dt 

1 91 e2 
2 k' 2.. ,. N(-'--g) .,-k r tK) I P 1 <r , 1 J .J_I r 
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l 80 r- '· C,_<; 7 8 0 
60 1 16,66 13,33 

0 0 w 
40 r, o 

80 

60 

40 

G 

/ 
20 20 

0 0 

-20 -20 

-40 -40 

-60 r, J=4 j_60 

-80 -80 
-1,0 -0,8 -0,6 -0,4 -0,2 0 0,2 0,4 0,6 0,8 1,0 

X----
3 3+ 

Puc. 1. Pacr~~enAeHue H 
4 

- MYAbiiiUnAellla Pr 6 Ky6u~ec-
KOM K3II 6 3a6UCUMOCIIIU 0111 napa.Melllpa K3II x. B yzAy 
npu6eOeHbt 6epo.RIIIHOCIIIU ounoAbHbiX nepexooo6 MeJICOY Kpu
CIIIaAAu~ecKu.Mu ypo6H.RMU. 

--> -+ 
r)J,e N- 'IHCITO HOHOB, k ', k - BOITHOBble BeKTOpbl pacCeJIH-

HbiX H IIa)J.alO~HX HeiiTpOHOB COOTBeTCTBeHHO, f ( K) - Mar-

HHTHbiH 4JopM4JaKTop, p n - JaceneHHOCTL ypoBHJI En 

!r n > H lf'n' > - BOITHOBble cPYHKU.HH ypoBHeil E 11 H E n ', 

J _L KOMIIOHeHTa OIIepaTopa IIOITHOrO MOMeHTa KOITH'IeCTBa 

)J.BH)KeHHJI, rreprreH)J.HKynJ~pHaJI K-+ , ( - 3HeprHJI, rrepe)J.aH

HaJI B rrpou.ecce Heynpyroro pacceJIHHJI. 

KBa)J.paT MaTpH'IHOrO 3neMeHTa l<l'n' I h I rn >1 2 
OrrH

CbiBaeT BepOJITHOCTL )J.HIIOITLHbiX rrepeXO)J.OB Me)K)J.y KpH

CTaiTITH'IeCKHMH ypOBHJIMH En HEn'• T.e. OTHOCHTeiTLHYIO 

HHTeHCHBHOCTL rrepexo)J.a c 3HeprHeil P"En' -En • OT THrra 

cHMMeTpHH K311 3aBHCHT, Me)K)J.y KaKHMH ypoBHJIMH 1 n 

rrpHHI.I,HIIHanLHO B03M0)l{Hbl )J.HIIOITLHble rrepeXO)J.bl H, COOT

BeTCTBeHHO, KaKOBa HX HHTeHCHBHOCTb. BepOJITHOCTH rrepe

XO)J.OB /6e3 HopMHpOBKH/ )J.ITJI Pr 3+ B KyfiH'IeCKOM K3IT ' 

yKa3aHbl Ha puc. 1. ,LJ;n,. cnyqa,. reKcaroHanLHoro K311 1 

6 

1 

" 

"' 

f' 

-V·6,606 

---v-~7 

120 

w 15l 
r;A/ 

~/ // 
10L >:( 

' 
/ ", 

51 \\ '',t" 
.. ~ ,4 
\ ' ' ~---"'-

_......-c>. \~-- _' 

01 I \ r,B I I \ 

'\ 
\ 

~ --~~-----
y-QS 

I 
-SL \ 

\ 
\ 

-10l y~~\\ 

-15 ~ 
r, J·4 

-20 

-1.0 -QB -Q6 -0,4 -0,2 0 Q2 0/. Q6 0,8 1D 
)(--

3 3+ 
Puc. 2. Pacr~~enAeHue H 4 - MYAbiiiUnAellla Pr 6 zeKcazo-
HaAbHOM K3Jl 6 3a6UCUMOCIIIU 0111 napa.Melllpa K3II x u OA.R 
nociiiO.RHHozo napa.Melllpa K3II y= 0,5. IloKa3aHa lllaKJtCe 
3Q6UCUMOCIIIb pacr~~enAeHUJI 0111 6eAU~UHbl V. 

