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l.B B e .ll e H :& e 

IlpH HCcne.llOBBHHH CfiHH....q,OHOHHOrO B38HMO.llei!:CTBHll B ¢eppQM8rJUIT.HbiX 

z:pHcTannax raMHnhTomutJI ero o6bi'IBO nony'IB.IOT, pa~narag ooMeHHhll!: HB-

Terpan B pSI.ll no CMemeHHllM 8TOMOB H3 nono~eHHI!: p8BHOBeCHll H orpaHH'IH

/ 1-8 / 
BaSICh nepBbiMH 'lneH8MH pa3n01KeHHll ( CM., H8.llpHMep, ) • Ilpu: T8KOM 

.llO.llXO.lle B KOHCT8HTbl CfiHH....q,OHOHHOrO B38HMO,llei!:CTBB:SI BXO.llSIT npOH3BO.ll-

Hble OT OOM9HHOrO HHTerpana, B3llTble B TO'IIt8X paBHOBeCHbiX nonOlK9HHI!: 

8TOMOB. 

/4/ 
C.B. TRonHKOBbiM 6bm npenno1KeH ROBbll!: MeToLI uccneLioBaHHSI 

COHB-¢0HOHHOro B38HMOLiei!:CTBHSI, He OCHOBbiBSIOmHI!:CSI H8 9TOM p83JIOlK9HHH. 

flpHBHMaeTCSI, 'ITO OOM9HHhll!: HBTerpan ecTb ¢YRK.llHSI MrBOBeHBOro nono-

~eHHSI 8TOMOB, KOTOpOe MeHReTCll BCJie,llCTBB:e li:X TennoBoro LlBB:~eHHSI, H 

"'TO sTy ¢yaz:mno M01KHO paano~HTb B pRLI 4>ypbe. flpeunonaraeTCR, 'ITO 

CMemeHB:SI 8TOMOB H3 TIOJI01KeHHI!: p8BHOBeCHSI Manbi 11: B38HMO,lle!!:CTBHe Me~-

LIY MarHHTHbiMH H KoneoaTenbHbiMH ao36y~LieHHSIMB: a z:pu:cTanne Y"'ll:TbiBa

eTcSI caMocornacoaaHHbiM cnocoooM. Taz:u:M o6pa30M, Linll HccneuoaaHHSI 

MarHHTHbiX B030y~LieBH!!: B ¢eppOM8rHeTHKe H HX B38li:MOLI91!:CTBHSI C ¢oHO-
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B8MH Jl0CT8TO'IBO, 'IT06hl 06M911Bblft HBTerpan 6h!ll H3B9CTeB Jt8lt cllyBJtiiBSl 

paCCTOSlBHSl Me~y 8TOM8MB. 

/4/ 
B pa6oT9 6~>~nH paccMOTpeHhl ueJtoToph!e acll¢eJtThl cnuu-¢ououuoro 

B38BMOneAcTBBR. B 'ISCTHOCTB, 6bma nonyqeaa nepeaopMBposJta cllouoaah!x 

'ISCTOT u auepruA MarHHTHhiX soa6y~neRBI. B npennaraeMoA pa6oTe Mhl 

HCCJl9JlY9Mr BnHRHH9 CIIBH-¢OHOHHOrO B38BMOJl9ftCTBHR H8 cneii:Tp &n8M8HTap-

HhiX soa6y~eHHI reAaea6eproscJtoro clleppoMarueTIJta BO BTopoM npu6nu

~eHBH TeopBH B03MymeHBA JlJlR M8CCOBoro onepaTopa cllYH~IIHB rpuaa. He

B38HMO.Il8ACTBYIOmHe cjlCHOHHSR H CITKHOBBSI IIO}lCHCT8Mbl p8CCM8TpBB810TCR 
/4,5/ 

COOTB8TCTB8HHO B IIC8B.IlOrapMOHH'I8CKOM IIpH6nH~8BBH H npH6nHl!<8HBB 
/3/ 

xaoTH'IeCJOIX cllaa • Mbl orpaH.H'IHBaeMcR paccMoTpesHeM onuocjloaoHBbiX 

npoueccos B38HMo.lleAcTBHR (npoueccbl pacnana u pacceRHBR MaruHTHblx 

B036y~.ll8HBft H8 cjlOHOHSX). llnsr IIpOCTOThl p8CCM8TpHB88M KpHCT8JlJlbl Jty6B· · 

qecKoA CHMMeTpHH u npH.BHMae M, 'ITO cnuu aToMs S • I/2 . B JtaqecTBe 

npHMepa p8CCMOTpHM 38TYX8HH8 MBrHHTH biX B036Y~ll8HHA B cjleppOMSr.BeTH

~e, o6ycncsneuuoe npoueccaMH ux B38HMoneAcTBHSI c cjloaouaMu. 

2. raMHJlbTOHH8H 

/4/ 
raMHJlbTOHH8H cjleppOMBrHHTHOro KpHCTanna 38ITHlU8M B BBA8 

J{ • I. w ( k ) ( a + a + I /2 ) - p. H I. S ,"' 
k J J k J kj , 

I 

2N 

l(ll,fl-f~) 

k}(ll)e e 

f I f~ll 

4 

l(ll<tlt~) 

( 2.1) 

( s , . s t ) 
I 2 



rJie 

-It 
Ca(k;f f ).(2Mw (It)) 

1 2 l 
a 

e 

+ a ) • 
kj 

( 2.2) 

( lc) ( e l(k,fl) - e l(k,f2) ). 

