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1 . BBEAEHHE 

8bt4HC!l€Hl.-1€ MarHIIITHOW BOcnp\IIJ.•1MlH1BOCH1 \.1 Cn€KTpa B036y>ti.,Q€HH~ 

TR)!(€JlbiX p€,QK03€M€IlbHbiX M€TSJ1IlOB npe,QCTSBJ1R€T 60!lbWO~ IIIHTepec, 

e ~aCTHOCT~t~, AilR on1-1caH1-1R Heynpyroro MarHI-1THoro pacceRHI-1R 
M€,QJ1€HHbiX HeHTpOHOB/1-11/, 8 TR>K€IlbtX pe,QK03€M€IlbHbiX M€TSilllSX 

npRMO€ nepeKpbtTJ.1€ M€>KAY 4f -op6J.1TSJ1RMH COC€,QHJ.1X J.10H08 Ma.no, 

06M.eHHO€ 83SJ.1MO,QeHCTBJ.1€ M€>ti.AY J.10HBMJ.1 OCY~€CTBJ1R€TCR 3a C4€T 

nOilRpH3B4HH 3Il€KTpOHOB npOBO,QHMOCTH H HOCJ.1T HS3BSHH€ KOCBeH
HOrO PKKH-ssaHMO,QeHcTsHR 1 11 : 

Anr~ npoCTOTbl, 4T06bt He y4111TbiBSTb aQ>¢eKTOB aHH3oTpom1J.1 111 

KpHCTBJ1IlH4€CKOrO nOilR, 6y,QeM paCCMBTPJ.1BBTb ra,QOJlHHHH. Pe3ynb
TSTbl J.13Y4€H\.1R MarHHTHOrO ¢OPM$SKTOpa Gd C nOMOll.lbiO ,QJ.1$PBK41-11-1 

HeHTpOHOB Ita, 14/ H PFIA APYn1x TeopeT~tt4ecK~ttx "" 3Kcnep""MeHTanb-

HbiX AaHHbiX /9,12/ noKa3b1BaiOT, 4To noKan""aoeaHHbli:i cn""HOBbli:i Mo

MeHT (.IIQHa Gd RBJ1ReTCR XOPOW(.IIM KBaHTOBbiM 4(.11CJ10M. 3HepreT~tt4e-

CKIII~ YPOB€Hb 4f -3Jl€KTPOHOB HaXOAJ.IITCR HaMHOrO HH)I(€ nOJlOCbl npo-

BOAit!MOCTitl, a ypoaeHb $epMJ.II Jle)l(lt\T B AOBOJlbHO Wlt!POKO~ (577 36)-

30He, KOTOpaR aanOJlHeHa Ha 1/4. Cy~eCTB€HHO, 4TO nllOTHOCTb 

COCTORHitl~ d -sneKTPOHOB Ha YPOBH€ $epMJ.1 BO MHOrO pa3 60JlbW€, 

4€M nJlOTHOCTb COCTORHIII~ S(p) -3Jl€KTPOHOB. 

TaK~t~M o6paaoM, aa)I(HO~ oco6eHHOCTbiO TR)I(€JlbiX peAK03€M€1lbHbiX 

M€TaJ1JlOB, K8K 6bl110 yKa3aHO 8 pa60TaXJ4.,5:/, RBJ1R€TCR TO, 4TO 

3Jl€KTp0Hbl npoBOAit!MOCTIII B TR)I(€JlbiX P€AK03€M€J1bHbiX MeTaJlJlax RB

llRIOT<R H€ CB060AHbiMIII S -311€KTpOHaM~tt 1 KaK 3TO C4~t~Ta110Cb 8 paH-

HitiX pa60T8X 12·3/ 1 a CKOpee H8nOMio1HaiOT CHJlbHO CBR3aHHbf€ d -

311eKTPOHbl a nepeXOAHbiX MeTannax/4-11/ •. Pac4eT cneKTpa MarH~t~THbiX 
8036Y)I(A€H~-ti:i AI1R raAOll~t~HHR c y4eTOM d-aoHHoro xapaKTepa 311eKT

poHoa npOBOA(.IIMOCTitl 6bll1 npOB€A€H 8 pa6oTe/ltl, 8 KOTOpO~ MaTpJ.14-

Hbl€ 311eMeHTbl KocaeHHoro PKKH- o6MeHa 6blnH Bb14~-tcneHbl c noMO~biO 
BOJlHOBbiX ClJYHKLIJ.1~, H8~A€HHbiX M€TOAOM np~t~CO€AJ.1H€HHbiX nnOCKJ.1X 

aonH. CpaaHeHJ.1e c 3KcnepJ.1MeHTOM no HeynpyroMy pacceRH~t~IO He~T-

poHoa a Gd 1 151 noKaaano, 4TO Al1R cornacoeaHJ.1R c 3KcnepJ.1MeH-

TallbHbiM~t~ AaHHbiMJ.1 8bi41-1CJ1eHHbl~ MarHOHHbl~ Cn€KTP He06XOAit!MO yM

H0)1(J.1Tb Ha 1 I 4. HeAaBHO n-oRBJ.1110Cb KpaTKoe coo6~eHJ.1e1161• a KOTo

POM npJ.1BeAeHbl peaynbTaTbl pac4eTa o6o6~eHHO~ cn~-tHoao~ aocnpJ.1J.1M-

4J.1BOCT~tt C J.I!CnOI1b30BaH~tt€M BOJlHOBbiX ClJYHKLIH~, KOTOpble HaXOAI-111J.1Cb 

no MeTOAY KKP. 