OHH IIpHBe)J.eHbl B llla6AUije. l13 puc. J BH)J.HO, 'ITO )J.ITJI Pr3+ 
a KyfiH'IeCKOM K3II cymecTByeT 4 JJ.HIIOnLHLIX rrepexo)J.a, 

aepOJITHOCTL KOTOpbiX HBnHeTCH IIOCTOHHHOH. ,lJ;nH cny'laJI 

K311 reKcaroHanLHOH CHMMeTpHH cy~ecTByeT 9 )J.HrronLHbiX 

rrepexo)J.oB, H3 KOTopblx TOITLKO 2 HMeroT rrocTOHHHyro 

BepOJITHOCTL rrepeXO)J.OB /eM. llla6A.j. Y OCTaiTLHbiX 

2 I< 1 , I Jl I 1 >I JaBHCHT qepe3 Ko34>cl~Hu.HeHTbl nonHOBbiX 
n ., n 

cPYHKI.I,HH b H C OT napaMeTpOB X H y . 3Ta 3aBHCHMOCTh 

rroKa3aHa Ha puc. 3. 
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Ta6Auf.la 

BonHOBble 4lYHKUHH KpHcTaJIJIH'IecKHX ypoaueii a aepoJITHOCTH 
nepeXO,IJ,OB Me)I(,IJ,y HHMH ,!J,JIJI CJiy'laJI Pr 3+ B reKcaroHaJILHOM 

K3ll 

r,: 1o> 

rl: al-3) +all) 

r. 
r, 0 

rl 
r, 

fsA 

fSB 

r6 

rl 
0 

0 

r,: -al-3>. aiJ) 

f5A: cli4) -bl! 2) 

r, 
0 

24a' 

0 

• t<rn.l J..l 1;,>12 

14 

10 

f5a: bl:t4>+cl:;: 2> 

r6~1!t> 

fsA fss 

0 0 

ia2 (2c -f7b)2 
3 la2(2b•ffd 

~a2(2c +-ffbY ia2(2b-{7d 

lfCb2- 2c2)2 4&b2 cl 

lfC2b2 -c2Y 

r6 

¥ 
0 

0 

12b2 

12c2 

i 
3 -

'-r;- rs 
-rs.-n 

It/ x '>.,\ -:...,, I .c I r= "' ",~1'7 -rsA > I > < 19 -r;' - ~ 
7 

8 

·.,.....-~ -fSA 
-13 -rse 

1'7 -rsa 
f =:,. I :x;-- I ......-=; I::..._,;;,.. I.<:...::=":, >- 1:..,.,;: I / ,-rs.-rso 

o.& qa +1' r5'o-R -1 -q& -(16 -0,4 -q2 0 0) q4 

b-

I 

i 

~ 

J 

\ 

l 

3. IIPH~Hll IIOHCKA IIAPAMETPOB 
KPHCTAJIJIHlJECKOTO 3JIEKTPHlJECKOTO 
IIOJI.R 

B 3KcnepaMeHTe no ueynpyroMy pacceJIHmo HeiiTpouoa 

ua o6pa3uax, co,IJ,ep)l(aUlHX HOHLI P33, ua6mo,IJ,aeTCJI pJI.IJ. 

DHKOB, o6yCJIOBJICHHLIX nepeXO,IJ,aMH MC)I(,!J,y KpHCTaJIJIH'IeC

KHMH ypoBHJIMH. llapaMeTpbl K3ll o6bi'IHO uaxo,IJ,JIT nyTeM 

DO,IJ,rOHKH 3KCDepHMCHTaJILHLIX CDeKTpOB, BapLHpyJI X H 

y B noJIHOM HHTepaane [ -1, + 11 a VJ B pa3yMHOM ,IJ,Hana-

30He / S/. )J,oDOJIHHTeJILHLIM napaMeTpOM DO,IJ,rOHKH JIBJIJieTCJI, 

KpoMe Toro, wapaHa JIHHHH nepexo,IJ,oB. 

B cnyqae CJIO)I(Hoii 4lopMLI Heynpyroro naxa, KaK 3TO 

HMeeT MCCTO Ha CDCKTpOMCTpe o6paTHOH reoMeTpHH C 6e

pHJIJIHeBLIM 4lHJILTPOM /g,l, DO,IJ,06HLIH DO,!J,XO,!J, He nparo,IJ,eH. 

KpoMe Toro, B cneKTpe HeynpyropacceJIHHLIX HeiiTpouoa 

ecTL He TOJILKO BKJia,IJ,LI oT pacceJIHHJI Ha nepexo,IJ,ax Me)I(

.IJ.Y KpHCTaJIJIH'IeCKHMH YPOBHJIMH, a TaK)I(e BKJia,IJ,LI OT pac

CCJIHHJI Ha 4lououax. E.IJ.HHCTBeHHoe, 'ITO MO)I(HO cpa3y onpe

,!J,CJIHTL 83 CDeKTpOB, 3TO DOJIO)I(eHHe DHKOB. ll03TOMY HaMH 

6LJna pa3pa6oTaua MeTO.IJ.HKa noacKa napaMeTpoa K3ll Ha 

OCHOBe Ha6JIIO,IJ,aeMLIX 3Hepraii nepeXO,IJ,OB. 