+ 
a kl • a kl - onepATOp~ nopo~eRHH R YHHqTo~eHHH . ¢oHOR8 C 

saepruea w 1 (It > ; l (It ) -BeJI:TOpbi nonHpR38IIHH (a 1 j "'1, 2,3), J ( J1 ) -

~ 

- ~yphe-KoMnoaeaTa o6Meaaoro BRTerpana, s, -onepaTop cnRaa, 

- MaraeToa Bopa, H - saemaee MarHKT.Hoe none, 
~ ~o 

f "' Rr - paBHoBecaoe 

nono~eaue f -Toro STOMa, M -Macca aToMa . (A,B) o5o3aaqaeT 
~ ... 

CKanHpaoe rrpoB3BeJieHHe BaKTopoB A H B. Mbi rronh3yeMCH cHcTeMotl: e!lB-

HHII , B KOTopo A t • 1 

By!leM cquTaTh, qTo w 1 (It) -4Joaoaable aaeprBH, Bb!'UIClleaable B 
/4 ,5 / 

uceBJiorap MoHHqecKOM npH6nu~eHRH , TaK qTo ¢oaoaaag IIOLlCBcTeMa 

OIIHCbJBaa TCSI a<j><f>eKTHBHbi M ncaB!lOrapMOHH'IeCKHM raMHllhTORH8ROM. 

TaK KaK Mbl paccMaTpHBaeM cnyqatl: s -1/2 , YLl05HO IIepeti:TH OT CIIH-

HOBb!X orrepaTopoB K onepaTopaM Daynu 

X 

s, 
2 

S y = - 1
- ( b + - b ) , , 2 , , 

( 2.3) 
., 

s, • 
2 

n, 
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KOTOphle Y~OBn9TBOpRDT H3B9CTHhlM nepeCT8HOBO~HhlM COOTHOm9HKRM 

+ 
[br ,b•].(I-2n,ll1(f-g), 

[ b t • b. ] - [ b +, • b +.] - 0 • 
( 2.4) 

r~e a ( f - g ) o6o3H8"18eT CHMBOn KpoHexepa. 

3anHmeM ypasaeHHH ~BH~eHHH ~nR onepaTopos + 8 kl ' 8 kl H h, 

s reAaeH6eproBCKOM npe~cTasneHHH. Y"'HThlBaH ( 2.1), ( 2.3), ( 2.4) H nepe-

CT8HOBO"'Hhle COOTHOmeHHH 

nony"'HM 

[ a kl · , ,a+,,] .. aO: -lt')B, 
k I II 

[a t 8 , J a [a+ t a+,,] - 0 t 

kl k J kJ k I 

d 
i --·ak1 .w

1
(lt) a -

d t kj 

l(v,rt-r2> - li 
~J(Y)e ( i N )(v, C

1
(-lt;f

1
f

2
}) x 

2 N t t v 
I 2 

t ~ y< r lr 2 > ( s r , s r 2 ) ' 
X e I 

6 

( 2.5) 

( 2. 6) 



d 
i- a+ •- (A) (Ida+ + 

d t -kJ l -kl 

l(v,r 1 -r~> 
+ - I J ( v ) e (iN -1-j )( v , 

2 N t t v 
1~ 

1 ~ v< r 1 r ~ > 
X e 

d 
i-b •p.H b + 

d t r r 

1 
I( v , r- r 1 > 

+-IJ(v)e e 
2N r

1 
v 

l(v ,r- t 
1 

> 
+-IJ(v)e 

N 

( 2. 7) 

( 2.8) 

b n ) • 
r r 

1 

B ypaBH9RllRX ( 2.6) H ( 2. 7) Mhl COXp8RllM .lliiR Y.ll06CTB8 H COKpameHHR 38-

IlliCH CKamipHoe npOH3Be,lleJme CllllHOBblX onepaTOpOB (Sf 
1
,Sf ~),ae Bhlpa>KaR 

ero 'lepea onepaTophl ITayllll:. 

3. YpaBHeHHH .lliiH $yHKUHH rpHHa 

nnH onpeneneHKH aaeprK~ MSrHKTHhiX B036y>KUeHHA KpHCTanna BOC-

~ r /3,6/ 
fiOIIb3yeMCS! M9TO,llOM .IIByxBpeMeHHblX 38TI83,llbiB8!0IllKX 'I'YHKUH~ pHHS , 

PacCMOTpHM $yHKUHJO rpHHa 

7 



. + + « b < tl 1 b < , , > >> ·- 8 < , - , , > < [ b <t > • b < , , > 1 > , . , . (8.1) 

nonb3yHCb ypaBH8JIHSlMll ABHllt8JIHSl ( 2.8) H Y'IHThlBASl ltOMMYT811HOHHhl8 co

OTBOID8H1Ul ( 2.4), nony'IJIM Cll8JlYIOIIl8e ypaBH8HH8 lUISl !jlyBJtUHH fpHHA ( 3.1),: 

__!__. « b t I .b: »· I q ll (f.;_ g ) 8 ( t- t , ) +I' H « b t I b + » + 
dt • 

I ( V, t- t 1) I e yC tt 1) . + 
+---IJ( v)e « e (b

1
-b

1
) lb »+ 

2 N r1v 1 a ( 3 . 2) 

1 c v, r-r 1> 
+...;._};J(v)e «e 

N t1v 

+ . 1e11crr 1> b > 1 b » 
(n b r - r D r 1 • f 1 

r.ue 

a-l-2<n
1

> •l-2;;' 
( 3.3) 

