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1. B a e ll e u n e 

Ill 
1.1. KaK obmo ueAanuo noxaaauo a paooTe , nocJeAoBaTen&Hbiit y'leT xo -

neoaunn npnMeCHbiX aToMoB a MeTannax npnBOAUT K uenoMy PHAY ocooenaocTefi 

B TeMnepaTypnol! 38BUCUMOCTU CTSTH'IeCKOfi aneKTponpOBOJUIOCTK,0Ka3b!BaeTcH, 'ITO 

npaauno MaTTncceaa ne BhmonnneTca u npnMecaaa 'ISCT& conpoTnaneuua cymecT

BeHHbiM Oop830M 38BUCUT OT TeMnepaTypbi. XapaKTep STOfi 38BUCUMOCTU noaaonaeT 

nony'IHTb onpeAeneunyro uu<jJopMaunro o <!>oHoHHOM cneKTpe MeTanna c npuMecaMn n 

BenU'IHHe SMUnHTYllbl pacces!HUSI aneKTpOHOB Ha npnMeCHblX STOMSX, 0'1eBUllHO, 'ITO 

HOJlOOHYIO lKe HH<jJOpMSUUIO MOlKHO nony•IHTb, H3Y'ISSI 'ISCTOTHyiO 38BHCHMOCTb aneK

TpOUpOBOllHOCTH MeTanna C· HpHMeCHMH1 ITpH'IeM B HeKOTOpb!X cny'ISSIX H3y'lenne 'ISC

TOTHOfi 38BHCHMOCTH MOlKeT OK838TbCH SKCnepuMenTan&HO npome, 'leM 113y'leHne TeM

nepaTypHoll 38BHCHMOCTH. 

B nacToamelt pa6oTe nony'leno BbipalKenne Ann aneKTponpoaoAuocTn MeTanna 

c neMaranT!IbiMH npnMeCHMH, cnpaae.Annaoe a mupoKoM nnTepaane 'IBCTOT n TeMne

paTyp, KoTopoe noaaonneT npoaecTH TaKoe nccneAoaanne. ITon&ayac& MeToAoM Ky6o, 
/2/ 

;J83BHTb!M IISMH panee Upli H3y'lel!HH 'IBCTOTIIO!l 38BHCHMOCTH npOBO.QIIMOCTH Me-
/1/ 

Tanna, Mbi o6o6mnn11 peayn&TSTbi pa6oTbi na cny'lall nepeMellnoro aneKTpn'lecKoro 

nonn. 

1.2. KpaTKO c<jJopMynnpyeM nocTaHOBKy aaaa'ln. PaccMaTpuaaeM npocTyro Mo .... 
131 aen& MeTanna, KOTOpyro MOlKIIO OflHC8Tb rBMHnbTOHHBHOM 
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An(q) e-lq:'n 
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rae P n II un -onepaTopbi IIMnynhca II cMemeHII.I! aToMa c Maccoll M n B yane n, 
0 ~ . 

paaaoaecaoe nonoJKeHIIe KOToporo oooaaa'll!M R cpa ~ cp ~a - .rtiiHaMli'IecKa.l! n nm mn 

MaTpiiua aaauMo.rteil:CTBIISI a TO MOB cnnaaa. B · JlllllbRell:meM Mbl coxpaHHM KoopJliiHaT-

Hoe npencTaaneHIIe ·anst raMHrrhTOHIIaaa pemeTKII, TaK KaK ono oco6eaao ynooao 

· I 1,41 
npii pllCCMOTpeH:Q:I! Jli!HllMI!K!I pemeTKI! C lipi!MeCSIMII ( CMo ) • npn 3TOM np!l Bbl-

aone oomnx ~opMyn B paanene 2 aaM ae noTpe6yeTcst npennonoJKeane o HenaMeu

IIOCT!I CI!IIOBb!X nOCTOSIHHb!X cpa~ IIpl! BROJlpeHHH npiiMeCHblX 8TOMOB 1 Hnll 
nm 

KllKI!e-rriiOO Jlpyriie CBOil:CTBa cnnaBa, Jie OTpaJKeHRbie B SIBROM BI!Jle B raMHilbTO

HllllHe ( 1.1). EyneM npeJlnonaraTb, onaaKo, "'TO paccestane ane:K_Tpoaoa rrpoaonn

MOCTH .I!BIIS!eTCll cnaobiM 1 TllK 'ITO MOJKIIO BBOCTll XOpOlliO onpe.rteneHRbie OJlHOaneK

TpOIIHbie COCTOstl!!ISI p~(p,u) C aueprneil t -+ 
p 

:n rronbaoaaTbCst npencTaaneaneM 

+ 
BTOp!I"'l!OrO KBAHTOBlliiRSI no 3THM COCTOS!fl!lstM: 8-+ II a .. -onepaTOpbl pOJKJleHHSI 

p p 

II yHH"'TOJKeiiHSI aneKTpOHll B COCTOstl!HII p ; p -+ ~ 2 9 +-+ a -+ -+ • nocneJlRHil: 
q it' p p+q ... 

'IlleR B ( 1.1) OniiCb!DlleT pacce.I!HHe aneKTpOHOB; 'An (q)= (lfV) V n ( q) exp ( -i qR~), 

v ( q) -~ypbe-KOMnOHeHTll nceB):{OnOTeHUIIllna paccestHII.I! aneKTpOIIll Hll llTOMe B 
n 

yane n 

exp(-iqit'n) 

V=V N 
0 

- oo'beM CIICTeMbi. Oobi'IHOe paanoJKea!Ie ~yHKIIHH .. 
IIO MaiiOCTI! CMemeHH.I! Un Mbl npoaeneM II03JlHee B CllMI!X ypaB-

JieJIHSIX, 'ITO n03BOIIIIT 118M IIOily"'HTb ~llKTOpbl Jleoa.I!-Bannepa IIp!I llMIIIIIITYJlllX yn

pyroro paccenann. nocne.rtane llrparoT aaJKHyro ponb B xapaKTepe TeMnepaTypnoil: 

Ill 
38BllCIIMOCTII npHMeCHOrO COIIpOTIIBneHHSI • Jlnn IlpOCTOThl oyneM IIpennonaraTb1 

"'TO pemeTKll MeTanna SIBII.I!eTC.I! O.rtHOllTOMROil: II KyoH"!eCKOil1 TllK KllK OOOO!lleHHe 

Hll ocinee CIIOlKflble CIIY'lll!I He npeJlCTllBII.I!eT IIp!Ifiii!III!IllllbfiOli TPYAHOCTII. EyneM C"'H

TllTb TllKJKe 'lllCTOTy BRemRero IIOn.l! He Cll!llliKOM oOIIblliOil:1 TllK "'TOobl MOlKHO oblllO 

He Y'liiTb!BllTb MeJK30f!HbiX IIepeXOJlOB II 3IIeKTpOH-9II9KTpOHHOro pacce.I!HII.I!. 