B HaCTOR~e~ pa6oTe paccMaTpHaaeTCR Bb14J.1CJ1eHHe o6o6~eHHoi:i 
Cnlt!HOBO~ BOCnp~ttltiM4J.1BOCTH J.1 CnHH-BOJlHOBOrO cneKTpa TRmellbiX 
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pe,qK03eMeJ1bHMX MeTaJ1J10B Ha OCHOBe MOAel1bHOrO raM~J1bTOHHaHa, 
B KOTOpOM no B03M0}f(H0CTH nOJlHO Yl.!TeHbl oco6eHHOCTI1 3HepreTHl.le
CKO~ 30HHOI7J CTpyKTYPbl TR}f(eJ1biX pe,qK03eMeJ1bHbiX MeTaJ1110B o Y411TM
saeTCR 3J1eKTPOHHSR KOppeilR4HR CI1J1bHO C8R3SHHbtX d -3J1eKTpOHOB 
H HX B3SHMO,qei7JCTBHe C Q)OHOHSMH o 6blllS npoae,qeHa Ol"eHKS T€Mne
paTYPHO~ 3aBHCHMOCTH 3aTyXaHHR MarHOHOB, noCK011bKy, KSK OTMe-
4eHO a pa6oTe 117<H3y4eHHe apeMeHH m!-13H~ MarHOHOB a Od np1-1 
HH3KHX TeMnepaTypaX HMeeT BSmHOe 3HS4eHHe Allfl BblRCHeHHfl OTHO
CHTeJ1bHOH POJ1H pS3JlH4HblX B3aHMO,qe~CTBHH B TRme11blX pe,qK03eMeJ1b
HblX MeTannaxo 

2. rAMHflbTOHHAH 3flEKTPOH-HOHHO~ MOAEflH 
PE~K03EMEflbHOro METAflflA 

B pa6oTe/20/ 6bln Bbl4HcneH peHopMHpoaaHHbl~, aa c4eT aaaHMO
,qeHcTBHR C $OHOHaM"H, cneKTp Clo111bHO CBR3SHHbiX d-3neKTpOHOB 
AJlR Mo,qenH nepexo,qHoro MeTanna 6apHCH4a-na66e-~pH,qenR /5n<PJ 1181 

raMHJ1bTOHHaH Mo,qenH 6n<P npe,qcTasnReT co6oH npRMOe o6o6~eHHe 
xopowo H3aecTHoro raMHJ1bTOHHaHa Xa66ap,qal19' ,qnR cny4aR t<one6-
.mo~eHc.R peweTt<Yt. Mbl aocnonbayeMCR raMH.nbTOHHSHOM 511$ /!B, 201 

AJlR OnHCSHHR no,qCHCTeMbt 3JleKTpOHOB npOBO,qHMOCTH B pe,qK03eMe.nb
HOM MeTanneo 

nonHbiH raMHJlbTOHHSH 3J1eKTpOH-HOHHOH CHCTeMbl npe,QCTSBHM B 
BH,qe CyMMbl 

H = H d + H d-f + H d-ph + H ph 

3AeCb 

/1/ 

4 + u + + H d= ~ E(k) a ... a_,. + - I l a_,. _,. a k_,. a_,., _,. a ... , /2/ k a ka ka 2N .... ..., 4 k +qa a k -q,-o k , -u 
k <P 

'19' 4 
... -+4 raMHJlbTOHHaH Xa65apAa . 8eJlH4HHa E(k) = 2~t(aa) cos(kau)- aaKOH 

AHCnepcHH CHflbHO CBR3SHHbiX d-3J1eKTPOHOB,tf - 3HeprHR KyJlOHOB
CKOro OTTSJ1KHBSHHR 3JleKTPOHOB C npOTHBOnOJlO}f(HbiMH cnHHSMH HS 
OAHOM yane. 

131 

raMHJlbTOHHaH PKKH-aaaHMo,qeHcTBHR noKanHaosaHHoro cnHHa 4f -
060J104KYI S CO cnHHOBOH nnOTHOCTbiO 3J1eKTpOHOB npOBOAHMOCTH, J -
noKanbHbtH lt1HTerpan PKKV1-o6MeHa 0 B o6l.lleM cny4ae HHTerpan Koc-
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8eHHOrO 06MeHa J(k, k+ q) CYu.teCT8eHHO 3a8HCI-1T OT K8S3HHMnYilbCa, 

npH4eM VIMeeT MaKCHMSJlbHOe 3HS4eHHe npH J(O) Ill/ ; AJlR npOCTOTbl 

Mbl orpaHH4HMCR paCCMOTpeHHeM JlOKaJlbHOrO 06MeHa. Q6o6~eHHe Ha 

HeJlOKa!lbHbllli CJly4ai1 MO>KHO npOH3BeCTH Henocpe,QCT8eHHO. 

v 4 ..... 4 2iq 0 4 4 4 4 4 4 4 
V (k, k+q) ~--=- :S t(aa) e~ (q) lsinaak- sinaa(k+q)l, /5/ 

YNM a _
1 4 

-1o -1o 

rAe t(aa)- "HTerpan nepecKOKa t .. ~N :S E(k) exp[ik(R .-R. )] Me>K-
'l k l~J~(~ 

AY ABYMR coceAHHMH yanaMH, ne>Kaii.IVIM~-t Ra pacCTORHHH aa, aa a=X.y,z)-

eAHHHl.IHble BeKropa peweTKI-1 6paae c l.leHrpoM HH8epcHH. BenH4HHa 

q 0 - Cilei1TepOBCKHi1 K03~~H~Io1eHT, xapaKTeP~-t3Y~II.IHi1 3KCnOHeHLIIo1SJlb-

HOe y6biBSHHe paA~t~SilbHOH 4SCTH d -<J)yHKLII-11-1 1181, N- l.IHCilo arc-

MOB 8 peWeTKe, M - MSCCa HOHa, ev (Q) - 8eKTOpbl nOilRPH3al.llo1H 

(v ~ 1,2,3) . 
HoHHY~ no,Qc~t~cTeMy peAK03eMellbHoro Meranna onHCbl8aeM onepa

ropoM 

1 + 2~)+Q) H h=-I(P4P4 +w (qv G4 -1o , 

P 2QV qvqv 0 qvqv 
/6/ 

r,Qe 
4

P Qv H Qqv- HOpMaiibHble KOOP,QHHSTbl ABHmyu.terOCR lo10Ha, 

W O (qv)- l.ISCTOTbl <J)OHOHOB 6e3 y4eTa d -3JleKTPOHOB. 

3aMeTHM, l.ITO 8 Hawei:i MOAellH /1/, KaK H B MOAeJlH 611~/19,20/ 

Ill 8 MO,QellH Xa66apAa 
1201

, S -3I!eKTpOHbl R8HO He y4HTb18SIOTCR. 

0AHSKO KOCBeHHO HX 8J1HRHHe npHHRTO 80 BHHMaHHe. C4HTaeTCR, l.ITO 

ace TpH 8eTBH Kone6aHHi1 w 0 ( 'Qy) COOTBeTCTBYIOT aKyCTH4eCKio1M 

4SCTOTSM/21/, a BeJlHl.IHHbl U H J nepeHOPMHp08SHbl 3a Cl.leT 3KpaHH-

pOBKH s-3neKTpoHaMH 19 •121 • TaK""M o6pa3oM, KaK "' 8 MO,Qen"" Xa6-

6ap,Qa, ABe 30Hbl s- 1r1 d -3neKTPOHOB aaMeHRIOTCR a,Qecb OAHOH 
1 13~~eKT14BHOi1 11 30HQ\It. 