8 



H~ 38BHCHT OT HOMepa yana B CHny Tp8BCnRUHOHHOft CHMMeTpHH CHC-

Y~TeM Tenepb npHHHToe aaMH npa6nxEeaae, cornacao ~oTopoMy a 

OTCYTCTBHe CUHH~OHOHHOro B38HMO~eftCTBBH CUHHOB8H no~CHCT9M8 OUBC~
/3/ 

B89TCH B p8MK8X UpH6nH)f{9HHH X80TH~9C~BX tf>aa • 3TO 03B8~8eT, 'ITO BbiC-

WHe no onepaTopaM naynH tf>ya~uaa fpaaa B ypaaaeaaa (3.2) MO)f{HO pac-

uenHTb cne~yiOmHM o6paaoM: 

b 
f I 

b n 
f f I 

>•<n > •n 
f I 

+ 
b • >> ~ < n f > << e 

< n f 
I 

tf_(rt) 
> << e v r 

+ 
h, I b » . 

I a 

b, I b: » . 
(3.4) 

B aToft pa6oTe M~ opraBH'IHMCH paccMo.Y.peaaeM, OLtHO<POHOHHbix npo-
te,}u 1> + 

ueccoa. noaToMy tf>yaKUHIO fpaaa << e b, I b • >>, onHCbiBaiOmyiO MHo-

ro$oaoaahtft npouecc, BbtpaaaM qepea $yHKUBH fpaaa <<a+ b , I b + >> a 
-kl • 

I ·+ 
<<a kl b f b • >> ' onHCbiB8IOWHe npoueCCbl c Y'I8CTHeM o~aoro ljloaoaa. nmt 

aToro npaMeHHM cne.nyiOmyiO npoue~ypy pacuennenaa: 

+ 
h,lb »-I 

a n..O 
« ( i e ( f f ))n b f 

n I II I 
+ 

b >> .. • 

9 



-<<b,lb+ >> +..!.. ,«(i~ .. (ff.))
2

b lh+ >> + 2....« (i~ .. (ffl})4 b lb+»+··· 
II 21 "' f II •1 "' f II 

+ « 1 ~ <H1 > b I · b + >> 
II f II 

1 a 
+ - « ( i (, (ff l )) b 

31 "' f 

+ 
. b >> + ..... 

II 

. + 1 2 . + 
-+«b,lbll» +2T<(i~.,(ffl)) >«b,lbll» + ••• (3.5) 

+«i~ <H 1 > b lb+» +-3
3
, <<1~ (ff

1
»2

> «ie (ff
1
>b lb+>>+ ••.. v r 11 . v v r 11 

Bee cpe.naae , < ... > B 3TOM Bblpa)KeHRR Bbi'IRCllSilOTCSI IIO HylleBOMy 

npR61IJI)Ke HHlO K CITHH-4JOHOHHOMy B38HMO!leilCTBRto. 

'I~THbiX cTeneaea onepaTopos cMe;.neHHH ~" ( ff 1 ) 

KOa¢QJH u HeHT bi n epeD. cpyHKltH HMH fpHHa « b I b + » 
r 11 

MOJKHO OITSITh CBepayTh B 3KCllOHellTy : 

TioaToMy cpe.naae OT ae-

6y.nyT paBHbl Hyllto, H 

R « i ~ (ff I) b I b+ » 
Jl f c 

1 2 4 I ~ Jl( ff I ) 
1 + - < ( i e (££ 1)) > + - 1- < (i e ( ff )) > + ... • < e > 

2! Jl 41 II I 

TaKRM o6paaoM, npo ue.nypy pacuenneHHH (3.5) MO)KHO KpaTxo npe.ncTaBHTb 

B BH.[le 

I e Jl ( rr I ) I . + le Jl(ff I) << e b b >> -+ < e 
r 11 

+ 
> « b f I b II i>> + 

+ < e I~ Jl(ff I) + 
>«i~(ff )b lb » 

Jl I f 11 

10 
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3aMeTRM, qTo B nceBaorapMoHaqecxoM npa6na~eaaa 

I ~ v ( t t 1 ) 1 2 - 2 V V (a) 

< e > • exp (- - < ~ (f f ) > ) "' e 2 v 1 

•e 

rae 

I 1
2 

1 (II , e J , ( k ' )) c» 
1 

,(k: ' ) 
2 V 

11 
(g) • - I ___ ;...... ___ cth ( 1 - cos ( k ', g ) ) , 

NM k'J' ( ') 28 

0 • k T 
B 

2 "'J' k 

k 8 - nocTOHRaasr EonhnMaaa. 

nr 
Dnsr xy6aqecxoro xpacTanna 

2V (gl-
11 

II 2 

3 N M k '1' 

"'J'(k: ') 
_____ , cth ---:--- · (1- cos(k ', g ) ), 

20 2 w , (k:,) 
J 

(3. 7) 

(3.8) 

Y'l:HTbtBasr pacuerrneHHsr (3.4) H (3.6), a TaiOKe npHHRMaSI BO BHHMaHHe 

(2.2) H (3,7), ypaBHeHHe (3.2) anSI CIIHHOBOA 4JyHKUHH I'pHH8 MO>KHO !IpH-

BeCTH K BH!ly 

i -ft-. « b t ~ .b : » = i u fl. ( f - g ) 8 ( t - t ') + 

U -2V
11

(g) 1(11, t-t ) 
+ -- I J (v ) e e 1 « b 

t 

( 3.9) 