1.3. nocKOilbKy KBllHTOBOe KHReTH'l9CKOe ypaaneal!e JlllSI aneKTpOHOB npoBOJlH-
/5/ 

MOCTII B BbiCOKO'lllCTOTf!OM none HIVeeT JlOBOIIbf!O CnOlKHb!il: BII):{ ( CM. ) 1 Mbl BOC-

IIOilb3yeMCSI MeTO):{OM Kyoo1 KOTOpb!il: no3BOII.I!OT Bb!pll31ITb Kl!f!eTII'l9CKI!e K03~~1IUUeH.o 

Tbl TIIIIll arreKTpOIIpOBO):{HOCTU qepe3 BpeMeHHb!G KOppen.I!IIHOHHbie ~yHKUifl! · 

16/ 
Rllll rpyHKUKK rpi!Hll 1 Bbl'IIICIIeliRb!e JlllSI paBHOBeCROil CIICTeMbl ( CM. ) • J1nTe-

pecyrol!lll.l! lillC IIpOJlOnblill.l! lipOBOJliiMOCTb C1 (k ,w) J 38BIIC.I!l!lll.l! OT 'lllCTOTbl "' 
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.. 
n nonnonoro nexTopa k 16 21 snexTpnqecxoro nonS!, MOJKeT 6biTb aanucana B DHAe ' : 

.. I e2 .. k .. .. 
u(k 1 cu) ==----; :£ (p +-

2 
)kGP .. (k 1 c.~), 

mk P ( 1,2) 

.. 
rAe e 1 m -3apS!A H Macca snexTpona n G .. ( k I cu) -<jlyp&e-xoMnouenTa ABYX'Ia~-

lat TH'IHOi! 38n83AbiB8IOilt9ll <fJyliKIIHH fpHH8 ( CM, ) : 

+ 1 00 .. -lc.J(t -t'l « a .. cna .... (t);p .. (t')>>· .. -- f G .. (k
1

co) e dco. 
P P + k -k 2rr -oo p. ( 1,3) 

TaxuM o6pa30M1 aaAa'la c Bhl'IHcnennu snexTponponoAnocTH CDOAHTCS! x aaAa'le o6 

OThlCK8HHH !jlyHKUHH fpHll8 ( 1,3) AnSI p8BHOB9CHOi! CHCT9Mbl C l'8MHnbTOHH8llOM ( 1,1), 

B cneAyromeM paaAene Mbi nony'lnM ypannenne AnSI !jlynxnnn fpnna ( 1,3) n 

Bhl'IHCnliM sneKTponpOBOAIIOCTb D 06LUeM cnyqae AnSI 11pOli3BOnbiiOit 'J8CTOTbl ll TeM

rrepaTypb!, B pasAene 3 6YAY·1' paccMOTpellbl neKoTopbie 'JBCTIIhie cny'Ian, nosnongro..: 

mne rrponecTn cpaBHel!ne c sxcnepnMeiiTOM, KpaTxo pesyn&TaTbi SToll pa6oTbi 5hmn 
17/ 181 

c!jlopMynuponal!hl B • B o6cyJK.QaroTCS! pemeang AnSI OAHo'JaCTH'IIIhiX !jlyaKunl! 

fpHH8 AnSI .CHCT9Mbl C l'8MHnbTQIIH8110M ( 1,1), 

2, Bbi'IHCI;leHne sneKTponpoBOAHocTn B o6meM cny'Jae 

2,1, nony'JnM npeJKAe ncero ypanneaue AnSI AnyxqacTH'Illol! sanasAhiBaromei! 

!jlyaxunn fpuaa ( 1,3), Kax o6bi'IHO, nonhaync& ypaaaennS!MH ABHlKaJIHS! AnSI onepa

Topon B rel!sen6eproBCKoM rrpeAcTannennn c raMnn&TonnaaoM ( 1,1), AH!jl!jlepeaun

pyeM !jlyHKUHIO fpnaa ( 1,3) no npeMenn t , B pesyn&TaTe 'Jero rrony'IaeM ueno'JKY 
. '/8/ 

ypanaeunl! AnSI <jlynKunfi fpnaa nospacTaromefi cnoJKIIOcTn (eM. ) ~ no npeAnono-

lK9HHIO p8CC9SIHH9 sneKTpOHOB S!BnSI9TCSI Cna6b!M 0 T8K 'ITO Mbl MOlK9M orpai!H'JI!TbCSI 

Ill nepBbiM 6opnoncKnM npn6nnJKeaneM, KaK n n pa6oTe • 3To nosnonS!eT 6onee 

CnOlKHbJO !jlyHKUHll fpnaa, BXOAHIUHe B ypaBH9Hll9 AnSI HCXOAHOi! <fJyHKUHH ( 1,3) npn 

KBaapaTe llOT9HUHana p8CC9SIIIHH, npn6nn~eHHO Bb!p83HTb qepe3 ABYX'J8CTII'JHbl9 

!jlyuKunn Tnna ( 1,3), Ees y'IeTa rrpoueccon sneKTpoa-<jlonoaaoro ynne'JeJIHS! sTo pac-
/2/ 

uenneane nMeeT BIIA ( cp. ) : 

5 

.. ( 2.1) 
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+ l(;;r;;-, 
<< a ..,. a ... ... -+P ... , e 

.. 
un ; p ( t ')» .. 

-k p p+k-q -q 

.. < ell;;+ ;;• l 
.. 
un > 8 ... ...., , << a:+ ... a ... ... ... p ... , ; 

-q,q p p+~-q -q 
p .. (t')» .. 

-k 

.. o .... ,[(1-n ...... )G .. (Ii", t-t')-n .. G .. (k, t-t')]. 
-q,q p+k~q_ p p p 

(2.2) 

31l9Cb R .. =<a: a .. > -cpellH99 'IHCilO aneKTpOHOB B COCTOIIHHH p . 01lH8KO STO 
p p p /2/ 

npn6nnlKeune ue npnBOilHT eme K 3aMKHyTofi cncTeMe ypaBueunli, KaK B 1 TaK KaK 

B ypaBH9HHIIX nol!Bnl!IOTCII MHOlKHT9IlH Tnna exp (-I q U n) 1 onHCbiB8101IIH9 MHOI"OcPOHOH

Hbi9 nponeccbt pacceHHHII s raMHnhTounaue ( 1.1). Y'!HTbiBall nnmb ollno<!>onounbte 

neynpyrne rrpoueccht pacceHIIIIII 1 npo1I3B91leM B nony'!eHHbiX ypaBnennllx pa3nolKeHne 

nc cMemeniiJO u , coxpauns B 'lll9H8X C lieynpyriiM paCC9liHH9M Iliiiiib HII31IIHfi 
n 

nop!IIlOK 1 nanpnMep: 

w w . n m 

< exp[- I;(; -~ )]> = e --2- e --2 - exp<:(q~ )(q i! )> 
n m n m 

(2,3) 

w w 
n - m -+-+ -+-+ . 

-.,- .,- + < ( q u )( q u ) >, e e n ~ 

I"):l9 nepBbiii 'lll9H COOTB9TCTByeT ynpyrOMy paCC9liHHIO C Y'I9TOM <f>aKTO!JOB Jle6aSI-

.... 2 
Bannepa Wn(q)=<(q un) >,BTopofi '!neu onncbtBaeT o.nno<f>ononuoe paccellune, Bbt-

nonHHII T8K09 p83IlOlK9HH9 B C8MIIX ypaBH9HHIIX1 a He B IICXOiliiOM raMI!IlbTOHH8ll9 

( 1,1) 
1 

HaM y.naeTCII Y'I9CTb Ty COBOKynHOCTb MHOro<jlOHOHHblX llp0UGCCOB1 KOTOp81I 

onpellenlleT <!>aKTOpbt .lle6al!-Bannepa • .llellcTBIITenbuo, pacnenneHIIe ( 2,1) ( 2,2) 

COOTB9TCTByeT H938BIICIIMOMy ycpeJ:I)l9HIIIO no COCTOIIIII!IIM peiiiGTKll II SllGKTpOHHO!i 