113 3KCnepHMeHTaJILHLIX CDeKTpOB MO)I(HO onpe,IJ,eJIHTL 

3Ha'leHHJI 3Hepraii ,IJ,JIJI HecKOJILKHX KpHcTaJIJIH'IecKHX nepe

xo,IJ,OB (1Ken. a ax owa6oK !1{ 1K~n. O)I(H,IJ,aeMoe KOJIH'IecTBo 
'}KCIT 

f, o6bi'IHO MeHLWe TeOpeTH'IeCKH ,!J,ODYCTHMOrO KOJIH'IeCT-
1 Teop 

aa nepexo,IJ,OB ( n · / n .,1, ... 4 B Ky6aqecKoM K3ll ,IJ,JIJI 

Pr 3+ ; n '"'1,... 9 - B reKcarouaJILHOM K3ll/. 3ua'leHHJI 

(Jeop. JIBJIJIIOTCJI 4lYHKUHJIMH napaMeTpoB K3ll, npH'IeM 

W - TO)I(e ·MaCWTa6HbiH 4laKTOp, KaK H B /3/: 

f TOOp:: ( TeOp "'(X ' y , W ) = W • f * Teop. ( X , y) . 
n n n /6/ 

XoTJI B cnyqae xy6aqecKoro K3ll HMeiOTCJI TOJILKO x a W , 
,!J,JIJI ODHCaHHJI DpHHUHDa DOHCKa napaMeTpOB K3ll HCDOJIL· 

~ 
Puc. 3. 3aaucuMoC111b aepoJIIIIHOclllu nepexoooa Mexoy Kpu
ClllaAAU'lecKUMU ypoaHJIMU 011.11 Pr 3+ a zeKcazoHaAbHOM K3II 
0111 K03tPtflUf.IU€H111U 60AH060U ~YHKf.IUU b.,l{pyzoii K03tPtflUf.IU€H11 
C onpeO€/lJI€11CJI HO OCH06€ llpe606UHUJI HOpMUp06KU 60AH060U 
~YHKf.IUU C=~ • ' 
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3yeTeH 6onee o6muii ua6op x , Y , W 0 )J.nH O.D.Horo Ha6opa 

X, Y Bbl'IHeJIHIOTeH Bee f' * TAOpo H Bee OTHOWeHHH 3HeprHH 
n 

nepexo.nos: 

VTeop .. 
nm 

. * Tf~Op 
t n -----0 
£ * Teop 

fTI 

/7/ 

11:3 3KenepHMeHTaJibHbiX 3HeprHH nepeXO.D,OB H HX OWH-

6oK TO:>Ke MO:>KHO onpe.D,eJIHTb eOOTHOWeHHH V '3!<Cll H .IJ;JIJI 
CJKCII 1.) 

Ka:>K.D,OrO Vi.) - BepXHIOIO H HH:>KHIOIO rpaHHI.I,bl: 

v:KC~ 
1J 

9KCII _l_ __ 
~)KCf1 

f . 
J 

3KCII 
(. +~< 3KCII 

__ 1 

f ?KCII -~ [KCfl 
1 i 

/8/ 

OG - _!__ 
ij 3KCII 

f 
-~<3KCfl 

j 

UG .. z 
1J '3KCII 

:3KCII +~ <: jBaj f j J 

Eenu BbinOJIHHeTeH Tpe6osaHHe 

UG .. < V Teop < OG .. 
1J - nm - 1J 

/9/ 

'JK<;n Teop 
H3 Henoepe.D,eTBeHHOrO epaBHeHHH V 1. =Vnm 

- - J HaHTH llOKa eme He H3BeeTHblH napaMeTp W: 

MO:>KHO 

3KCf1 ~w ·<* Teop 
f . 

1 1 n 
3.KC!l Teop 

v. ~ v --+ /10/ 
1J nm 

JKCfl 
~w • f * T eop f 

j 2 m 

TaKHM o6pa3oM, .D.JIH o.D,Horo Ha6opa x , Y nonyqaeTeH 

PH.D. 3Ha'leHHH MaewTa6Horo napaMeTpa W 0 lloeKOJibKY 

Ol.l,eHKH rpaHHI.I, .D,JIH eOOTHOWeHHH 3KenepHMeHTaJibHbiX 

3HeprHii nepexo.D,OB B /8a/ .D.OBOJibHO rpy6ble, a, ene.D,osa

TeJibHO epaBHeHHe V 'J KUl = V Ttmp He eoseeM KOppeKTHOe 
' 1) nm ' 