2N 
- b I b + 

t 1 g 
»+ 

11 



ia 
+-

2N 

~ -2 v ( 
.. J(v)e v•> 

't"' 

X «(a+ 
-I< I 

+ a l ( b 
I< I 

e 
I (II, t- t 1 ) ( Jl , e 

1 
(k)) 

y2 M N tu I (k l 

- b lib+» t, • 

l(k • t) 
( e -e 

l(klt) 
lx 

B npa6n•~eaaoM ypasaeaHH ~nH cnaaosoa ~yaxnHH fpHaa {3.9) rroHsnHeTcH 

+ + cMemaHHSH CIIHH~OHOHHaH ~YHXUHH fpHaa « (a + a ) b I b » 
-1<1 kj t • 

XOTOpy!O Bbi"'HCnHM B TOM ~e rrpH6nH>KeHHB • .npH STOM y~06HO paCCMOTpeTb 

( + I . + CHCTeMy ypaBHeHHA ~nSI ~YHXUHft « a + a l b b >> . flpHHH-
-kl- kl t • 

MASI BO BHHMSHHe ypaBHeHHSI ~BHJKeHHH ( 2.6) - ( 2.8), l{nSI STRX ~yHXUHA 

fpHaa nony"'HM cneny10my10 cHcTeMy ypasaeaaa: 

i_!!.,_«(a+ +a )b 
d t -kl kl 

lb+»•i8(t-t')~(f-gl<(a+ +a l0-2n l>-
• -kl kl 

-01 (k ) « (a + 
I -1<1 

-a l b 
kl t 

:b+ »+p.H«(a+ +a lb ll!+ » + 
a -kl tl r a 

1 I(JI,t-t:;a) + 
+-IJ(IIle «(a +a 

2N ~~~ -1<1 kl 

1 
I(JI,t-t

2
) 