3. 0505mEHHAn CnHHOBAR BOCnPHHMYHBOCTb 

8 HacroRu.teH pa6ore Hac 6y,QeT HHTepecosarb Bbi4HCileHHe ¢ypbe

o6paaa o6o6u.teHHOi1 BOCnpHI4M41;18QCTH IIOKSIIIo130BaHHbiX CnHHOB 

«s;ls_: »"' rAe 

« s + (tl 1 s - (OJ» ~- ;e (tl < 1 s + (tl • s -k (Ol l > 
k -k k -

171 

ABYXBpeMeHHaR KOMMyTaTOPHSR ¢YHKLIHR rpHHa1221.AnR Bb14HCJleHHR 

¢YHKLIHH rp~r~Ha /7/ BOCnOIIb3yeMCR MeTO,QOM Henp1;180,QHMbiX ¢YHKL1Hi1 

rpHHa123~3TOT MeTOA npHMeHRilCR AilR HCCJle,QOBSHHR MO,Qe!lH Xa66ap

AS H B STOMHOM, H 8 30HHOM npe,QeJlaX B pa60Te /24/. 
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YpaeHeH~e AB~~eH~R aan~weM 
P~4HOH ¢yHK4HH rpHHa: 

[ 

+ -
«Sk I s_k »"' 

G 

«u+ 1 s- » 
k -k w 

<<a+ j a- >> 
k -k w 

a~=.Ia::.a...,....,., a...,.=Ia+...,.a...,....,. k q kt k+qJ, -k q kJ. k+qt 

] ' !81 

191 
+ . AH<t>CflepeHLIHPOBaHJ.1e <<8 k (t) I B>> no nepeoMy epeMeHH .qaeT cne.qyto-

~ee ypaeHeHHe: 

w«S~ I B» =~ 0 r 2N--h<S z >} 
l 0 

+.!.. S «(2Skz a+ a 
N pq -q pt p+qJ.. /10/ 

- S- (a+ a - a+ a ll B» , k-q pt p+q J.. PJ. p+qt' <.u 

rAe B ={ :~:}, 
Bee.qeM no onpe.qeneHJ.110 HenpHBOAH-Mble (ir) oneparopbl 122-241 

/11 I 
(a+ a )ir =a+ a -<a+ a >0 

0 pt p+Qt P1' p+qt pt pt q, 

Onpe.qeneH~e /11/ noKaa~saeT, 4TO HenpHBOAHMble CllYHK4HH rpHHa 
He co.qepmar peHOPMHpoeoK cpe.qHero nonR. 3ro noaeon~eT nepe
CflopMynHpoeaTb o6~4Hbl~ MeTOA ABYXSpeMeHHbiX TeMneparypH~X rpHHa, 
aanHcaTb ypaeHeHMe AaHcoHa H nony4HTb TO~Hoe aHanHTH4ecKoe 
npe.qcTaBJ1eHHe A11~ MaCCOBoro OnepaTopa, npH6nHmeHH~e peWeHHR 
A11~ ¢YHK1..1HH fpHHa KOHCTPYHPYIOTCR KaK onpeAefleHHble npH611HmeHHR 
.qnR Maccoeoro oneparopa 122-241 

C Y4eToM onpeAeneHHR /11/ ypaeHeHHe ABH~eHHR /10/ npHMeT 

- J 
+'N 

+ 



rAe N =l<a+a >=lf H 1,2=k
1
,k

2
• 

appr::rpa Ppa 
AHanOn14HbiM o6pa30M nony4HM ypaBHeHitle A11R- ¢yHK4HH rp~t~Ha. CHa-

4ana aanHweM ecnoMoraTeJlbHoe ypaaHeH~t~e: 

2J z u + 
(or+E(1) -E(1+k) -;;N'"<S 0 >- N(N, -N,)) «altat+k,IB»"' + 

u -\! 
+-(f -r )«a+IB>> +JN (f -f )«S+IB» 

N 1t k+l+ k w tt k+t.£ k cu 

0 
-JN-Y,l«S+(a+a ,a -a+a 8 l''IB>>-

2,3 -3 tt 2+3 1+k,2 2"'- l+k.j.. 1,2+3 w (f - f ) 
lt 1 +k .£ /13/ 

-·JN-Y, l «(8_'
3 

)ir (a+ a 8 +a+ a 8 liB» + 
2,3 2 1 l+kJ. 1,2+3 tf 2+3J. l+k,2 w 

+ ~ I <<a+ a+ a a -a+ a+ a a ).ir !B>> + 
N 2,3 lt 2+31' 2t 1+3+k+ 1+31 2-3+ 2J. k+l" w 

+ l « (V v (2, k + 1-2) a+ a - yv (2, 1) a+ a ) Q I B>> . 
tt k+1-2J. 1+2't k+l.l. 2V (I) 

- (S z )lr (a+ a 8 + a+ a 8 )l + 
-3 2t l+k .j.. 1,2+3 tt 2+3+ l+k,2 

+ .!2. l (a~, 
N 2,3 

a+ a a -a+ a + a a ) ir + 
2+31' 21' 1+3+k"- 1+31' 2-3• 2J. k+lJ. 