10 
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He06XO.D.HMO Bb16paTb Te 3Ha1.J:eHHH W, KOTOpble .D,alOT see 

3KenepHMeHTaJibHble 3HeprHH nepeXO.D,OBo C 3TOH l.l,eJiblO 

see nonyqeHHble W uenonh3YIOTeH .D.JIH Bbi'IHeneHHJI nonHoro 

Ha6opa TeopeTH'IeeKH B03MO:>KHbiX nepexo.D,oB, a 3aTeM 

epe.nu HHX nposepJieTeJI Hanuque seex 3KenepuMeHTanb

HbiX nepeXO.D,OB B rpaHHI.I,aX OWH60Ko llpH 3TOM onpe.D,eJIJI

IOTeJI OTHOeHTeJibHble OWH6KH F. : 
A 3KCII 

1 

F .. Llfi -- 0 

i 3KCII 
f 0 

/11/ 
1 

EenH .D.JIJI O.D.Horo 3Ha'leHHJI F 1 O.D.HO H3 3Haqeuuii Teope

TH'IeeKoB: :meprHH Y.D.OBneTBOpJieT yenoBHIO 

3KCII 
(. 

1 

< Teop 
n 

1 I< F. 
- 1 /12/ 

TO f Tneop H f rKCll eosna.D,alOT B rpaHHI.I,aX TO'IHOeTH 3Kene

pHMeHTa o TOJibKO e enH .D,JIJI Ka:>K.D,OrO F i HaH.D,eTeJI eOOTBeT

eTBeHHOe f ~eop , KOTOpoe OTBeqaeT BbiWe03Ha'leHHOMY yc

JIOBHIO /12/, ua6op napaMeTpos K3ll x,y; W, B npHHU.Hne, 

MO:>KeT 06'bJICHHTb 3KenepHMeHTaJibHbiB eneKTp. 

llpH HaXO:>K.D,eHHH Ha6opOB X , y , W .D,O CHX nop HCllOJib-

30BaJIHeb TOJibKO 3HeprHH KpHCTaJIJIH'IeCKHX nepeXO.D,OB. 

,Un.11 oKOH'IaTenbHoro Bbi6opa uauny'IWHX napaMeTpoB K3ll 

CJie.D,yeT HCllOJib30BaTb HHTeHCHBHOCTb nepeXO.D,OB,T.e.MaT

pH'IHble 3JieMeHTbl !<I~D, I J .L 11 >1 2 , BXO.D.Jill.l,8e s ee'leH8e 

pacceJIHHJI HeBTpOHOB j'::Jj o n 

4. OIIHCAHHE IIPOTPAMM )l.Jl.H 3BM 

qT06bl nposecT8 noucK Ha6opos napaMeTpos K3ll 83 

3Hepr8B: nepexo.D,oB, onpe.D,eneHHbiX B 3Kcnep8MeHTe no ue

ynpyroMy paCCCJIH8lO HeBTPOHOB, 6biJI8 pa3pa6oTaHbl rrpo

rpaMMbl .D.JIJI 3 B M SUCHEX 8 SUCKUB / cnyqaB: 80HOB Pr S+ 

B reKcaroHaJibHOM 8 Ky68'1eCKOM K3ll COOTBCTCTBCHHO/. 

KpoMe onpe.D,eneH8JI ua6opos napaMeTpos K3ll no MeTO.D.Y, 

Oll8CaHHOMY B npe.D,bl.D,yll.I,CM naparpaclJe, nporpaMMbl Bbl'I8C

JIJIIOT TaK:>Ke BCpOJITHOCT8 nepeXO.D,OB MC)I(.IJ.y Kp8CTanJIB'ICC

K8M8 YPOBHJIM8, MO.IJ.8clJ81.1,8pOBaHHble C clJaKTOpOM 3aceneH

HOCT8 ypoBHJI, 83 KOTOporo 8CXO.D,8T nepeXO.D,. 
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CHaqana B OeHOBHblX qepTaX OnHeblBaeTeJI 6onee o6~a.11 
nporpaMMa SUCHEX .IJ.JI.II enyqa.11 reKearoHanLHoro K3II, 
a 3aTeM yKa3biBaeTe.ll Ha oTnBqBJI nporpaMMbl SUCKUB 

,IVI.II Ky6sqeeKoro K3II. 
B KaqeeTBe BBO.IJ.HbiX .D.aHHbiX Tpe6yi0Te.ll ene.IJ.YIO~e 

sensqsHbl: 
SUB - BHtilopMaUBB o seiUeeTBe, HanpBMep xBMsqeeKa.ll 

NEX 

TE 

Fl!~ 

tilopMyna BeiUeeTBa. 3TO BenOJib3yeTe.ll TOJibKO 
.IJ.JI.II neqaTB pe3yJILTaTOB. 