CIICT9Mbl1 npii'19M nepBOe KSK pa3 H 03H8'18GT ycpellHGlli!G no nollOlK9HHIO 8TOMOB1 

T,e, BB91l9HHG B aMnlliiTYilY pacCGliHIIll <jlaKTOpa Jle6a!I-Bannepa. noll'!GpKHGM 31l9Cb 1 

'ITO <jlaKTOpbl Jle6a!I-Bannepa TO'IRO paBHbi HYiliO Allll BTOpofi <f>yHKUHII ( 2, 2) 1 KOTOpa!I 

onHCbiB8GT a<f><jleKTIIBHOG aneKTpOH-aneKTpOHHOG paCC9liHII91 IIIIAYUIIpOB8HH09 <jlOHOHa

MH, TSK KaK 6nar'Oil8pll coxpaHGHHIO BMnynbca B aTOM o6Mei!HOM paccel!IIHH .. ~ .. 
q '= - q II CMGIII9HHG U n yMHOlK89TCII Ha lf.Yil9BOii IIMilyllbC, 

B pe3yllbT8T9 C):IGil8HHbiX llpii6IliilKGHIIIi nonyqaeM CllGilYIOIIIYIO CIICTeMy ypaB

ri9HIIIi llllll <jlypbe-KOMnOH9HT <f>yHKiliiii fpiiHa (1,3): 
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(c.) +c:u ...... )G ... (k,"') =(n ... -n ...... )+ 
pk p p p+k 

... + + ...... 
+I A (q)«(a ... a ........ -a ...... a ... t)(l-lqu >li:> ... >> 

nq n P p+t-q p+q p+ n -k I'Ll 

(2.4) 

( + + . + 
ru+cu ......... )<<·a ... a ...... IP ..;>> =<(a ... a ...... -n a ...... .)>+ 

pk-q p p+k-q -k I'Ll p p-q ;+1 p+t-q 

wn wm 
+I A (-q) e ---:2" e --2-l G...(~c:u)-G ... .(k,c:u) I, 

m tn P P-t'( 

2 + a a 
M ("' +co .......... ) « a .. a ... t ... u I p ... » = B ...... ... ( c:u ) + 

n pc-q p p+ -q n -k c:u p~-qn 

(2.6) 

+ y 
«a ... a ......... u IP ... >> 

p i' +k -q m -k C:U 

( 2.6) 

rne 

a + + !( a I a n ......... (co) .. M <(a ... a ...... -a ...... n ......... ) c:u+"' ........ )u +--PI>+ 
pk-qn n P P-q p+k p+k-q pk-q n Mn n {2.7) 

a 
+ lq A (-q)l {1-n ......... )G ... (k,w)- n ... G ...... (k,cu) l + 

n p+k-q p .p p-q 

+ lG ... (k,cu)-G ...... (l(,c:u)}I A (-qH' <l(qi: )l(c:u+c:u ... ,.. ... )ua +-!- pa I>, 
P P-q m m n m pli-q n M n 

n 

'ho6hi pewnTh IIHTerpanhaoe ypaa1renne ( 2.6) nnli tf>ynKnnn fpnna, onnchiBaJomell: 

neynpyrne nponecchi pacceSIHHli, aocnonh3yeMcli ypaaneimeM nnli tf>ononnofi tf>yi!KrrHH 

D af3 a {:3 
fpnna B KoopAI!IlaTl!OM npencTaanelll!l! , (E)"' « u 1 u , » 

n n n n £ 

(2.8) 

/8/ 
B KOTOpOM MOlKllO npeae6peqb B381!MOA9ll:CTBI!9M tf>oHOHOB C 3UeKTp01!8MI! ( CM. ). 

, a(3 
YMl!OlKali ( 2.6) na D , ( w + cu...... ...) . 11 cyMMHpyli no n , a, nonyqnM 

n n p k -q 
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""'--- -

+ a I . . I af3 f3 
<<a .. a.. .. .. u p .. >> c D ,("' + "'.... ..) B ...... 

p p + k. -q n - k cu n ' n n p k - q p k -q n 

("') . (2.9) 

+ + a 
nng Bbi'IHCnSHIISI cpe)lliHX < G-> a _. .. >, < 0 .. a-> -> U > ( q .j, 0) 

. P p-q P P- q n 

H npyrHX B npaBb!X '18CTSIX ( 2.5) ( 2.6) BOCHOnh3yeMCSI ypaBHSHlleM 

d .. :.. 
1--<a .. a,. .. exp(-lqu )>cO, 

dt P p-q n 

xoTopoe pem11M a TOM JKe npnonnJKeHHH, 'ITO 11 ypaaaenne nm1 ljlynxnun fpnna 

(2.5), (2.6). 

noncTaBnSISI ~y!IKUIIll (2.5), (2.9) B (2.4), nonyqaeM 38MKHyT09 ypaBH9Hll9 
. /2/ 

nn11 nayx'lacTu'l!lofl ~yHKnnn fpuna (cp. c ): 

.. 
("' +."' .._. ) G .. ( k, "') ., ( n .. - n .. .. ) + 

pk p p P+k 

w w 

+ I 
__ n_. ___ m_ 1 _ • )+ 

.. .. 2 2 I [ f.. .. ..- f .. :.. .... .+ ( ---
A (q)A (-q)e e p,p+q p+k,p+k+q cu+C<» .... cu+cu .. ...... .. 

nmq n m p,k+q p+q,k-q 

+[G .. (k,cu)-G .... (k,w)]( • + • ) I + 

+I .. 
nmq 

p p + q ru + cu..,. ..,. .. 
p, k+q 

(i) + ~ ......... 
p+q, k-q 

.... .... 1 &o ..._,. . ..,...,. 

A ( q ) A ( -q)- J dE [ -Im « ( q u ) I ( q u ) » .- ] x 
n m 11 n m E+lo ......, 

f ...... (E) -f-o ........ (E) 
t{( p,p-q pH,p+k-q 

£ ........ 
p+q, p 

(E)-f ........ ~E) 
p+k+q, p+ l: 

----------------------] + 
cu +w .. .... - F 

p, k. -q 
cu + (r,)..,. ....... ....-·E 

p+q, k -q 

1- n .. +[( p+k-;+N(E) 

c..~+"" ...... -·E 
p,k-q 

1-n .... +N(E) 
-( p +II: 

"'+ "" ........ -R 
P+q, 11:-q 

n .... +N(E) .. ) 
P+q )G .. (k,cu-+ p 

"' + "" ........ -,E 
p+q, k-q 

.. 
G .... (k •"') + 

p+ q 

8 

n ;+ N(E) 

""+ c..~ .... -o-E 
p, k-q 

G .... (k,w ))JI. 
p-q 



f.. .. .. (E) 
p. p + q 

[n..,(l -n .... )+N(E)(n .. -n .... )l(Ci.l 
p ,p-1-q p p+q 

.... 
p,q 

-E) -1 

F/T -'1 
N (E) = ( e -1) 

1 
T- Tell.mepaTypa B saepreTnqecKnx e.llnnuuax. llmr ynpomennli 

sanncn BTop_on cyMMbi B ( 2.10) Mbi nonhsonamich cooTHomenneM: 

' n 

T7 

c!E ay + J -- N(E)[-frnDnm (E+!o)], o= 0 , 
Ci.l-E 

-oo 

KOTOpoe nerKO nony'IHTb1 9C1lH BBSCTH CUeKTpa1lbHbiS pa31lOlK9Hllli .llllli KOppe1lSIUHOH-