+-· I J (II )e 
N 

t 211 

« (a + 
-kl 

+ a 

12 

~~~~(tt:a> 
) e (b 

t 
-b lib+» (3.10) 

':a • + 

. I~JI(tt2) ( b - b 
le n, ':a t 

. + 
n l I b », 

I< I ':a • 



d + I ' + .. + 
i-«(a -a )b b »•icdt-t ')~{f-g)<(a -a H1-2n )>-

d t -lr.J lr.J f • -lr.J lr.J f 

( 3.11} 

1 l(ll, f-fll) + !(Jtt~) + 
+ - · ~ J ( v ) e « (a -a ) e (b. - b ) I b ;:>> + 

2Nrllv -lr.J lr.J t tll • 

1 I (ll,f-f 2> I(VCff f 
+ - · ~ J ( II ) e « (a + - a ) e ( n f b f - b n ) I b + » + 

N t "' -lr.J lr.J ll t tll • ll 

Cornacao npHHHTb!M rrpe.arrono)!{eHHHM rrpHMeaReM cne.ayJOIIIYIO npone.aypy 

pacnenneHHH: 

«(a++a 
-lr.~ lr.J 

1( (ffll) 
) e v ( b 

D f f 

~-; << (a+ +a 
-lr.J - lr.J 

ll 

( b 

-b . n >lh+ 
f f ll • 

>> ~ 

( 3.12) 

+ 
f 

-b >lh ». 
fll II 
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<< (a+ · +a 
-kl - kl 

~e "w 2 ' 
... < e 

I evert ll) 
l e 

>«(a+ 
-kl 

... + 
(b,-b lib » 

fll 11 

+ 
-b lib »+ 

fll II 
l ( b 

t 
+a 
- kl 

1 e w , + + +<e 11 ll ><i(a +a le (ff l>«b -b I b >> • 
-kl- kj II 2 f f 2 II 

le11 (t 1 f ~ 
<s, ,s lb lb+ » «e ... 

I f 2 f 11 

1e
11

<r 1r2 > + 
... < e ><(S ,S l>«b I b » . 

f I f 2 f II 

( 3.13) 

( 3.14) 

3.o.ecb cpe.o.HHe < (a+ 
-kl 

Bbi"IHCliReM B By-+a l0-2n l > 
- kl f 

neaoM rrpH6nH~eHHH rro B38HMo.o.eAcTBH~. TaKHM o6pa3oM, 

+ 
<(a +a l0-2n l>aO ( 3.15 

-kl - kl f 

KpoMe Toro, 3aMeTHM, 'ITO 

-2 VJI(f C'2) 

2NIJ(vle <(s, 
flf2JI I 

l(v.r 
1
-r

2
> 

,s, l>(v,C (-k;ftf2))e .. o(3.16) 
2 l 
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3TO nerKO rrposepHTb, HCII0Hb3YR (2.2) H (8.7) H 38Me'laR, 'ITO <(Sf ,5 1 )> 
1 ll 

B CHny TpaHCHRUHOHHOft CHMMeTpHH CKCTeMbl 38BHCHT OT p83£0CTH f 1 - f ll • 

TaKHM o6paaoM, B ypasHeHHH ( 8.11) 'I'JleH, coAep)Karrma ( s, , s, ) nocne pac
t ll ' 

uenneHHR (8.14) o6p8THTCR B HYHb. 

npHMeHS!:R B ypaBHeHHRX (3.10)H (3.11) pacuenneHHR (8.12) -(3.14), 

a TSK.ll<e yqHTbiBSSI (2.2), (8,7), (3.15) H (3.16) l AHR CMemaHHbiX CIIHH-<f>o

HOHHbiX !jl:yHKIUlA fpHH8 IIOllY'IHM cneAyiOIDYIO CHCTeMy ypaBHeHH:!I:: 

d + + + + i--«(a +a )b I b » •-W (Jr.)« (a -a )b
1 

I b » + 
d t -l<l kj I a l -kl kj II 

+ + 
+p.H «(a +a 

-kl kl 
)b lb » 

f • 
+ 

0 
-:~v.,cr-r2 > tcv,r-12 > + 

+-I J(v)e e «(a+ +a )(b -b >lh 
2 N r v - kl kl r I 2 a 

2 

io 
+--I 

2 N fliV 

( 2 N ~l + 1 )( v , e l ( -Jr. )) - ll v 
11

( r- 1 ll ) I ( J1 , f - r ll ) 

----::::::::::::::::::::::::::=:---- J ( II ) e e 

-l(k,f) -l(k,!ll) + 
x(e -e )«b 1 -b 1 lb », 

ll • 

i-d-· «(a+ -a )b
1
lb+ >>--w (Jr.)«(a+ +a )b lb+» + 

dt - kj kj II j - kj kj I & 

+ + 
+ p. H << ( a - a ) b b » + 

-kl kl r a 

»+ 

X 

( 3.17) 

o -liV(!-f) I(V,t-! 3) + 
+--I J(ll)e v ll e «(a+ -a )(b -b >lb »-

2N fllll -kl kl I 12 11 

15 



i (1 

---I. 
( 11 , e 

1 
(-k )) 

t2V y2 J ( v) e -2Vv(f-f ) 

MN w (k ) 2 
2N 

l 

-l(k,f) -l(k,f2 + 
> « b t - b '2 I b • x ( e - e 

rne 

N° •<e 
kl 

w~~- k) 

-1) 

>> • 

-I 

I(V,t-t
2 

e 

cpenllHe '<!Hcna cpoaoaos c aaepruea w 
1 

(k) npu TeMnepaType 

X 

( 3. 18) 

( 3.19) 

8 . 

Ypasaeausr (3.9), (3.17) H (3.18) o6paay10T aaMKHYTYIO cucTeMy ypas-

1 
+ + I + HeHHA llnSI <flyHKIIHA fpHH8 « b b » H « ( 8 + 8 ) b b » . 

,_. II -kJ - kj f g 

4. Pemeaue cucTeMbl ypasaeHHA nm1 <flyaxnuA fpuaa 

CucTeMa ypaBHellHA ( 3.9), ( 3.17) H (3. 18) HMeeT nosonbHOA cno>KHbiA 