/14/ 
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n ~"' - .!.(N - N ) , 1 N 1' J. 

cu l,k ~ (cu + E(l) - E(l + k) - t.), 1151 

X df (k, cu) ~ N-1 l: 
0 1 

(() l,k 

C Y4eTOM /12/-/15/ ypaaHeHHe AnR MaTpH4HOH ~YHX~"" fpHHa aa
m1weTcR B BHAe 

_ _ [«A Is_:»"' 
!10=1+1:<1> X 

1 
«B 1 Js.::-. »., 

«Aiu- » l -k "' 

«B1 Ju.:;. »., 
/16/ 

[ 

I> !12 
N -- J 

I~ 

0 

<1>(1) ] 
.(() t.k 

0 

1 

/17/ 

~R Taro, 4To6~ nony4HTb ypaeHeHHe Aa~coHa, Heo6xOAHMO aanHCaTb 
ypaeHeH~e ABHmeHHR AnR MaTpH4HO~ ~YHK~H~ fpHHa a npasoH 4acTH 
/16/, AH~epeH~HPYR Ha 3TOT pa3 
d 

dt'«A(t) 1 B(t")». HenpHBOAHMbJe onepaTopbJ 

AeneHH~ /11/. B peaynbTaTe nony4aeM 
-- - - ..... - -+ -+ - -+ -+ -1 flO =I+ l: <l>(p)U(p,q)<l>(q) (!1 ) 

~ ~ 

p,q 

no BTOPOMY epeMeHI-1 

BBOARTCR COrna-cHO Onpe-

/18/ 

8BeAeM no onpeAelleHHIO 11Hynesyl011 ¢lyHK~HIO fpHHS, B KOTOpOil! y4Te-
H~ Bee peHOPMHpOBKH cpeAHero nOJlR: 

TorAa H3 /18/ "/19/ cneAYeT, 4TO 

a~Ci 0 +a 0 iic 0 , 

6 

/19/ 

/20/ 



- - - --1 
<l>(p) ll(p,q)<l>(q)l • /21/ 

ll(p,q) ~ 
«AlB » u ] q "' 

«BPIBq»':, . 
/22/ 

BeJJH4HHbr A H B q onpeAeJlfliOTCfl aHanon14HO A 1-1 Bq c aaMeHoH 
t ...... "' , k ...... -k , g.+ __, -S- . 

AnR Tore, 4T06br Bbt,qem-tTb MaccoabtC1 onepaTop M, Heo6xo,q\.1MO 
OTA€J11.1Tb CBR3aHHYIO (p) 4SCTb onepaTopa paCC€fiHI-1fl fi, T .~. 
4SCTb, He CO,Qepma~yiO 4aCTeC1, CO€AHH€HH~X OAHOC1 JlHHHeH 'Go.noc-
11€ Hecno}!{HbiX npeo6paaoaaHJ.IIH nonyYaeM H3 /20/ 

/23/ 

YpaeHeHHe /23/ npeACTaenReT co6oH ypaeHeHHe ~aHcoHa s MaTpH4-
Hoi1 ¢opMe ,C\Il.A ¢lyHKU,-HH rp~t~Ha a:. 0HO lo1M€€T CJ1€AY10ll.l€€ ¢opMaJlbHO€ 

peweHVIe: 

- --1 - -1 
G ~ (G 0 - M) /24/ 

nony4eHHoe npe,qcTasneHHe AilR Maccosoro onepaTopa RBnReTcR To4-
HbiM era BblpS}I(€HI-1€M llepe3 MHOr04SCTI-14HYIO ¢lYHKU,YIIO rpi-1Ha. 0HO 
cnpaee,qnHBo ,qnR npoH3BOJlbHbiX 3Ha4eHHH napaMeTpos raMHJlbTOHHa
Ha U , J lo1 t(i ), ,ll11R HSXQ)K,C\€HJ.IIR ¢YHKU,I·H'I fpJ.~~Ha 6 B pa3JW14HbiX a 
npeA€11bHbiX CJly4aAX He06XOAJ.'IMO I-1CnOilb30B.§:Tb onpeAeileHHbfe npeA-

nonomeHI-IA o np!-16J1J.'I)KeHHOM ebrpa>KeHI-1"1 A!lfl M. TaKJ.~~M o6pa3oM, ypas-

HeHJ.~~e ,lla~'rcoHa cBOAHT aaAal.ly o Bb14HCJ1eHHH ¢YHKU,It11t1 fpt.1Ha G 
K Bbll.IJ.'ICileHI-110 3!1eMeHTOB MaTPI-1U. a 0 1-1 M. 

4. ~YHKU~R rPHHA HYflEBOrO nPH5flHXEHHR 

rAe 

R~n 1 (!-uxg'l+ NliJn 2xg' /26/ 

7 



8 ASHHOH pa6ore Hac YIHTepecyeT TOnbKO ctlYHK~YI.A rpYIHa <<S~ Is~>>. 
Ha /25/ cneAyer, 4TO 

2N-':h~sz > 
«<Is:,»~ 1 ° . /271 "'- N (N, -N,) + 2J 2N y, <S~ >x g'(l-Uxgr)-

1 

cJ>yHK4~.R rpHHa Hynesoro nop.RAKS /27/ Co.snaAaeT C J.1388CTHbiM pe
weHHeM 5apren.R1 2 5~ t<oropbiH nony4Hil peweH~e MOA€11\.1 PKKH 6e3 y4e
ra $OHOHOB 8 npH6J1Hm€H~H XSOT~48CKHX $83, np~IlHm€HYI€ XSOTYI-
4€CKJ.1X Q)a3 .ABil.A€TC.R XOPOWJ.1M HS4Sl1bHblM npYI6ll~meHH€M All.R pac
CMSTPHBS8MOrO P€AK03€M€IlbHOro M€Tanna TYina raAOJlYIHYI.R, nOCKOI1b
Ky COrllSCHO OJ..t€HKSM pa6oT /S-lS/ B€IU14HHa KYilOHOBCKO~ KOPP€11.R-
4HYI U MeHbwe w~PYIHbl 30Hbl d-3net<TpoHoe npoeoAHMOCTJ.1 W/5+7 aB/, 
T. e. U/W < 1, a HHTerpan PKKH-o6MeHa J Momer paccMaTpHaarbc.R 
Kat< Mance B03MY~eHHe. 

CneKTP CnJ.1HOBbiX B036YmA€HHH $YHKJ..t~J.1 rpHHa /27/ COCTOYIT \.13 
Tpex B€TBeH: AflHHHOBOJlHOBO~ SKyCTH4eCKO~ BeTS~ MSrHOHOB, on
TH4€CKOH CnHH-BOilHOBOH BeTS~ H KOHTHHYYMS CTOHepOBCKHX BQ3-
6ymAeHHH /eM, PHCYHOK/. 

HaHAeM 3aKOH AHCnepcHH aKy
CTH4eCKHX MarHoHOB. An.R aroro 
aanHweM npeAeJlbHoe BbiPS>KeHwe 
AnR <t>r /27/ np" k,<» ~ o: 

2N -V'< st> 
/28/ 

-1 
J ' 

> 
/29/ 

' ~ (2N II < S z > + (N - N ) )-1 x k 0 t -L. 