- qseno nepeXO.IJ.OB, HaH.IJ.eHHbiX B 3KenepBMeHTe 
no HeynpyroMy paeeeJIHBIO HeHTpOHOB. 

- 3HeprBB Ha6niO.D.aeMbiX nepeXO.IJ.OB B M3B. 
- 3KenepBMeHTaJibHble OWB6KB 3HaqeHBH 3HeprBH 

nepeXO.IJ.OB /TOiKe B M3B/. 
T - TPB 3HaqeHBB TeMnepaTypbl /s KenLBBHax/, .IJ.JI.II 

KOTOpbiX nporpaMMa BblqHeJIJieT MO.D.Bti~BUBPO
BaHHble e tilaKTOpOM 3aeeneHHOeTB BepO.IITHOeTB 

nepeXO.IJ.OB. 
IGRUND - qHeno .D.JIJI onpe.D.eneHHB oeHOBHoro KpHeTannH-

qeeKoro ypoBH.II. EenH OH HeHJBeeTeH, .D.aeT-

es IGRUND =0. 
XO, YO - HaqanLHble 3HaqeHB.II napaMeTpos K3II x H Y. 

eoOTBeTeTBeHHO. 
XE. YE - KOHeqHble 3HaqeHHB napaMeTpos x B Y,eooT

BeTeTBeHHO. 
DX, DY - .IJ.JIHHa wara .IJ.JI.II sapBaUBH napaMeTpos x H y . 

IW - npoueHTHoe qHeno, B rpaHHUe KoToporo nposo
.IJ.HTe.ll yepe.D.HeHHe napaMeTpos K3II W . 

CHaqana onpe.IJ.eJIJIIOTeJI eOOTHOWeHHJI 3KenepBMeHTaJib
HbiX nepeXO.IJ.OB v ;.Ken H HX OWH60K OG ij • uaij B eooTBeT
eTBBB e /8/ H /8aY. 0.IJ.HOBpeMeHHO BblqHeJIJIIOTeJI o6paTHble 
3HaqeHHJI 1/V ~Ken KaK eaMOeTOJITeJibHble eOOTHOWeHBJI, 
qT06bl BKJIIOqBTb

1
J see B03MOiKHble eOOTHOWeHHJI B DOBeK 

napaMeTpos K3II. 
H3 XO , XE , DX HaXO.IJ.BTeB qHeno waros MX .IJ.JI.II 

napaMeTpa K3II x e .IJ.JIBHOH wara DX. To iKe eaMoe .D.ena

eTeB B .IJ.JIB napaMeTpa y . 
Iloene 3TOrO HaqBHaiOTe.ll UBKJibl, B KOTOpbiX BapbB

pyiOTeJI napaMeTpbl x B y. )J;n.11 KaiK.IJ.Oro Ha6opa x , y 
onpe.IJ.ensroTe.ll nonoiKeHBJI KpBeTannsqeeKBX yposHeii:, 3Hep
rBB nepeXO.D.OB B BX eoOTHOWeHBJI v::oP.IlonoiKeHBe KpB-

12 

eTaJIJIHqeeKHX ypOBHeH no3BOJIJieT BbJqBeJIHTb TOJibKO .IJ.Ba
rOHaJIH3ai.J,HJI raMHJILTOHHaHa /2/ BJIB /3/. H3- 3a npoeTOThi 
MaTpHl.l,bi ee .D.HaroHaJIH3ai.J,HJI npOBO.IJ.BJiaeb B o6~eM BH.IJ.e, 
a B no.IJ.nporpaMMe BbJqHensnHeb nono:JKeHHJI KpHeTannHqee
KHX ypOBHeH B BH.D.e aHaJIHTHqeeKBX Bblpa:JKeHHH napaMeT
pOB KpHeTannHqeeKoro nOJIJI X B y. 

Cne.D.yiO~a.ll onepauH.II 3aKn10qaeTe.ll B noHeKe Tex Teo
peTHqeeKHx eOOTHOWeHHH .D.BYX 3HeprBH nepeXO.IJ.OB V J~Op , 
KOTopLie neiKaT B rpaHHI.J,ax ows6oK UG ij H OG ij 3Kene
PHMeHTaJibHLIX eOOTHOWeHHH V .?Ken EeJIH qHeJIO V T eop 

IJ n m • 

OTBeqa10~ee Tpe6osaHBIO /9/, pasHo HJIH 6onbwe ( NEX) ,To 
2 

BLiqHeJIBIOTe.ll see B03MO)I(Hbie 3HaqeHH.II napaMeTpa K3I1 
WeornaeHo /10/. B npoTHBHOM enyqae 6epeTC.II ene.D.y!0-
~8: Ha6op x ,y. 