. ) /~ 
HbiX ¢ynKunn n nocnonbsonaThCII ypan.aeaneM ( 2,8 (eM, ) • 

TaKnM o6pasoM, yqnTbiBal! pacce11nne sneKTponoB B 6opnoBcKoM npn6mrJKemm 

u paccMaTpHBall nnmb onao¢onoHHbiO neynpyrne nponeccbr, Mbi nonyqnnu saMKHyToe 

HHTerpa1lbll08 ypaBJieHUe AHSI ljlyJIKUHH fplf!Ia, nono6Hoe KBBHTOBOMy KHH8Tll'I9CKOMY 

ypasaenuro AnSI JiepaBnonecaoft ¢ynKUHH pacnpenenennli .B nnneftnoM no nnemneMy 
/5/ 

nonro upn6nnJKeaun • Ilepsa11 cyMMa B npanofi qacTn ( 2. 10) onncbmaeT ynpyrne 

nponeccbi pacceSIHHli c yqeTOM ¢aKTopoB lle6aSI-Bannepa. BTopall cyMMa, conepJKa

ma~ nnTerpan no qacToTaM OT MHHMOft qacTn ¢ononnon ¢ynKunu fpnna, omrcbiBaeT 

neynpyrHe npoueCCbl paCC9liHIIli SH9KTpOHOB KaK Ha KOne5aHHSIX BTOMOB OCHOBHOH 

pemeTKn, TaK n npnMeCl!biX, a TaKJKe nx nnTep¢epenunro, 0TM9THM onny xapaKTep

nyro oco6euuocTb sToro ypanaeunSI, B npanoll qacTl! ypanueunli ( 2,10), noMl!MO 

.. qnena cTomtuonenull", conepJKamero ¢ynKunu fpuua, l!MeeTcSI neonnopoAHbift qnen 

BToporo nopSIAKa no noTennnany pacceSIHHSI ( nepBbie KBa.llpaTHbie CK05Kn B o6e11x 

cyMMax), On onncbmaeT paccei!Hne sneKTponon, llli.IlYUIIponaunoe nuemnnM ·sneKTpn-
/9/ . 

qecKnM non eM , B cnyqae HIISKIIX qacToT ( Ci.l r « 1 , r -xapaKTepnoe npeMH 

penaKCBUIIH Cl!CTSMbi) OH OKB3b!Ba9TC:H ManbiM li OCHOB!!yro ponb llrpaeT "qnen 
/2,9/ 

CTOJIKHOBeunH" , B cnyqae JKe BbiCOKIIX qacTOT ( Ci.l r>> 1 ) on 11rpaeT rnan-

nyro p01lb, B TO Bp9Mli KaK "qnel! CTOHKHOB9!111H' MOlKHO paCCMaTp!!BaTb no T90pllll 

nosMymeanft, IlosToMy, nepexonH K peurennro ypaaueHI!SI ( 2.10), paccMoTpl!M no oT

.Il9nbl!OCTll AB9 yKa3811Hbie o6naCTll 'IBCTOT, 

g 



2,2. Hn:aKoqacTOTHa£1 npoBonnMOCTb ( w r « 1 ). 

PaccMoTpHM cnyqafi cna6ofi npocTpaHCTBenaofi neonnoponnocTn, Korna aneKT-

pnqecKoe none Mano MenHeTCH na xapaKTepnofi nnnne cncTeMbl 1/ k >> a .. 1 I p , F" 

p F -nMnynbc <l>epMn. To rna Mbi MoJKeM npcnaBeCTH B ypaBneann ( 2,10) paanoJKenne 

no k 
1 

coxpannB nnmb nnnefif!bie qneHbl, npennonaraH nanee, qTo B o6nacTn IIH3KHX 

qacTOT noBenenne aneKTponoB B aneKTpnqecKoM none xapaKTepnayeTC£1 a¢¢eKTHBHOfi 

qaCTOTOfi CTOllKHOB9Hllll 
/2/ 

y ... (w) 
p 

38BHC!Ill!9IT OT qaCTOTbl W ) 6yneM HCK8Tb tPYHK-

nnro fpnna B Bnne : 

G_,(k,w) ~
p 

an ... 
p 

a c ... 
p 

kp 
( 2,11) 

m w+ly ... (w) 
p 

npene6perag B ypaBneimn ( 2,10) neonnoponHhiMH qnenaMH BToporo nop!InKa no 

nOT9HUHany pacce!IHH£1 BBHAY HX ManOCTH R yqJITb!B8!1 llRlllb MHRMYID qaCTb ~qne

Ha cTonKnoBeHRfiw, onpenengromyro nponeccbi penaKcanuil B cncTeMe, nn11 a¢¢eKTRB-

nora aaTyxanng ¢ynKUHR fpuna y ... ( w) nonyqaeM ypaBnenue: 
p 

an ... w wm an ... k (p+q) ___ n_ an-+ .. 
y_,(w)--"-~ ~ A (q)A (-q}! e 2 e 

--2-
[--~'-- P+q 

] X ..... 
~ a( .. n m a( .. kp a( ... ... 

P qntn p P+q 

"" 
xTT[O(w+w-+ .. )+8(w-w )]+ fdE[-Im«(qu >l<ii~ )» ~ ]x 

p,q p,;f n m E+lo 
-oo 

an-+ 
x[l(n ...... +N(E))--P -(1-n .. +N(E)) 

k(p+q) an;+;; 
~ l o(cu _,w ...... 

p •q 

( 2.12) 
-E)+ 

P+q ac... p 
p 

an ... 
+ { <1- n _, ... + N(E))--P-·_ ( n ... +1'' (E)) 

p-q af.. p 
p 

kp ac;+;; 

k(p-q) 
kp 

an .... 
p -q 

a(; ... 
p -q 

8 ( {J.)- w ... ...- E) ll. 
p, -~ 

TaK KSK All£1 aneKTpOHOB B MeT anne tPYIIKUH!I fpHHa ( 2,11) OTnnqna OT Hyn£1 llHlllb B 

yaKoM cnoe T « 1.1 
0 

-aneprun <l>epMn, TO an11 BbJqncnenn!l npoBoAHMOCTH ( 1,2) 

nocTaToqno onpenemiTb tjlynKunro y_, ( w) nnmb npn p "'p 1,. YcpeaHennoe no 
p 

IIOBepXIIOCTH <l>epMH anaqeHIIS 9TOll <jJyHKUHII rronyqaeTC!I !Ipll IIIITerpHpOBS!IHH IIO 

f-+ ypaBH9HH!I (2,12), B KOTOpOM BBHAY OTMeqeHJIOll oco6eHHOCTH Mbl OIIYCTIWH 
p 

qnellbi l<w+iy ... l/(w+iy_,,ll.,l(w+iy 
p p p F" 

10 
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npH cPYJIKilHSIX a n ... + ... I a ( ... + ... B npaBoit qacTH. IlpH JIJITerpHpOBaJIHH 6yneM 
p_q p_q . 

yqHTbiBaTh1 qTO cu«ll 
0 

11 E 
0 
« fL 

0 1 rne E 0 -MaKCHManbn,an qacToTa Kone6aaHii 

pemeTKH, TaK qTO Im D af3, (E)= 0 npH E> E . TaK · KaK nnn Ky6HqecKoro Kpnc-
nn o 