1 · a x[- :£ (f + f ) (k-) 2 E(q) + 
2 q qt q' aq 

q +.l_ :£ (fqt -fq )(kl._E(q)) 2 h 
~----------- 21'> q ' aq 

; Dk 2 • 130/ 

E(q) ~2:£ t(a )cos(qa ) ~ 2t(cosq a+cosq a+ cosq a). a a a x y z 
/31/ 

C y4eroM /31/ nony4"M "a /30/: 

8 



Ben~4~HY 30HHoro pac~enneH~R 

4a!liHbtX ¢la3, nOCKOnbKY 
1 

N ~<a+ a >~~ 
a ka ka k exp{,B(E(k) +.!l.N - J <Sz>-< )1+1 "/ 331 

N -a yN o r 
TaK~M o6pa30M, K03$¢vt~~eHT mecTKOCTH D s~pameH 4epe3 napaMeT

P~ raMvtnbTOHHaHa, CTOHepOBCKH~ KOHTHHYYM HMeeT 3aKOH AHCnep

CHH <Uk = E(q + k) -E(q)+6..Bo3MO>KHO 3aTyxaHHe MarHoHoe scneACTB~e 
HX nepeCe4eHHR CO CTOHepOBCKHM KOHTHHYYMOM/2G/,0AHaKO 3Ta npo6-

neMa BbiXOAHT 3a paMKI-1 HSCTOHIJ.Iei1 ·pa60Tbt VI 3,Q€Cb He paCCMaTpl-1-

aoeTCR. 

5. MACCOBbiA On EPA TOP 

anR nony4eHVIR 3SMKHYTOYi caMOCOrnacoeaHHOH CHCTeM~ ypaBHe
H14i7t AnR Maccoeoro onepaTopa /24/ Heo6XOAHMO HaYiTH np~6nHmeH
Hoe eblpa>KeH~t~e ere 4epe3 ¢lyHKQHIO fp~Ha G /7/. HaccoebiH onepa

Top /24/ onHCbtaaeT Heynpyroe pacceRHHe MarHoHoe /ynpyraR 4aCTb 

cOAepmvtTCR a G 
0 

I Ha ¢nyKTya~HRX nonHero 3J1eKTpoH-vtOHHoro ga

PRAa B peweTKe pe,QK03eMeJ1bHOro MeTanna. no3TOMY npH6J1H>KeHHble 

peweHVIR 6YAYT CJle,QOBSTb H3 $H3vt4eCKVIX npeAnOJ10>KeH1417t 0 xapaK
Tepe 3Toro pacceRHvtR. 

anR TOre, 4T06bl Hai71Tvt MSCCOBbli7t onepaTOp, He06XOAJ.1MO Bbi4J.1C

J1J.1Tb MHOr04aCTVI4Hble ¢YHKQHVI fpvtHa B MaTpH4e /22/. PaCCMOTPVIM 

Bbi4VICneH!I1e ABYX 1-13 HHX /OcTanbHbte Bbi-4VICJ1FIIOTCR aHanOn14HO/. 

C nOMOil.ibiO cneKTPSl1bHOi7t TeopeMbl ¢IYHK4VIIO fp1o1Ha <<A j..A>> cu MO>t<HO 
npeACTaBI-1Tb B CJ1eAYIOUI€M npV16J1J.1>KeHHOM BYlAe /22-24/: 

2 00 00 i<"' 1+0)2\ 1 
« A I A» p ~ ~ (2..) 

2 I dw 1 I <leu 2 """"---,----':--=-. 
cu N2 " -oo cu-(cu 1 +cu 2)+iE e/3(/Jl -1 

1 1 
-.a,B.:':.OJ-2_-1 X 

x ~ ~ ~lrn«S+ IS- » ·lrn«a.+ a Ia+ a » 
~~ kak4 a k-k4 -k-k2 cul k3a k3+k4& kla kl+k2a (1)2, 

/34/ 
npl-16nvo«eHHoe npeACTaeneHJ.1e /34/ nony4eHo a npeHe6pe>t<eHI-1H ne

peHopM~poeKoH eepwHHbl, TO eCTb Koppel1R4HeH a pacnpocTpaHeHHI-1 

ABYX TvtnOB B036Y>t<A€HvtH: MarHOHOB J.1 ¢11YKTySQVIYi nnOTHOCTVI 

3aPRAa. <l>yHKLP'IR lpHHa <<s+ IS- >> on!llcbleaeT 3¢l$eKTvtBHoe 3a

na3Abtaatow.ee 83SJ.1MOAe~CTBJ.1~ n0~am1308SHHblX Cn14HOB, a ¢IYHK~J.1fl 
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fpHHa << a:a ak+ a I a~'a ak + 'a>> - eaaHMOAeHcTBHe 3!1eKTPOHHoi1 
n!lOTHOCTH. Cxe::faTH4eCKH a~o npvt6!1vt>KeHHe 11,qayx saaHMo,qeCkTBYIO
IJ.IHX MOA11 MQ)f{HQ npeACTSBHTb B BH,qe AHarpaMMbl, 

r,qe npOCTaR JlMHHR COO~BeTCTByeT pacnpOCTpaHeHHIO ¢JlYKTya~HH 
nnOTHOCTH 311eKTPOHOB, a BO!lHHCTa.R - pacnpOCTpaHeHHIO BbiAe!leH
HOro ,:,arHOHa. 3aMeTHM, 4TO cor JlBCHO OnpeAe!leHHIO HenpHBOAHMbiX 
4BCTeH /11/ cnapvtaaHHe onepaTOpOB, OTHOC.RIJ.\HXCR B OAHOMY MO
Me.HTY BpeMeHH, ,qaeT HY!leBoi1 BK!laA, TaK KaK 3TH CpeAHHe y}f(e 
BbiAe!leHbl a HYileBYIO ¢YHK~HIO fpHHa. B /34/ TaK}f(e He Y4HTbiBaiOT
c.R ¢'11YKTYS1.4HI1 npO,qO!lbHbiX KOMnOHeHT !10KB!11130BBHHbiX CnHHOB, no
CKO!lbKY paCCMSTPHBaeTC.R C!ly4ai1 HH3KHX TeMnepaTyp. 