3HeprHH nepeXO.IJ.OB noJiyqaiOTeJI H3 ycpe.IJ.HeHHbiX 3Ha
qeHHH W. Ycpe.IJ.HeHHe npoBO.IJ.HTCB qepe3 see W, OTJIHqaiO
~e eB .IJ.pyr OT .IJ.pyra He 6onee qeM Ha IW npoueHTOB. C no
MO~LIO eneuHaJibHOil no.D.nporpaMMbi H e yqeToM Tpe6osa
HHB /12/ nposepBeTe.ll HaJIHqHe aeex 3KcnepHMeHTaJibHO 
Haii:.D.eHHLIX 3Hepruii: nepexo.D.oB epe.IJ.H TeopeTsqeeKH onpe
.D.eJieHHbiX 3HeprHH .D.JIB O.IJ.HOrO Ha6opa napaMeTpOB X , Y , 
W. llpH 3TOM Ka:lK.IJ.biH 3KenepHMeHTaJibHhiH nepeXO.IJ. eqH
TaeTeB KaK ey~eeTBYIO~HH B TeopeTBqeeKOH exeMe ypOBHeii: 
TOJibKO O.IJ.HH pa3, .IJ.a:JKe B enyqae, KOr.IJ.a TeopeTHqeCKII 
BMeiOTeB .IJ.Ba pa3HbiX nepeXO.D.a e 3HeprBBMH, Jie:JKaiUBMH 
s rpaHsuax owH60K O.IJ.Horo 3KenepHMeHTaJILHoro nepexo.IJ.a. 
EenH onpe.IJ.eJieHHbiH Ha6op x , y , W .D.aeT see 3Keneps
MeHTaJibHble nepeXO.IJ.bl, .IJ.JIB Hero paecqBTbiBaiOTCB BepOJIT
HOeTH nepeXO.IJ.OB Me:JK.D.Y KpHCTaJIJIBqecKBMB ypOBHJIMB B BX 
MO.IJ.BtiiHUHPOBaHHble e tilaKTOpOM 3aceneHHO(iTil 3HaqeHBB 
.IVIB Tpex TeMnepaTyp T. TaK KaK .D.JI.II 3Toro Heo6xo.D.BMO 
3HaHBe BOJIHOBbiX ti~YHKUBH, npOBO.IJ.BTCJI nonHaJI .IJ.BaroHa
JIB3ai.J,BJI raMBJibTOHHaHa K3II. qT06bl MO.IJ.HtiiBUBPOBaTb Be
pO.IITHOCTB nepeXO.IJ.OB e tilaKTOpOM 3aCeneHHOCTB, Ha.IJ.O 
onpe.IJ.enBTL, c KaKoro ypoBH.II HaqsHaeTe.ll nepexo.IJ.. B Ha
CTOB~eii: nporpaMMe 3TO .IJ.eJiaeTCB .II.JIJI 3KenepBMeHTOB e 
noTepeH: HeiiTpoHaMB 3HeprBB (down -scattering ) , T. e. 
nepexo.D. HaqsHaeTc.ll seer.D.a c 6onee HB3KOJieiKaiUero ypou
HJI. IlpB He06XO.IJ.IlMOCTB nepeii:TB K 3KCnepBMeHTY C BbiBr
pbiWeM Heii:TpoHaMB 3HeprBB (up- scattering) B nporpaMMe 
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Ha,IJ;O MeHJITb TOHbKO O,IJ;HO cpaBHeHHC /"6onLWe 'leM" Ha 

"MeHLWe 'leM" j. 
3aKHID'IHTeHLHYH 3Tan COCTOHT B neqaTaHHH pe3ynL· 

TaToB. llpaMep ne'laTH noxa3aH aa puc. 4. BY.naroTcJI napa
MeTpY K3ll x, y , W/nepaas cTpoqxa/, 3Hepraa ypoaHeH 
H K034l4lHUHeHTLI BOHHOBLIX $yHKUHH b H C /BTOpaJI CTpoq
Ka/, 3HeprHH nepeXO,IJ;OB /3-JI CTpO'IKa/, BCpOJITHOCTH ne· 
peXO,IJ;OB /4· Jl CTpO'IKa/ H HX MO,IJ;H$HUHPOBaHHble C 4Jax· 
TopoM 3aceneaaocTH 3Ha'leHHJI /5-7-s cTpoqxu/. Mo.nu$a
uupoaaHHLie aepoliTHOCTH nepexo.nos aopMHPYIDTCJI aa caMoe 
6onLWOe 3Ha'leHBe .U.HJI BTOpOH TeMnepaTypLI /6· Jl CTpoq· 
xa/. EcnH OCHOBHOH KpBCTanHH'ICCKBH ypoBCHb HCB3BeCTeH 
( IGRUND =0), pe3ynLTaTLI BLI,IJ;aiOTCJI .ABa)K,IJ;LI, cooTBeTcToea