Tanna 

Im«<iiu )!(qu )» =f(q 2 ,E) 1 
n m E 

nm 

TO nerKO BblnOllHHTb IIHTerpHpOBaHHe no nanpanneUJIIO BeKTOpa q I B peaynbTaTe 

qero nnn cpenaero anaqeuHn aaTyxauHn nonyqaeM 

X 

(2.13) 
w w 

-+ -T 
xl e e + 

"" f d E [ -Im « (ij ~ ) I ( q; ) >> 1 F ( ..L 1 ~ ) l 1 

11 0 
n m E+t<'l T T 

rne N F' -nnOTHOCTb sneKTpOHHb!X COCTOSIJIH!i Ua noaepXIIOCTH <l>epMH1 q O -MaK-

CHManbHbiii HMnynbc cjJoHOHOB: q 0~ 2 P F' H cPYRKUHSI F ( E/T 1 cu /T ) panna cjJyHKUHH 

• 
E cu E-cu E+cw ) ) ) F

1
(-,-)c -- N(E-<U)( 1+ N(E.-<U))+ -T N(E+cu)( l+N(E+cu) + 2N(E)-N(E-<U -N(E+cw , 

T T T 
(2.14) 

a{3 a{3 
rne Mbl yqnHI qTO 1m D (E+ I o) ~-Im DftJil ( -E + i 8) • (Eonee non-

nm /21' 
po6ao MeTOll HHTerpHponaHHSI npaaeneH B ) • BbipaJKeJIHe ( 2,13) onpenenneT scjJ-

cjleKTHBHyro qaCTOTy CTOaKHOBeHHit sneKTpOHOB C peWeTKOit npH aanaanoit KOHcPHrypa

UHH npHMecelt. IlocKonbKY SKcnepaMenTanbHO ncerna HayqaroTcn o6pa3Ubi MaKpo

cKonH'!eCKHX pa3MepOB1 B KOTOpb!X cjlaKTHqecKH npOHCXOAIIT ycpenaeJIHe no paanaq

HbiM KoncjJHrypauHliM npHMeceit, BbipaJKeaHe ( 2,13) cnenyeT TaKJKe ycpenaHTb no 

pacnonoJKeJIHIO nprrMecelt. Mbi ue 6yneM cneuHanbHO o6oaaaqaTb STO ycpenne1me 

3!laKOM < ... > e > nonpaayMeBalJ ero npH ncex KO!IKpeTHbiX BbiqrrcneHHliX. 

IloucTaannli Tenepb ( 2,13) B BbipaJKeHHe !lnli ¢yHKUHH fpHHa ( 2.11) 1 no ¢lop

Myna ( 1,2) II8XO!li!M npOilO!lHMOCTb CIICTeMbl B cnyqae !l!I3KHX qacTOT, IlpH k -t 0 

ona HMeeT nnn 
( 2.15) 

n e2 - -1 
a(w)=--(y(w,T) -lw) 

m 
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rne n -nnoTHOCTb aneKTpO!!OB npOBOJlHMOCTII, TipH cu ~ 0 H3 ( 2,13) -( 2,15) llS-

XOJlHM Bb!p8lKSHI!e Ami COI!pOTI!BnSHIISI B CTSTII'ISCKOM cny'lae: 

1 m -
p(T)=--= 

2 
y (O,T). 

a (0) n e 
( 2,15a) 

Ill 
KaK BHJlH0

1 
OHO COBI!8)l88T C Bb!palKSHHSM 1 nony'ISHHb!M B · pa6oTe 1 C TO'IHOCTb!O 

JlO ¢aKTOpOB lle6as-Bannepa B HeynpyroM paCCSSIHHR 1 KOTOpb!S B 'l8CTII 'lneHOB 

Mbi onyCTHnH BBHJlY IIX ManoCTH ( CM, ( 2,3)) 1 a B 'l8CTH 'lnel!OB Ol!ll 06palll8!0TCSI 
- /1/ 

B Hynb ( CM, ( 2,2)), KaK en en yeT 113 pa60Tbl 1 B03HIIK8!01IlSe npH aTOM p83l!H'IH6 

aecymecTBeaao; nns ero o6cylKAel!nSI l!eo6xonnMo paccMoTpeTb AByx¢ononl!hle nepe

xonhr. 

2.3.. BbrcoKo'laCTOTHaSI npoaonnMoC'l'b "'r »1) . B a'l'oM cny'lae ypaaael!ne 

( 2,10) pemaeM HTepaunei:\ 1 1 flO)lCT8Bnllli B ''lneH C'l'OnKHOBellnll:' · ¢yllKUH!O rpnHa 

CB060Jl!lbiX aneK'I'pOHOBo Tip!! aTOM OH nonuoCTb!O KOMflSllC!!pye'l'CSI 'l8CTb!O geonHOpOn• 
/9 2/ 

HhiX 'lneHoB BToporo nopsnKa no noTeHunany paccemms (eM, 
1 

) , B pesynbTa'l'e 

'lero nns MHnMOfi 'laCTH ¢yaKunn rpnna BToporo nopsnKa npll k .. 0 

Im o' 2.} ( k I "' + i 0 ) 
P. 

w w n m 

1T }; 
3 

w nmq .. 
.... .... .... k 

A {q)A {-q)-q-x 
n m m 

x { e --2 - e- - 2-{ n .. - n .. ..)[ o ("' + "' .... ) - 8( ~' -·"' .. .. ) 1 + 
p p+q p,q p,q 

r~ony'laeM: 

( 2,16) 
1 0() ' -+..., ......... 

+- f dE[-Im<<{qu )J (qu )>> ][{ n .. {l -n .... )+N{E){n .. -n .... )I x 
"-oo n In t:+!o !> p-q p p-q 

x o I "' +· "' .. .. - E ) ...: { n .. ..{1 - n .. ) + N ( E) ( n .. .. - n-+) l o ( tu 
p,q p+q p p+q p 

"' .... - E )Jl 
p. q 

TioncTaBnnn (2,16) B (1,2) 1 nocne na'l'erpnpoaannn no p, q nony'laeM BbrpalKenne 

nnn nell:cTBnTenbaofi 'laCTH npoBOJlHMOCTH a'l'oporo nopsnKa1 onpenensromell: npn 

k .. 0 o6'beMaoe nornomenne BbiCOKO'laCTOTa:oro nonn: 

ne 2 

Re a' 2 l ( "' ) = --2 y ( "' , T . ) , 
mcu ( 2,17) 

\ rne a¢¢eKTHBHan 'ISCTOTa · cTonKliOBennll: y("', T) onpenenneTcn 'reM lKG BbrpalKe-
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liHSM ( 2.13) 1 B KO'l'OpOM ljlyll:KUHll F ( E/T, cu/T) ., onpall91llliOW8ll 'IBC'TO'TiiO-TaMnepa
/6 2/ 

TypHyiO 38BHCHMOC'Tb neynpyroro paCC9llHHH1 HMaeT BHil 1 ! 