YpaaHeHHR /24/ 1-1 /34/ .RB!lRIOTCR npH6nH>KeHHoH caMocornaco
eaHHoH CHCTeMoH ypaBHeHHH. T.K. B~4HC!leHHe MSCCOBOrO onepaTo
pa He CBR3aHO aapaHee C KBKHM-m160 KOHKpeTHbiM HB4S!lbHbiM npH-
6J1H}f(eHHeM, 3,qecb Mbl BOCnO!lb3YeMCR C!le,qyiOIJ..IHM nO!liOCHbiM npH6J1H}f(e
HvteM: 

lm«S~-k I s_-;;_k »w 
4 2 1 

2rr z ( ) ""-=-< 8 o> 0 wl-(k+k Ok -k 
v'N 2 4' 2 

/35/ 

Im<<a+ a Ja+ a . >> = k 3 a kg+k 4 k 1a k 1+k 2 a co 2 

~17(fk -fk )li(w2 +Ek -Ek )lik k +k 0 k k ' /36/. 3° 1° 3° 1° 3'1 2 1'3+k4 

noACTasnRR 1351" /36/ s npasy~ 4aCTb /34/, nony4"M: 

«AIA»P ~ 2J2 ~ ltw('k+q l-rralrp+qa+v<'k+qlrpo ( t-2fp+qu! 1371 
"' N2 pqa w -< + E{p+ qa) -E(pa) k+q 

3AeCb E(kal~ E(k) +Q..~<n >, v(,k)~[exp(f3,k)-!]- 1 .8bl4"cne-N q - q,-o 
HHe ¢YHK4HH fpHHa <<Bq IBp >>w npoeo,q1-1TCR no aHSnorHH c /37/. 
HcnO!lb3YR nO!liOCHble npH6JlH}f(eHHR THna /35/ H /36/ B /22/, a TaK
}f(e HS4S!lbHOe np1-16Jll-1)f(eHHe A!lA $OHOHHOH ¢YHK4HH fpHHa 8 BH,qe 

«Qkv IG:v»w ~lw2 -w2 (kv)J-1' /38/ 
- p 

nony4HM A!lA << BP 1 B q >> w cne,qytOIJ.Iee Bblpa>KeH~t~e: 

« B I ii » p ~ « B I B »ph+ « B Iii » M + «B I B » u pqw pqw pqw pqw 
/39/ 

3AeCb 
«B (B >}'h ~ 

p Q w 
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(l+N(aw(k'v)-fp+q+k '• ) f pt +N(aw(k'v))f p+q+k '• (1-2fp1) 

w-1 (k'v)l X 

w-(aw(k'v )+E(p+k+k'• )-E(p ')) 

(1+N(aw(k'v))-fp+k,)fp+k' 1 +N(aw(k'v)) fp+k, {1-2fp+k 't ) 
+ X 

w -(aw (k'v) +E{p+k')- E(p +k't )) 

x{(V v(k; p)) 21J -Vv (k',p)V v (k; p+k)li p+k+k' Jl , /40/ 
q.p+k q. 

rAe 
-I 

N(w (k 'v)) ~ [ expflw(k 'v) - 1] · 

s~pa*eH~e /40/ nponop~~oHanbHO KBSAPaTy aneKTPOH-~OHOHHOro 
B3a~Mo,qe~cTs~~ H onHc~saeT H~ynpyrHe npo~ecc~aneKTpoH-~HOHHo
ro pacceRHHR. 

+ (1+v(,.,)-rp+k,)fp+k',+v<<elrp+k• (1-2fp+k•l
18 

w-(<k' +E(p+k•) -E(p+k'')) q,p+k 

BK11a,q /41/ CBR3aH c HeynpyrHM aneKTpoH-MarHOHHbiM pacceRHJ.IIeM, 
o6yCJlOBJleHHbiM KOCBeHHbiM 06MeHHbiM B3SHMO,qeHCTBHeM. 6onee. CllO*

Hbli1 BHA l'!MeeT 4JleH << 8pj8q >>~,KOTOpbiH CBA3aH TOJlbKO C 3I1eKTpoH-

3JleKTpOHHbiM pacceRHHeM 

u u2 
«BpiBq»"' ~N21Jq,p+k X 

xi:£ [ (1-fp+k)(1-fm+n,lfm,Cp+nt+fp+k'fm+n'(1-fm,)(1-fp+n')+ 

mn w- (E(p +k•) + E(m + n •)-E(p+n') -E(m •)) 

(1-f p+k+n ,)(1-f m-n' )fm,f pt + f p+k+n• f m-nt(1-fm 1 )(1-f pt) 
+ J -

w -(E{p+ k+ n, )+ E (m-n t )-E(rn• )-E(p t)) 

+ 
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/42/ 
Ta101M >Ke o6pa3oM Bb1414C11RIOTC.A cMewaHHble 411€Hbl 

«BPIA» ~ «AIBp+k ». 
H3 COOTHOWeH~H /37/, /~0/, 641/, /42/ ~ /43/ CneAyeT, 4TO Ky
JlOHOBCKHiii sKna,q <<BPI B q >> a MaccosbiH onepaTop CYli.I€CTB€HHO 
OTm14S€TC.A OT BCeX OCTSJlbHbiX, nOCKOJlbKY OH H€ CO,qep>KHT 6oaesCKJ.1X ~aKTopoe 4Hcen aanonHeHH.A ¢oHi>HoB H11H- MarHOHOB, N(((.)(kv)) 
1-1 v(fk). npJ.1 T-+0 BbtPS)f{€HHe /4~/ He lo1C4€3S€T, HO BK11SAS 8 TeM-
nepaTypHyiO 3SBHC"'MOCTb 3STyx·aHJ.1.A MSrHOHOB He ,qaeT. 