sun. PemuM ee npu nsyx nononHHTenbHbiX ynpomaiOmux npennonolKeHH SIX. 

Bo-nepBbiX, npHMeM, 'ITO <f!yHKIIHSI 2 V 
11 

( g) ( cp. ( 3. 8) ) 6 biCTpo y6htBa
/4/ 

eT C pOCTOM g , TSK 'ITO MO>KHO, lt8lt H B pa60Te , orpaHH'IHTbCSI 

1IpH6nHlKeHHeM 

-2V (c) -2W 11(0) + 2 W (g) -2 Wv(O) 
J{v) e v.J(v)e v .J{v)e = J(v), 

rne 
2 w (0) -

v 

v2 
---- I. cth 

kl 2 w l(k) 3 NM 

16 

w (k) 
l 

2 8 

( 4.1) 



HMHeTCSI !jlaKTOpOM ne6aSI-Bannepa. npennonO)!(eJme 0 6blCTpOM y6biB8HHII 

2 V V (g) C pOC'tOM g .a.enaeTCSI 06bl'IHO B T90p1111 p8.CC9SIHHSI peHTreHOBCKIIX 

171 
nyqeA xpHcTanna.MH ( cp., aanpHMep, ) • 

Bo-BTOpbiX, B aanhaeAmeM 6yaeM npeae6pera.Tb nponeccaMH nepe6poca 

H Y'IT~M TOnbKO HOpManbHble npoueccbl BO B38HMOLleACTBIIH Me)!(Lly !jJOBOH8MR 

H MarHHTHbiMH B036y)!(ll.9HIISIMH. 

npH npHHHTbiX npeanono)!(eHHHX, coaepmaH !jlypbe-npeo6paaoaaHHe no 

BpeMeHH 

« .... j • ••• »-J« ... j >> e 
E 

-IE t 
dE, 

H nepexoaH B naynH-onepaTopax K o6paTHOMY rrpocTpaacTBy 

b :N 
f 

-~ 
~b 
q q 

+ -~ + 
bt •N ~b 

q q 

I ( q • f) 

e 

-l(q,f) 

e 

( 4.2) 

CHCTeMy ypaBHeHHA (3.9), (3.17) H (3.18) !InS! paccMaTpHBaeMbiX !jlyHKUHti: 

fpHH8 MQ)!(HQ npHBeCTII K cne.llyiOrneMy BH.lly 1 

.. + i u 
IE-E(q)}«b [b ,»= ~(q-q')+ 

q q 2 IT 

i u -~ ... .. 
+- ~ (2MNw

1
(Jd) f(l<,e

1
(J<)) [ J(q-1<)-J(I<)]- (4.3) 

2 kj 

.. ... + + 
-(q,e

1
(J<))] J(q-1<)-J(q)] l« (a +a )b j b, », 

-kl kl q-k q 

17 



IE- E ( q) I « (a+ +a ) b I b +, » + cu (Jd « (a+ -a ) b I b + , » • 
-kl kl q q l -kj kj q q 

0 ) - - ] i u ( 2 Nkl + 1 I ( k ' e l ( -k)) [ J ( k) - J ( q + k ) + \4.4) 

2y 2 MN cu ( k) 
l 

.. .. + 
+ < q • e < -k > > [ 1 < q > - 1 < q + k > I « b I b , » • 

l q+k q 

+ + .. + 
cu(k)«(a +a )b ~b,»+IE-E(q)l«(a -a 

l -kl kj q q -kj kl 
) b lb+,»-

q q 

-io • • 
------ -1 (k,el (-kll(J{k)- J(q+k)] + (4.5) 
2y2MNcul(k) 

.. .. + 
+ < q • e < -k > > [ 1 < q >- 1 < q + 1c > l I « b I b , » • 

l q+k q 

rlle 

- 1 - -E(ql:o~tH +-aiJ(O)-J(q) I, 
2 

l4.6) .. 
J ( q) - J ( ) -2 w (0) q e q 

B ypasaeHHHX ( 4.3) -( 4.5) Mbr ae IIHllleM HHllexca E rrpH << ... I .. » , TSK 

KSK B ll8nbHe~llleM 9TO COKpSllleHHe He Bhl30BeT HHK8KHX HellOpa3yMeHH~. 

<l>opMyna ( 4.6) orrpellemieT B nepBoM rrpH6JIHJKeS:lU! as:eprHIO Mars:HTS:hiX 

B036ylKlleHHfi B <jleppOMarHHTHOM KpHCTSJIIIe, nepeHOpMHpOBSHHYIO 38 cq~T 

18 



/4/ cnHa-<j>oaoaaoro B3B.BMOJleAcTaHSI. Oaa 6bma nonyqeaa anepBbre a pa6oTe • 

JlpHBOJlHM K 6onee Yll06BOMy BHJly CHCTeMy ypaBHeHJdl ( 4.8) - ( 4.5), 

Bae]leM o6oaaaqeaHe 

( ) - i q 
A l q ; k: • -=--:=======::=====--' 

2y2MNcu.(k:) 
J 

{ (k:,e (k:))[j(k:)-j(q-k:}] + 
J 

+ ( q , e 1 ( k:)) [ ~ ( q - k: ) - j( q ) ] I 

(4.7) 

H coaepnmM B ( 4.4) H ( 4.5) aaMeay 
• TorJla cHcTeMB ypaa-

aeaHA (4.3)- (4.~) npHMeT oco6eaao ' npocToA BHll: 

- + i u 
E-E(q) l«b I b ,» -- ~ (q-q ') + 

q q 2 , 

+lA
1

(q;k:) «(a+ +a . )b I b+ », 
kf -kJ kf q-k q' 

- + {E-E(q-k:)J«(a++a )b lb, »+ 
-kJ kj q-k q 

+ cu (k:) « (a+ -a )b 
J -kl kl q-k 

0 
a(2N +l)A*(q;k:)«b 

kj J q 

+ 
b , >> 

q 

+ 
b ,>> • 

q 

+ 
cu 1 ( k:) << (a -kJ+ a kJ 

+ 
b lb,»+ 

q-k q 

19 

(4.8) 

(4.9) 



• + + 
+I E-E(q-UI « (a_u-•~o:1 )b 11_~o:lb 11 ,» • 

( 4.10) 

·-A*(q;lt)«b 
I q 

+ kb ,» 
q 

Ha (4.9) H (4.10) cneAyeT, ~TO 

-~ « ( a + + a ) b I b , >> • 
-kl k l q-k q 

0 -A* ( q ; It ) I ( 2 N + 1 ) [ E - E ( q -It ) ] + (U (It ) I + 