ITony'IeHnbie peayn&TaTbi ( 2.15), ( 2. 17) noanomiiOT nponecTH nccnenoBanne 

npOBOilHMOCTH MeTanna C npHMeCHMH B WHpOKOM HHTepnane 3HS'Iennfi 'IBCTOT If TaM

nepaTyp. Tlpn aToM o6mnfi BHil nx ae aaKnallbiBaeT KaKnx-nn6o orpattnqeanfi na xa

paxTep 11eljlexTon pewaTKn. Heo6xo11nMo nnw&, 'ITo6b! pacceanue 'aneKTpoaon 6bmo 

llOCTaTO'IHO cna6biM, TaK 'IT06b! MO)KRO 6binO BBeCTH OllHOaneKTpOHHb!e COCTOS!HIIll 

c onpe11eneaaofi aaepruefi r; u non&aonaThcSI 6opaoncKHM npu6numeaneM pacceSI

l!nSI, · KOrlla noaMomno npocToe pacnenneaue ( 2.1), ( 2.2). B paMKax aToro )!{a Me

Tona. nerKo npoBaCTH y'IaT n MnoroclJonoHnbiX nepexo.aoa npu pacceSinuu. B cne.ayromeM 

p831lene Mbl paCCMOTpHM neKOTOpb!e 'ISCTiib!e cny'IaH 9THX ljlopMyn, 

3, q8CTOTii8S! 38BHCHMOCTb aneKTponpoBOilHOCTH MeTanna 
C npHMSCS!Mll 

PaccMoTpnM TeMnepaTypnyro n 'IBCTOTIIYIO aasncnMoCTh a<jJijleKTHBnofi 'IBCTOTbi 

cronKnoaeanll nnu 3aTyxann!l ( 2.13) B paann'IHbiX npenen&Hb!X cny'IaSix, KaK noKa-
/2a/ 

38HO B pa6oTe 0 'I8CTOT1i8S! 38BHCHMOCTb ynpyrofi 'IBCTH npHMaCHOro 3BTYXBHHSI 

oKa3smaeTcSI cymecTneanolt npn qacToTax cu"' p. 
0 

• B aaweM cnyqae cu << p. 
0 

, 

TaK 'ITO nHml!nll npenen HHTerpuposannR B ( 2.13) cu/ v ., 0 , u noaToMy ynpyraSI 
f' 

qacT& aaTyxanuii ae aaaHCHT oT 'laCTOTbi cu • Tlpu Manon KoanenTpanuu npnMecefi 
Ill 

c « 1) oaa MomeT 6biTb npellcTasnena n BHile (eM, ) : 

qo 3 ... 2 
y (T)"' C7JM f q dqJAb(q)J , 

I 
(3.1) 

0 

rne BBellSHbi o603HB'IeHHS!! 

(3,2) 

13 



Heynpyryro ·qaCTh aaTyxaflllll aannweM B Bnne: 

rne 

y'(rv,T)=y (cu,T)+!iy(cu,T), 
0 

T 
0/T 

5 ~ 
y (cu,T)=y (-) 2 f x dxF(x,a) 

0 0 {J 

(3,3) 

(3,4) 

. . 6 ( /10,5,26/) 
3aTyX8Hll9 lliill 'IIICTOI'O M9T8IIII8 93 llpHMSCefi CM, , npn IIHTerpnpOB8-

Hllll B ( 3,4) Mbl BOCilOIIb30B8IIIICb liBflbiM Bb!p8lK9HH9M l:tnH <}JoHOHHOfi cpyHKilHII fpn-

. ( /1/) 
118 Hll98IIbHOI'O KpllCTanna CM,, 118llpHM9p1 11 1 Y'IHTbiB8Sl paCC9llHH9 TOIIbKO na 

npononhlibiX Kone6annRx, npn6nnlKeHHO nonolKnnn: 1 v ( q) I 
2 

a I v ( 0) I 2 
, 

0 0 

"' sq , S - CKOpOCTb 3BYK8 1 8 T8KlK9 BBCIIH 6eapa3M9plib19 nepeM9HHbi9: 
.... 
q 

(L) .... 

X= --q~ 
T ' a "' t' yo=OlJ ' (J s q 0 • (3.5) 

q8CTOTHO-T9Mil9paTypH8ll 38B!!CHMOCTh 38TyX8HHll B 'IIICTOM M9Tanne (3,4) nayqe-

/26/ . 
aa,B pa6oTe . 11 no9TOMY anech ae paccMaTpnaaeTcll. nepexonH K o6cylKneanro 

neynpyroli: 'I8CTH npl!MSCHOI'O 38TYX8HHH
1 
38M9THM 1 'ITO ero TeMnepaTypHO-'I8CTOT-

H8Sl aaBncnMOCTh BbipalKaeTcR B HBnoM anne cpyaKnnRMn F ( 2,14) nnn F ( 2,18), 
I 2 

H ll09TOMY Mbl MOlK~M Cll9II8Tb H9KOTOpb!9 o6nt!!e BbiBOilbl 1 ae llOIIhOYSlCb KOHKpCTHbi-

Mll npencTaanennRMH nnR cpononnoli: cpynKnnn fpnna. 

3,1. PaccMoTpi!M cna.qana 6onee npocToli: cnyqali: BbiCOKIIX TeMnepaTyp, Korna 

T>>.E
0 

-MaKcnMarrhHOli: qacTOTbi Kone6annli: peweTKH. B 9TOM cnyqae Kone6aanH 

peweTKU MOlKliO paCCM8TpHB8Tb KI18CCI!'I9CKIIM o6pa30M H llOIIlKHhl 6b!Tb crrp·aBSilniiBbl 

peaynhT8Tbl 06b!'IHOI'O KIIHCTII'I9CKOI'O ypaBHSHI!Sl, nel!CTBI!T9IIbll0 1 IlpenerrbHOC 3H8'I9-

nne cpymmnn ( 2,14) nnR HHaKnx qacToT rrpn "'« y .. T coarranaeT co aHa'IenneM 

cpyHKilHH F (2,18) nnH Bb!COKHX qacTOT npn "-l»y> E: F (x«l,a»l) "'2T/E 
2 I 

n F (x, a» x ) .. c111 ( F/2T)• 2T/E. TaKI!M o6paaoM, B cnyqae BbiCOKHX TeMrrepaTyp 
2 

'l8CTOT8 CTOIIKliOB9H!!l! ( 2,13) HC 38BUCIIT OT 'I8CTOTbl BH9Wli9I'O llOIISl CU H OK8-

3blB89TCSI paBHOl! KnaCCll'ISCKOMY BbiCOKOT9MIIepaTypHOMy 3H8'I9HIIIO: 
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y (T)'= y (T) + 
Ki!, I 

(3.6) 
-.. _,.o ... o 

.. .. -lq(R -Rml[ .... I .... 
~ v (q)v (-q)e n -lm«(qu ) (qu )~ ]. 
nmq n m n m E:+lo 

nony'leHHOe BbipaJKe~IHe H03BOnlleT CAenaTL o5mnlt BbiBOA 0 nponopU!!OH8i!hHOCTH 

nonaoro conpoTnnneanll ( 2.16a), B TOM· 'IRene n ero npnMecaolt 'ISCTH,. TeMnepaTy

pe T B cnyqae BhiCOKHx TeMrrepaTyp. Bonoe rronpo5Hbil! aaanna BbipaJKe!Inll ( 3.6) 
· . . Ill 

npn KOIIKpeTIIOM Bbi5ope tPOHOHIIhlX tPYHKUHlt fpH!Ia IIpoaenea B pa6oTe , 

3.2. B cnyqae HH3KHX TeMrrepaTyp T« e H rrpn .'laCTOTaX w» T IIPOl!Bnl!eTCl! 

KBaiiTOBbilt xapaKTep naewaero nonH: sneK'rpOIIhi, nony'lal! KBaHT saeprnn w( t .= 1) 

OT BbiCOKO'lSCTOTHOro IIOi!l!, paccenBSIOTCl! Ha KOne6aHHl!X peweTKH, B036yJKA8l! !jlo

llOHbl c qacToTaMH E :::; w. Llel!cTBnTenLao, tPYHKUHl! ( 2.18) npn w » T HMeeT nun 

F (.!_ ~»1) .. 2N(E)-(l-.!_)N(E -cu), 
2 T ' T cu 

rAe nepBhll! 'li!9H OHHCbiBaeT paccel!HI'!e· liS T9IIi!OBhlX KOne6aaHl!X, KOTOpbiM MOJKHO 
5 

npeae6peqb nnn·ny ero ManocTH "' (T/ ()) « 1; BTOpol! - paccel!HHe sneKTpOHOB c saep-

• rnell w aa !jloaoaax c saeprHliMH E~ cu. noACTaBnHl! Fa B · ( 2,13), nonyqaeM 

BbipaJKeaHe Aill! 3STyXSHHl! B KBSHTOBOM npeJlene ( T « cu , T « ()) : 

y KB. ( CLl) = y ( T) + 
I 

..... 0 ->0 (3.7) 
TJ M (U E .. -I q( R - R ' [ ... .. I ...... 