HO ,AHJI W>O B W< 0. 

l[. • J) y • • 47 .. ·'-1'- •• .1111)1 ell• .4618 
JII'RAUL.tGII ~.2) 2).1) o.oo 10.18 )1.12 9.91 •. ,8 1.01 22.21 2).1) 12.14 .. ~ 10.9G )1.12 21.14 UIHIIGADGI 

,.)74 2.626 '·ODO 1.)12 6.021 7.146 .181 8.205 UIIUCHitJIIl.. 1J.J) 
.0101 ·- z.t1H ·- ·- 2.JII) .0659 ·-f • Hl. K .01()11 
.&718 .I., .a)" .0820 .0)58 ··- .oar .§1M f • 65. It _,,, 
.824) .2~ .)92) .II~ .1560 .4612 .0121 ·"l) f •2'10. -1 .l070 

Puc. 4. IlpuMep ne<~allu peayA~>IIalloe 011 npozpaMMbl SUCHEX 

Haor.na aMeeTCJI ,AononaaTenLHaJI HH$opMaUBR o CBJI3H 
O,IJ;HOf'O TeopeTB'ICCKOf'O nepexo.na /aanpBMep, rl _. r6 I 
C O,IJ;HOH 3KCnepHMeHTanLHOH 3HepraeH. 0TCIO,IJ;a MO)KHO 
cpa3y nony'IHTb O,IJ;HO 3Ha'leHHe W ,AHJI Ka)K,IJ;Of'O Ha6opa X , 
y. 3ToT oapaaHT TaK)Ke npe,AycMoTpeH B nporpaMMe SUCHEX. 

Cnyqai, xor.Aa Pr 3+ aaxo,IJ;BTCJI B xy6uqecxoM K3ll, 
npome, 'ITO aaxo.AHT orpa)Keaae a nporpaMw:e SUCKUB. Oc
HOBHLie ynpomeHHJI 3aKHIO'IaiOTCJI a cne.nyromew:: 
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- aapLupyeTCJI TOJILKO OABH napaw:eTp K3ll x; 
• BepOJITHOCTB nepeXOAOB He 3aBBCJIT OT napaMeTpa X , 

ll03TOMY B nporpaMMY cpa3y BHeCCHLI HX llOCTOJIHHWe 
oenH'IHHW , 'ITO DOJIHOCTLIO HCKHIO'IaeT Heo6XO,I{H· 
MOCTL AHarOHaHH3aUHH raMHHLTOHHaHa; 

- ae y'IHTLIBaeTCJI ocaoaaoi xpacTaJIJIH'Iecxaii ypoaeHL, 
a aepOJITHOCTH nepeXOAOB, MO.AH$HUHPOBaHHble C ~K
TOpOM 3eceneHHOCTH, acer.na onpe.nenJIIOTCJl AHJI W >0 
H W<O. 

06e nporpaMMLI HCDOHblYIDTCJI Ha 3BM 1i3CM -6 H 
CDC-6500 OHJIH. Cpe,AHHe 3aTpaTLI c'leTHoro apeMeHH 
CDC-6500 .AHJI nporpaMMLI SUCKUB aa 200 3Ha'leHHH napa
MeTpa x cocTaBnJIIOT 5-10 c, a .AJIJI nporpaMMLI SUCHUB aa 
200 aa6opoa x , Y- npaMepao 20-25 c. 