6. 3ATYXAHHE MArHOHOB 
npose,qeM Tenepb O~€HKY TeMnepaTypHoH 3SBHCHMOCTH 3aTyxaHH.A MSrHHTHbiX B036ym,qeHHH npH HH3KHX-T€MnepaTypaX. nocne TOrO KSK 

Bbt4HCI1€Hbl see 311eMeHTbl MaTpHt..t·bl II (p, q) /22/, MO>KHo HaHn1 MaTPH~bt onepaTopa pacCe.AHH.A fi /21/ H, Cll€AOBST€11bHO, MSTPHLtY MaCCOBOrO onepaTopa M =(if) P • 

i,j=1,2; /44/ 

KoMnoHeHT~ MaTPH~~ M paBH~: 

M =L«AIA»p 
11 N!J2 a 

2 

M 
12 

---"J---:E - 1 - «A I B » p • 
n~s12 xgr q w q,k q w 

J 1 1 «B I B »p M - --:-:-::---:-:,.- }; --« B IA»p. M = l p q w 21 - o 2N312x od' P "'p.k P "' 22 N 2( d'f p,q"' w x 0 p,k q,k 

/45/ 
C y4eTOM /24/, /44/, /45/ nony4~M ADR nonHOH ~YHK~~" rp~Ha 
cneAY~~ee e~pameHHe: 
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1 
-1-

det(G 0 -M) J -(- -M ) 

J 
-(-=-- M 12) 

yiN 

J n1 
--M iN" 21 iN" n 11 

2 
/46; 

8 HSCTORI!Iei1 pa6oTe HaC YIH-TepecyeT TOllbKO BOCnpHHM4J.1BOCTb J10-Ka-
J1H30BaHHbiX CnJ.1HOB <<S+ [S- >> • Ha $OPMYilb1 /46/ cne.qyeT, YTO k -k w . 

« s + I s- » = --:-:--'1'-:-----
k -k "' (G ~1) 1 -l(k,w) 

/47/ 

11 + -3AeCb G 0 - ¢YHK-"'J.1.R fpJ.1Ha <<SkI s_k >>:; 'KOTOpa.R Bbl41o1CJ1eHa B 
pa3Ael1e 4 1.1 J.1MeeT Bl4A /2 7 I. BenYI414Ha .l (k, w) pasHa 

J2 X df 
l(k,w)=M

11
+ O -<-J--M )(-J--M )·Nxdr x yiN 12 yiN 21 o 1- ux dr 

. 0 /48/ 

COOTHOWeHHR /47/ J.1 /48/ COAepmaT nOllHOe peweHHe 3SAS4H 0 Bbl
t.H1CJleHHJ.1 BOCnpHVIM41o180CTYI JlOKaJ1J.130BSHHbiX Cm1HOB B npH6m1)1{eHHH 

••aaaY!MOAeHcTayrotQHX MOA11 /34/. nonroca ¢lyHKU.HH fpHHa /47 I COAep
>t<aT cneKTPbl B036Y)f(AeHH~ aKyCTH4eCKVIX H onn14eCKHX MarHOHOB 
J.1 CTOHeposCKHX B036Y)f(AeHH~ C y4eTOM 3aTyXaHHR BClleACTBHe 311eKT
poH-MSrHOHHOrO H 311eKTPOH-¢0HOHHOro B3aHMOAei1CTBH~, KOTOpOe 
aaAaeTcR MaccoabiM onepaTopoM ~(k, w). Hac 6yAeT HHTepecoaaTb 
TOilbKO 3aTyXaHHe aKyCTH~eCKHX MarHOHOB C 3aKOHOM AHCnepCHH 
fk /30/. npH y~eTe 3¢$eKTOB pacceRH~R orpaHH~HMCR y4eTOM 8 B~
pa>KeHHH /48/ TOilbKO ~neHoa, nv.He~HbiX no M1j .TorAa a npeAene 
k, w ~ 0 nony4HM H3 /47 I H /48/ 

«s+t 1 s- » = 
-k "' 

2N-~ di•> 0 

JN ~ xdJ 
l(k,w) = M 11 + (M12 +M 21 ) + 

(l-Ux~!) 
CneKTpanbHaR nnoTHOCTb cnHH-BOilHOB~x 
ny.nbCOM k HMeeT ¢0PMY 

g(k, w) =-l.Im«S +IS- » 
1T k -k w+i€ 

/49/ 

J2N(xgr) 2 M22 
/50/ 

(l-Ux gr)2 

B036Y*AeHHH C KBa3HHM-

u 



/52/ 

!53/ 

CABHr ~ 38TYX8HHe aKyCT~4eCKHX MSrHOHOB, 
PaccMOTPI-lM Tenepb Bb14HCJ1eHHe TeMnepaTypHot1 aaeHCHMOCTH 

r(k,w) /53/ c Y4eTOM Maccoeoro onepaTopa /50/. B Ka4eCTee 
npHMepa B03bMeM nepe~~ 411eH e /50/, TO eCTb e~pameHHe /37/: 

_J 2<S
0
z>kl(1+v(, l-r )f + pqu k+q po p+qo 

1541 

H Y4TeM, I..ITO .qnR t: = Dq 2 /30/ H q-. 0 rnaBHbll1 BKna.q a TeM-
nepaTYPHYIO 3881-lCHM~CTb /54/ BHOCJ.H 603eBCKHiil $8KTOP 
[exp(J3Dq2) -1]-1 •· 113 /54/ "MeeM 

o2 qmax 
ImM -J 2 <Sz> -2rrfd3p f q2 dqfd(cosEl) x ' 1-1 ° (2rr) 6 0 

) 
8 (cosEl -cosEl0 ) 

xF(f~,v('k+) E -
~ q 1-a-lq 

ap 

{3fmax 

- 1- J dx........o
1
- -T. 

2{3D 
0 e•-1 

1551 

TaKHM o6paaoM, Ha /55/ cneAyeT, 4To 

!56! 
AHanorH4HO nposo.qa.HCR 01.4eHKa ocTallbHbJX BK118AOB a /50/. Benlo1-
4HHbl M 12 , M 21 "' M~2 .qa.IOT TaKytO )f(e 11HHei1HyiO aaeHcHMOCTb, KaK 
H·/56/. BKna.q 311eKTPOH-$OHOHHoro eaaHMo.qeHCTBHR /40/ a aaTy
xaHHe /53/ HMeeT .qpyry10 TeMnepaTypHyiO 38BHCHMOCTb: 

ph - ph 1 x2 dx 3 lmM -lm«B IB » 
1 --f -T. 22 P q w+E (33 (e'-1) !57/ 

TaKHM o6pa30M, OKOH4aTeJ1bHO AJ1R TeMnepaTypHoC1 aaet.1Ct.1Mocn1 
aaTyXaHt.1R. MarHOHOB nony4t.1M 

r (k, "'l 1 - r 1 + r 2 T + r' 3 T 3 . k,w~o !58! 

Ko3<M>~~~eHTbl r i ( i = 1,2,3) "C4e3aJOT np" k=<v= 0. Ko3<l><l>~~-eHT r1 
t.1C4e3aeT npt.1 J=O KaK B MaCCOBOM onepaTope /50/, TaK t.1 8 nOJ1HO~ 
<l>YHK4~~ rpHHa /46/. 