+-.- fdE(l--) ~ v (q)v (-q)e n m -lrn«(qu) (qu )» ~]. 
trN 0 CU nm~ n m n m E:+lo 

PacCMOTpliM CHaqana cnyqal! Hli3KHX 'l8CTOT CU << 0 , KOrAa MOlKHO BOCHOnh30B8TbCl! 

IIH3KO'l8CTOTHbiM npeACTSBneHHeM Ai!l! tPOHOHHbiX tPYHKUHfi fpHHa, H HpHMeM MOAenb 

. 6 Ill T KpHCTanna C HpHMeCl!MH, npennOlK9HHYIO B pa OTe • OrAa, HOi!h3Yl!Cb l!BHbiM BH-
/1/ 

AOM tPYHKUHft fpnaa, H8liA9HHbiX B , B nnael!HOM no KOHU9HTpaUHH npHMecelt np116-

i!HlKefiHH nony'IHM: 

y(w)=y (cu)+y (T)+y (cu)+y (cu)+y (cu). 
0 I 2 3 • 

(3.8) 
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3necb 

( 
CUI S 5 c<JI 

y ru)=0,4y
111
(-) (1--

6 
-), 

0 () cu 
{3.4a) 

cu s 5 cu 
Y (ru) .. 0,4y c.(-2d(--1 ) <1---1) 

2 0 () : 6 cu , 

"'1 2 2 c.> I 1 2 c.> 2 
y (cu)=2y cg d(--) 11--- -E<--> () (--1 ) I 

3 o 1 0 3 cu E2 () ' (3,9) 

• "'1 4 4 C'Ll1 CUI S 5 CU 
y (ru)=2y cg d (-t)(-) (1-"""T-)+O,Sy cg (--) (1----1 ), 

4 o 3 () ~ru 020 6co 

rne t=1-M
1
/M, 

HHH AnSI lj>yHKUHH 

d - qHcneBHbiA KOalj>lj>HUHeBT B HH3KoqacTOTHOM npencTaBne

pacnpeneneHHS! KBanpaToB qacToT lj>ononnoro cneKTpa MaTpHUhl 
2 3 

g(E ) .. d F/0 < 1 / E 
2 > - cpennee oT 1/ E 2 

no lj>ononuoMy cneKTpy 

M8TpHUbl, llnS! 061IIHOCTH BBenena M8KCHM8nbH8SI qaCTOT8 yqaCTBYIOliiHX B pacceSI-

HHH lj>onouoB ru1 =mini ru, 0 I. OnnaKo lj>opMynbi ( 3,9) nonyqeiJbi B npennonollm-

HHH llJ « () 1 T,e, ru = c.> 
1 

H TOrna KOslj>!J>HnHeHTbl 
Ill 1 

llpOCTOli BHil ( CM, ) : e 

g = q 1 
6 

fo s 
q !v (0)!2 q dq!flv(q)!2 

0 0 0 , 

g 1, g 2 II 

g = 
2 

to. v ( 0) 

v (0) 
0 

02 
q fl .. 
Joqsdq v(q)vo(;) 

g3 
q el v ( 0) I 2 

0 0 
ru .. 

q 

g 3 HMeroT 

(3.10) 

KaK BHilHO, nonyqeHHbie BhlpalKeHH!l HMeiOT TOT lKe BHA, qTO II cpopMynbi ( 3,9) B 
/1/ 

pa6oTe llnii HH3KOTeMnepaTypllOrO COilpOTIIBne!IIIII, TOnbKO B H8llleM cnyqae 

ponb TeMnepaTypbi T , onpenenSiromel! TaM MaKCIIManbnyro aneprnro lj>ouonoB, 

yqacTByromHx B pacceSII!HH, HrpaeT qacToTa BHelllnero nonS! cu • CyllleCTaennoe 

OTnHqlle, OllH8K01 B03HHK8eT, Korna qaCTOT8 BHelii!Iero liOnS! CU CTBHOBHTCSI 6onb-

llle qacTOTbi nenpepbiBHoro cneKTpa 0 11 aaTyxanHe ( 3. 7) nepecTaeT cTonb 6biCT-
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po paCTH C '18CTOTOlt ( Cll I"' IJ). llpn Cll» Eo OHO CTpeMHTCSI K IIOCTOSIHHOMy llpe

neny, T,K, a aToM cny'l~e a ( 3~ 7) MOJKHO orrycTHTb 'lnen c E/ cu « 1 n npenen 

ilnTerpnpoaannst no E aaMeHHTb na .. E 
0 

• .Unn rpyohiX oitenoK B nepexonnolt o6-

nacTn 'IBCTO'I' cu:; IJ MoJKno nonbaoaaTbCH cpopMynaMn (3,9), onnaKo Koa¢¢nitnen-

Thl g 1_ , · g 2 , g3 ne 6ynyT onpenennTbcn BbipaJKenneM ( 3,10), ( Oco6ennocTn B no

aenennn aaTyxannn (3,9) aonnan KBaannoKanbHhiX nnn noKanbHhiX 'IBCTOT paccMoT

penhi HHJKe), TaKHM QOp830M, Mbl llpHXOAHM K BblBOlty, 'ITO IIpHMecnan '18CTb 38Ty-

X8HHH llpH '18CTOT8X C<l ;:i IJ cymecTBeHHhlM 00p830M 38BHCHT OT '18CTOTbl BHern-

nero IIOnSI C<l J B peaynbT8Te qero llpOBOltHMOCTb ( 2,17) MOJKeT HMeTb BeCbM8 

CnOJKilYIO '18CTOTHYIO 31;lBHCHMOCTb, K COJKaneaHJo, 3Ta oonaCTb '18CTOT "'~ 0 

aecbMa Tpynaa nnn aKcnepnMeHTanbnoro nccnenoaannn, B canan c '!eM Mhi ne ocTa

naannaaeMcn na 6onee neTanbHOM anannae, BecBMa cxoanoM c TaKOBbiM a pa6o-
111 . 

Te • 0TMeTHM nllrnb ABe oco6ennocTn, npencTaBnHIOWHe nanoonbrnnlt nnTepec, 

A, Ecnn npnMecb nocTaTO'IHO THJKenan( It I » 1 ), B03MOJKHo rronBnenne KBa-

1 
2 -1/2 I 11 annoKanbnoro ypoann c '18CTOTolt E * = ( tl < 1/ E >) ( CM, ) • B aToM cny'lae 

<jlopMynhi (3,9) cnpaaennnBhi nnrnb npn '18CTOTax cu« E * . 8 OKpecTHOCTI! KB8311-

noKanbHOli '18CTOTbl HaomonaeTCH ObiCTpblfi poeT 38TyXalli!H, CBH38HHhlfi C 'BKniO'Ie

HHeM' B npoitecc pacceHHHH KB831moKanbHI>IX Koneoannfi c 6onbrnoli nnoTHOCTbiO 

130nii3H .CaMOil '18CTOTbl E * . OcnoBnof.i nn;mocT ,naeT_ <P_ y_ IlK"!!!! _ v .. ( ~') • ---r ... ~ "-' '
2

, --,- • 

E,.· E* 
L'<.y (cu> ~)., cy (--)(1--) 

2 0 . 0 "' ' 
(3,11) 

rne Mhi aocnonb3oBanncb peaonancnhiM noaenenneM ¢yHKllllll fpn!ia Bonnan. E = E,. 