5. OECY)J(,l(EHHE PE3YJihTATOB 

OcaoaLioascL aa pelyJILTaTax H3Mepeaai 3Heprai nepe
XO,Il;OB Me)I(,IJ;y KpHCTaJIJIH'ICCKHMH ypOBHJIMH, C llOMOil{biO 
nporpaMMLI noacxa MLI onpe.n;enana Te aa6opLI napaMeTpoa 
K3ll, ,AJIJI xoTopLIX B TeopeTH'Iecxoi cxeMe ypooaei cy
mecTBYIOT aa6nJO,AaeMLie nepexo,ALI. Kax npaaano, nonyq:a
eTCH HCCKOJibKO TaKHX Ha6opOB. 0KOH'IaTeJILHLIH BLI60p 
aa6opa, Haanyq:wero ,IJ,JIJI HHTepnpeTaUHH 3KcnepHMCHTaJIL
HOrO CRCKTpa, ,AOJI)I(CH OCYIUCCTBJIJITLCJI C Y'ICTOM HHTeH
CHBHOCTCH llHKOB, T.e. aepOJITHOCTCH nepeXO,AOB, MO.AH$H· 
uapoaaHHLIX c <l>aKTopoM 3aceneaaocTB. llpaKTH'ICCKH , a 
o6meM cnyqae, 3TO 3aKJIIO'IaeTcJI o npoue,Aype no,ArOHKH 
TCOpCTH'ICCKHX nepeXO,Il;OB K 3KCnepHMCHTaJILHLIM CllCKT
paM. Orpaaaqeaaoe KonaqecTBO Ha6opoa napaMeTpoa K3ll, 
HMCIOJUCCCH B HaWCM pacnopH)I(CHHH, ll03BOHJICT CYJUCCT· 
BCHHO 3KOHOMHTb BpCMH Ha 3BM. 3<l>clJeKTHBHOCTb llOHCKa 
napaMeTpon K3ll HJIJIIOCTpapyeTca cne_nyiOIUHM npaMepoM. 
B 3KcnepHMCHTe no aeynpyroMy paccesHHIO HeiiTpoaoo .n.n.R 
Pr 3+ a reKcaroHaJILHOM K3ll 6Lino aai.AeHo 5 3Hepraii 
nepeXO,Il;OB. C llOMOIUblO nporpaMMLI H3 10 000 B03MO)I(HLIX 
Ha6opoa x , y onpe.n.enana 46 aa6opoa, co,Aep)l(amux 
3KCllCpHMCHTanLHO llOJIY'ICHHLIC 3Ha'ICHHJI 3HeprHH nepe
XO,lJ.OB. 

06LI'IHO B cnyqae reKcaroaanLaoro K3ll OTMeqaeTCJI 
pe,AyK~HJI B03MO)I(HLIX Ha6opOB X , Y Ha <lJaKTOp 180· 230. 
llpH llO,Il;f'OHKC 3KCllCpHMCHTanLHLIX CllCKTpOB llYTCM llpOCTOH 
aapaa~HH ocex napaMeTpoa K3ll Tpe6yeMoe apeMJI yae
JIH'IHBaeTCH H3 • 3a ,IJ;OllOJIHHTCHLHOH BapHal{HH napaMeTpa W. 
B cnyqae Ky6aqecKoro K3ll <l>aKTOP yMeHLWeHHJI KonaqecT
aa B03MO)I(HLIX napaMeTpOB HC npeBLIWaCT 5-10. 

Orpaaaqeaue nporpaMM SUCHEX H SUCKUB cocTOHT B 
TOM, 'ITO Tpe6yeTCJI ,IJ;OBOJILHO TO'IHOC onpe,IJ;eneHHe 3Hep· 
raii nepexo.noa H3 3KcnepaMeHTanLHLIX cnexTpoa. Ecna 
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a cneKTpe Heynpyroro pacceJIHHJI Heii:TpOHOB pa3peweHHble 
ITHKH He 06Hapy)I(HBaiOTCJI, npHMeHeHHe 3THX nporpaMM 
,naeT TOllbKO rpy6y10 ou;eHKY ,nHaiTa30Ha napaMeTpOB X , 
Y, W. ~pyroe npHHU:HITHanLHOe orpaHHqeHHe 3aKnJOqaeTCJI 

a HcnonL30BaHHH clleHoMeHonorHqecKoii TeopHH K3ll 6e3 
yqeTa ,npyrHX 3~eKTOB, TaKHX KaK 06MeHHOe B3aHMO,neii:
CTBHe, npHMeCb B036y)l(,neHHblX MYllbTHITneTOB K OCHOBHOMY 

H T . .IJ.. 
XoTJI nporpaMMbl HanHcaHbl ,nnJI qacTHoro cnyqag pe.u.Ko-

3eMenLHoro HOHa Pr S+ ( J = 4 ), npe.u.naraeMblH npHHu;Hn 
MO)I(HO nerKo pacnpocTpaHHTL Ha ,npyrHe pe.u.Ko3eMenLHble 
HOHbl, r.u.e MeHHeTCJI TOnLKO qHcno ypoaHeii H nepexo.noa. 

AaTop Bblpa)l(aeT cao10 6naro.u.apHOCTL npocll. A.AH,npe
ecllcllY 3a ITOCTOJIHHYIO no,n,nep)I(Ky npH BbliTOnHeHHH 3TOH 

pa6oTbl. 
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