14 



7. 06CYlKAEHHE 

TaKMM o6paaoM, a HacroR~e~ pa6ore ~cxoAR H3 neps~x npHH
~..tlt1nos Mbl Bbll.ll-1CJH1JU1 cneKTp MarHio1THbiX B036Y>KAeHH!Is C y4eTOM 

aaryxaHHR AflR MOAenH TRmenoro peAK03eMeflbHoro Meranna c ra
Mlt11lbTOHHaHOM /1/, B KOTOpOM Y4TeHO 3J1€KTpoH-3JleKTPOHHOe B3aHMO

A€~CTBHe aneKTPOHOB nposoAHMocTH H aneKrpoH-$OHOHHoe aaaHMo

Ae~crslt1e. KorAa· aneKTPOH-MarHOHHOe 1.1 aneKTPOH-$OHOHHoe Heyn

pyroe paCC€RHHe He y4HTbiBa~TCR, Haw pe3yllbTBT Aflfl BOCnpHHM4H

BOCTH 1lOKallH30BBHHbiX Cm1HOB CBOAHTCfl K P€.3YllbTBTY 6apT€Jlfl/25l, 

nonyl..leHHOMy B npH6J1H}I(€Hio1YI Clly'-la.:iHbiX ¢>a3, 0AHBKO Hawa HB4BJ1bHBfl 

¢YHKL.tHR rpHHa Go/25/ COA€PlKHT TBK>Ke CnHHOBYID. socnpHHMI..!HBOCTb 

3J1€KTPOH08 npOBOAlt1MOCTH H CMewaHHble BOC~_PHHM4HBOCTH 0 ~2 , ·G ~l. 
3TO OTHOCHTC~ H K nOilHOH ¢YHK4HH rpHHS 0 /24/ C y4eTOM 3¢¢eK

TOB Heynpyroro pacce.AHHR. TaKHM o6paaoM, pa3BHTbtH $opManH3M 

n0380IlReT TSKH<e Bbi4HCm1Tb nOJlHYIO CnHHOBYIO BOCnpHHM4HBOCTb 

3IleKTPOHOB npOBOAHMOCTH H paCCMOTpeTb 3SAS4Y 0 nOJ1RpH3S4HH 

3IleKTpOHOB npOBOAHMOCTH 8 peAK03eMeflbHbiX MeTannax /4,5/. 06cy>K

AeHHe 3Toro eonpoca 6yAeT npoeeAeHo OTAeflbHO. 

Pac1.1er reMneparypHoH aaBHCHMOCTH aaryxaHHR aKyCTH4eCKHX 

MarHOHOB B HH3KOTeMnepaTypHOH 06JlaCTH noKa3biBaeT, 4TO OCHOB

HOilt BKJlaA B Hee BHOCRT 3J1eKTpoH-MSrHOHHOe H 3JleKTpOH-$OHOHHOe 

83SHMOAeHCTBHA. 3neKTPOH-3JleKTPOHHaR KOppeJ1R4HR /42/ 8KJ1aAa 

8 TeMnepaTYPHY~ 3aBHCHMOCTb 3aTyXaHHR rl npaKTH4eCKH He ASeT 

/np~ J ~o BKilaA /42/ ~c"eaaeT, KaK no •~AHO ~3 /46/ ~ /50/ I. 
noA4epKHeM e~e paa, 4TO peanbHaA 3J1eKTPOHHaR CTPYKTypa ra

A0J1HHHA ropaaAO cno>KHee, 4eM 3TO Y4TeHo 8 HaweH OAH030HHOH 

MO,QeJ1H. npH OnHCaHHH 3JleKTPOH08 npOBO,QHMOCTH He06XO,QHMO yqHTbi

BSTb ,QeCRTb nOA30H /4,5,8,10,11/. PeweTKa ra,QOJlHHHR HMeeT nrY~ 

crpyKTypy,H noroMy 8blpameHHe ,QJ1R cneKrpa E(k) ropaa,Qo cnom
Hee, 4eM /31/. KpoMe Tore, He06XO,QHMO npHHRTb 80 BHHMSHHe aa

BHCHMOCTb HHTerpana PKKH- o6MeHa or KBa3HHMnynbca J(k, k+q) 111: 

0AHaKo ,QJlR 04eHKH TeMnepaTYPHOCi 3aBHCHMOCTH 3STYXSHI-IR SKYCTH-

4eCKHX MarHOHOB npHHATilA MOAeJlb /1/ H np~-tfiJlH>KeHHR /34/, /35/, 
/36/ H /50/ ABJ1AIOTCA BnOJlHe paayMHbiMH. K CO>KaneHHIO, HetirpoH

Hble 3KCnepHMeHTbl nO H3MepeHHIO TeMneparypHOill 3SBHCHMOCTM aary

XSHHR MarHOHOB npH HH3KHX TeMnepaTypax ,QO CHX nap He fibll1H 

npoBeAeHbl/!7~ no3TOMY AllR cpaaHeHHR peayJlbTaTOB HaCTORI.lleH Teo

PHH /58/ c 3KcnepHMeHTanbHbiMH ASHHbiMH nposeAeHHe raKHX H3Me

peHHH npeACTaanAeTCA secbMa menarenbHbiM. HeHTpoHorpa¢H4eCKHe 

HCCJ1eAOBSHHA 3STYXSHHR MarHOHOB B ra,QOJ1HHHH H HX TeopeTH4e

CKSA HHTepnpeTS4HR 6YAYT ·co,qeiiiCTBOBSTb BbiACHeHHIO ~THOCHTeJlb

HOH pOJlH 83SHMOA€17t:CTBIIII7t 8 TA)I(eJ1biX pe,QK03eMellbHbiX MeTSJlJlSX 

H TeM CaMbiM YT04HeHHIO MO,QellbHbiX TeopeT!II4eCKIIIX npe,QCTSBileHHill 

06 3TOill 06WHpHOH rpynne Bel.lleCTB. 

B aaKnt04eHHe Bbtpa>KaeM rny6oKyiO 6naro,QapHOCTb H.M.nnaKHAe 
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3a MHOrO~~cneHH~e ~HTepeCH~e ~ CTHMynHpy~~He 06CY*AeHHR, Mbl 
6naroAaPHbl npo¢1. n. ¢ynbAe 3a none3Hble 3aMe~aH~R. 
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