(eM, 
1 1 1

). 3ToT MaKcnMyM MoJKeT OhiTb aaMeqen na KpHBOlt aaBI!CHMOCTII u c 21 (cu), 

ecnn nonoopaTb rrapaMeTphi TaK, 'ITOOhi 

( 2) 
AnanH3HpyH BHA KpHBOil C1 (cu) , MOJKIIO onpeneni!Tb KBa3HnOKanbllYIO '18CTOTY -

ona oyneT neJKaTb a na'lane obiCTporo pacTa uc 21 ( cu). 

E. B npoTnBononoJKHOM cny'lae O'lenb nerKolt npnMecn ( 1 -t « 1 ) B03MOJKIIO 
' ( 2 1/2 nonanenne · noKanbnoro ypoBHSI c '18CTOToilE8' < E > /( 1 - t)) . Ecnn 

Bee ¢yHKllHH fpnmi . npn E ~ E 
0 I!Me!OT OAIIH R TOT JKe BIIA C TO'IHOCTbiO JlO 

'lneHOB (cu /E )«1: 
q 0 
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..... o -+o 
1 -lq(R -R ) ... ... ... ... 

<-I e n m Im<:<(.q u >I (qu ) »' .., > 
N n m £+·I u c nm 

c 

1-E 

2 
q 

1T 

M 
sil'! F ll(E

2
-E

2
). 

0 

( 3.12) 

noncTaBnsm B ( 2.13) H HHTerpupya no E > (} nonyqaeM nnsr 3aTyxaauH, o6ycnoB-
- I 

neanoro pacceaaueM na noKan&HbiX Kone6a.uugx 

c 8 - Eo Ctl Ay. (Ctl,T) .. 2y ---- g F(-,-l, 
noK. o 1 _ , E 

0 
1 T T 

( 3.13) 

rna 
1 qo 

qe lv (0)12/ 

5 ... 2, 
q dqlv (q)l 

1 1!1 

0 0 

T.e. B pHCC9RHHH Y'IBCTBYIOT TOnbKO npHM9C.Hbl9 HTOMblo 8 HUTepecyiO!Ileil .HHC 06-

nacTH qacToT Ctl » T , Ctl ;:: E J> » 8 nonyqaeM 

c 0 - Eo 
L\y (Ctl) "'2y -- -- g (1--), 

.noK _ .. _ - o 1 _, Eo 1 Ctl 

T.e. MOJK9T COCTaBnRTb 38M9THYIO B9nH'IH.HY 1IpH (1 -f ) « 1 

(3. 13a) 

H g "' 1 . noaToMy yne-
1 

nnqenne nornomennn o1 21 ( Ctl ) B o6naCTH '18CTOT1 n9}!(81IlHX Bbllll9 nenpepb!BHOI"O 

cneKTpa Kone6aunii pellleTKH, MO}!(eT cnnneTen&CTBOBaT& o nanH'IHI! noKan&HbiX KO

ne6aanil, 'IUCTOTy KOTOpblX MO}!(HO onpenenHTb 1!3 COOTf!OUieHHil (3.13) 1 ( 3.13a) • 

3aMeTIIM1 'ITO nOKBnbHbl9 '18CTOTbl npH E » 8 
0 

ne}!(aT B nocTynaoii nnn aKcrre-

pnMeHTan&Horo ua6n10nennH o6nacTI! qacToT: ueo6xonHMo H3nyqenne c nnuaaMu Bonn 

B naneKoil na~paKpacaoii o6nacTH: A > 10 MK. 
"" 

8 38Kn10'19Hll9 aTOI"O p83Jlena OTM9TliM 1 'ITO B cnyqae II113KIIX TeMrrepaTyp ll 

BbiCOKl!X '18CTOT 38MeTHblil BKnan B 'IBCTOTy CTOnKHOBeHI!l! Jl89T aneKTpOII-aneKTpOH-
/J.l/ . 

aoe paccenal!e • OnaaKo B HHTepecyiOmeil uac o6nacTH 'lacTOT Ctl .. 8 oao eme 
2 

JlOCTBTO'IHO ManO CK83b!B89TCR ( T.K. Conep}!(I!T Man&Iil IIBPB!deTp ( w/ /L ) ., ( 8/ u )«I) 
o '"o ' 

II ue MeHHeTCH CTOnb cymeCTBeHHbiM o6pa30M 1 KBK 38TyX8HHe (3.7) 1IpH '18CTOT8X 

(JJ "" 0. 
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TaKnM o6paaoM, nonyqennbie n sToli pa6oTe peaynhTBTbi noanonsnoT nponecTn 
' ' 

HCCII9AOBBHHe qaCTOTHOl! 3BBHCHMOCTH npOBOAHMOCTH M9TBIIIIOB C npnMeCRMH H no

nyqHTh onpenenennyro nnljlopMaunro o MHKpOcKonnqecKnx napaMeTpax cnnana, Han-

6onhwnl! nnTepec,c nawen ToqKn apenna,npencTannaeT na6nronenne KBaannoKanhHhlX 

n noKanhHhlX Kone6aHHl! npnMeCHhiX aToMon, cywecTnenno nnnaromnx na nonenetme 

,qa_cTOTbl CTOIIKROB9HHA y ( CU ) ( CM, ( 3,11), ( 3,13) ) , 3acny)KHB89T HHTepeca T8K)K9 

RBUIIJOAGRHe B9CbM·a CIIO)KHOI'O XBpBKTepa qacTOTROl! 3813HCHMOCTH npHMGCHOI'O 3BTy-

XBRHR n o6nacTn HH3KHX qacToT n TeMnepaTyp T « cu « () (eM. (3,9) ). OT-

MeTnM T8K)K91 qTQ nonyqeHHhl9 o6mne Bb!p8)1(9HHR All.ll npoBOAHMOCTH ( 2,15) 
1 

( 2,17) 
1 

He HCHOilb3YJOWH9 K8KOll-nn6o KOHKpeTHb!l! MOA91IH lllllt · BblqHcneHH.II' cPOHOHHOl! cPYRKUHH 

fpaaa B Bblp8)1(9HHH All.ll qacTOTbl CTOIIKB.OB9HHl! ( 2,13) 1 U03BOII.IIIOT npoBeCTH ii:C_: 

cnenonanne n 6onee cno)KHhlX cnyqanx. llonyqenne sTnx peaynhTBTon n o6m~M an

ne oKaaanocb B03MO)KHbiM 6naronapn ncnonhaonaunro KoopnnnaT~oro npencTannennn 

AIIH I'BMHilbTOHHaHa peweTKH ( 1,1), qTO MO)K9T OKB38TbCH YA06l!b!M H npa peWeB.HH 

npyrnx sanaq n Teopnn kpacTannon c nec!>eKTaMa, 

B 3BKIIJOqeuae MHe XOT9110Cb 6bi no6naronapHTb sa o6Cy)KA9HHR L!.H, 3y6a

pena, C.B. Tn6nnKona n IO,M, Karana. 
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