I kl I «b I h , >~-

- 2 2 q q 
( E - E ( q -It ) ] -w I (It) 

( 4.11) 

0 
N I< I + 

A* ( q ; It )( • ( It) + w (It) • I E -I!; q- I 

0 
N + 1 

~<I 1 « b 

E- ~(q-lt )-w (It) 
I 

+ I b , 
q q 

>> • 

« ( a + - a ) b I b + , >> • 
-kl kl q-k q 

• 0 
I E-E (q-lt >+ (2N +1) (U (It) J + 

- A * (q ; It ) kl I < < b I b , » .. 
I • 2 2 q q 

[E-E(q-lt)] -w
1

(1t) 

0 
N kl 

-A~ (q; k) I----------
E - E ( q - It ) + ru (It) 

I 

20 

( 4.12) 
0 

N kl + 1 + _____ ___ I « b I b ,» 
.. q q 

E- E (q -It)- w
1 

(It) 



TaKHM o6paaoM, BaM YABJIOCh BbrpaaHTh cMemaBHyiO cnua-4Joaoaay10 <jlyHKOHIO 

T)maa qepea CnHHoByJO. Oxoa'l:aTenhHo, no.AcTaMS!H ( 4.11) B ypasaeaue ( 4.8 ), 

MH cnHaosoil <jlyaxuau Ipuaa nonyqaeM cne.AyJOrnee Bb!paJKeaue: 

«b 
q 

+ i 0 lb ,»--
q 2 , 

E-E(q)- M (E) 

i\(q-q') 

q 

r.Ae Maccoab!A onepaTop M (E) 
q HMeeT BH.ll: 

ll 
M (E)- ~ I A ( q ; k ) I I 

q kj l 

0 
N 

kl 

(4.13) 

+ 

0 
N kl +I 

(4.14) I . 
E-E(q-k)-w (],) 

l 

n "' r /3,6/ onh3yHCh cnexTpanhaoil TeopeMoa .ll.1ISI 't'YBKUHA puaa H Y'i.HTb!BaSI 

( 3.3), ( 4.2), MOlKHO nony'IHTh ypaaaeaue .ll1ISI orrpeaeneHHH u · 

2 

N 

00 

~ f 
Q__, 

2 Im « b I b + » 
q q W+t8 <> 

---------------·· d W , U-+ + 0 0 

exp ( W /0 ) - ( 4.15) 

3aeprH5! MarHHTHbiX B036YlKlleHHA H HX 38TyXIlHHe ( o6p8THOe BpeMsr lKH3HH) 

orrpeaem:rJOTCH <jlyaxuHeli: fpuaa ( 4. 13). OnpeaenSIH aemecTBeaayJO H MHHMyJO 

'iaCTH Maccosoro orrepaTopa 

M (w+i8).M (w)- r (w) 
q q q 

21 



W - BeiUeCTBeHHOe) H npHHKM8Si BO BHHM8HHe TO>K)leCTBO 

X + i8 . - p 
- irr8(x) 

X 

/3/ 
( P - 03HB'laeT rnaBHoe 3Ha'leHne), nony'IHM (eM. 6onee noJlp06Ro H 

/8/ 

rJle 

) ypaBReHHe JlnH aHeprHH M8I"HHTHbiX B036y>KJleHHA 1: ( q): 

t (q).E(q)+ M(t (q)), 
<I 

:1 N 
0 

N ° 1 kJ + 

( 4.18) 

M ( w ) "' p I I A (q ; k ) I I kj 
<I kj J .. 

E- E(q-k)+ w (k) 
J 

+ .. I. 
E-E(q-k)-w (k) (4.17) 

J 

H Bblp8>!':eHHe )lnH 38TYX8HHSI r<l (w) ( o6paTHOI"O BpeMeHH >KH3HH) 

:a 0 .. 
r ( w ) "' TT I I A ( q ; k ) I I N J 8 ( w-E (q - k ) + w J(k)) + 

<I ~ J k 

0 ... 
+ ( N + 1 ) 8 ( w - E ( q - k ) - w (k)) I . 

kj J 

( 4.18) 
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/4/ 
TaKHM o6paaoM, npaMeHRR MeTO.Il, npeanoJKeHHhlll: B paooTe , Mbl 

nony"'HnH ypaBH9HHSI .llnR aaeprHH MarHHTHbiX B030YlK.IleHHll: B <jleppOMarHHT

HOM xpacTanne a ax aaTyxaHHe, o6ycnosneaaoe cnaa-<jloaoHHblM B3aHMO.Ilell: 

cTBHeM. Mbi y"'HTblBana TOnbKO oaao<jloaoHHbie nponeccbl ( nponecCbi pacce2:

HHR H pacna.11a MSrHHTHbiX B030ylK.IleHHll: C Y"'SCTHeM <jJOHOHB), TSK K8K, 

BH.IlHMO, OHH oon8.11810T H8HoOnbmell: BepORTHOCTbJO. B OTnH"'He OT .llpyrHX 

/2/ 
paoOT ( UanpHMep, ) Mbl Bblll1nH 38 paMitH CIDIH-BOnHOBOrO UpHonHJKeHHR 

H B Ka"'eCTBe nepnoro npHonHJKeHHSI .llnH aeB3aHMO.Ileli:CTDYIOmHX CnHHOBOll: 

H <jJOHOHHOll: UO.IlCHCTeMbl HCUOnb30BanH, COOTBeTCTBeHHO, npHOnHJKeHHe xa

OTH"'eCKHX <jlaa a ncesaorapMOHH"'ecxoe rrpa6naJKeaae. TaxHM o6paaoM, uaM 

yaanocb rrony"'HTb aorronaaTenbHYIO rrep eaopMHpoBKy saeprall: MarHHTHblX 

B030YJKll9HHll: H HX 38TYXBHHe, KOTOpbie MOryT Ob!Tb cymecTBeHHb!MH, OCO

oeHHO B o6naCTH Bb!COKHX TeMrrepaTyp. Mbl rrony"'HnH STH pea ynbT8Tbl, 

rrpearronaraH, 'ITO OoMeHHblll: HHTerpan SIBnSieTCSI <jlyHKUHell: paCCTOSIHHH MeJK-

AY 8TOM8MH, H He BBOllHnH .llOITOnHHTenbHO <jleHOMe HOnOrH"'aCKHX KOHCTSHT 

CITHH-<jloHOHHOrO B38HMO.Ileli:CTBHH. 

Kax npaMeaeaae nony"'eHHbiX HSMH pesynhTaToB, e cneay10meM 

p83Llene Mbl paCCMOTpHM BOITpOC 0 38TYX8HHH MarHHTHblX B030YJKLlaHHll: B 

<jleppoMarHHTHOM KpHCTanne, 8KTY8nbHOll: B CBSI3H C rrocnellHHMH SKCrrepH-

MeHTanbHbiMH HCcneAOBSHHSIMH. 

5. O u eaKa saTyxaHHR MarHHTHbiX nosoyJKaeaall:, o6ycnosneaaoro 

:nHH-<jJOHOHHblM B38HMOLlel!:CTBHeM 

Mbi oueHHM Tenepb aaTyxaHHe MarHRTHbiX soaoyJKaeaall: c saeprHell: 

('UaE(q) (cp. (4.6) ). Hs (4.16) cneayeT, 'ITO E(q) onHCbiBaeT B nep-

BOM npHOnHJKaHHH ITO CITHH-<jJOHOHHOMY B38HMOAeli:CTBHIO aaeprHJO MarHHTHblX 

B030YJKLlaHRll: B <jleppOMaraeTHKe. ... 
qTOObl nony"'HTb HBHYIO 38BHCHMOCTb E OT KB83HHMITynbC8 q , 

socnonbsyeMcH cneayiOmel!: sasacHMOCTbiO o6Meaaoro aaTerpana I<. r ) 



/9/ 
OT pSCCTOHHRH Me*AY STOMSMB 

I( rl•IA exp(-r/Al 
1>0, r>O. 

A BMeeT CMb!Cn s#eltTHB.oro pSABYCB neftCTBBH o6MeHHbiX CHn, 

aaeprHH o6Meaaoro B38BMoneAcTBHH. 

4>ypb9-KOM!IOH9HT8 ( 5.1) HM99T BBll: 

J ( q ) - J 
1+ ArT• q 

J .. 

a 
4rrA 

v 

v - o6'beM aneMeHTapaoR H'leAKB). 

I "' z I eft 

( 5.1) 

( 5.2) 

Z eft MO*HO HHTepnpeTHpOBSTb K8K s#eKTBBHOe 'lHCnO coceneR, T.e. 'IHCnO 

8TOMOB, H8 X OllHIDHXCH BHyTpH c<lJepbi B38HMOlleftCTBHH. -nnH nepeHOpMHpOB8HHOR 4Jypbe-KOMIIOH9HTbl 06MeHHOro HHTerpana J(q) 

cp. ( 4.8) ) rr p HMeM cnenyJOmHe npH6nH * eHHH: 

• -2W (0) 
J ( q l .. J ( q ) e q .. J ( q ) [ 1-2 W (0) ] 

q 

171 B cnyqae Ky6H'IecKoro KpHcTanna 

2 w (0) .. q 2 : 2 
q 

( 5.3) 

- 2 1 1 w J (k) ( 5.4) 
u .. -.· ~ --cth~ 

6 NM kJ w (k) 2 r1 
J 
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rile ~ -cpellH9XBSilpSTHqaoe CMemeHBe STOMa H3 IIOnO*eHBH paBHOBe-

CBH. 

YqBTbiB8.SI (8.3) B (5.4) llnH E(q) (4.6), nonyquM: 

1 .. 
E(q) •P. H + T Ja 

' :1 :1 + 1\ q 

( 5.5) 

.UnH <J!oaoaaoa cB c TeMbl npBMeM MOilenh .Ue6aSI. B aTOM npH6nB*eHBB 

llnSI npO.IH>nhHbiX H nonepeqHbiX $OHOHOB BMeeT MeCTO nBHeflHhlft 3SKOH llBC-

nepCBB 

•c (5.6) 

rile c 1 B 
C 2- COOTBeTCTBeHHO npOilOnhHSSI B nonepeqaaSI CKOpOCTH 3BY-

Ka. Bb16epeM BeKTOpbi nonS!pBaauHB cneay iOmBM o6paaoM: 

-: r (k) J. ~ 
2 

(k) J. k ... ... 
e (k) II k 

8 

.. 
B nepeftl!eM B Bblpa*eHBH llnSI 3STyxaHBSI r (E (q)) !! r 

q q 

( 5. 7) 

( 4.18) OT CYM-

MBpoBaHBSI no aoae EpHnnyaaa K HHTerpupoBaHHIO no cctJepe .Ue6aH c pallHY-

2 ) t/8 •• COM k m • ( 6 IT / V 

_1_ I 
N k 

...... ( 6.8) 
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g = cos 9 ' v "" a 
8 o6~eM Ky6H~eCKO~ 3neMeHT8pHoa SI~eaKH. 

llanbrue npellCT8BHM 38TYX8HHe f q ( 4.18) B BH)le CYMMbl •me HOB, OUHCbl

BalOIIlHX npoueCCbl B38HMO)leftCTBHSI C npOllOnbHbiMH H nonepe"lHblMH QlOHOH8MH: 

r .. r II 
q q 

J 
+ r 

q ( 5.9) 

H orpaHH~HMCSI paCC M OTpeaHeM 38TYX8HHSI M8rHHTHb!X B036y>KlleHHJ:\ C M8nbiMH 

1 
KB83HHMnynbC8MH: q << qm Torlla, y~HTb!BaR ( 4. 7), .. --a 

(4.18), (5.5) - (5.9), nony"lHM: 

r ll 
q 

X I 

+ 

~ 
r 

q 

X I 

+ 

a• k 
a E(q) 1 m 2 2 

---fdgfdkk
2

(2qg -Hg +q) X 
81l'Mc 1 -1 o 

exp (c
1 

Jr.l9 )-1 
o<Jr.-2qg -2qll l+ 

exp(c 1 Jr. 19) 
o<Jr.-2qg + 2q

11
l 1, 

ex p ( o Jr. I 8 ) - 1 
I 

= 

8 .. k 
a E (q) I 

2 
m 2 

fdg (1- g ) fdH (Jr.-2qg) 
B ll'M c 2 -I 0 

exp ( c 2 k I f) ) - 1 
o<~<-2q(-2qJ l+ 

exp < c 2 1r. 1 e l 
exp(c Jr.l8)-l 

2 

o<~<-2q( +2~ll, 

26 

a 
X 

(5.10) 

\5.11) 



(5.12) 

[ -;2 ) ) -I 
q .L ·• P ~ u ( I + A ll 

(5.13) 

Mhl npuasnH saemaee MarHHTaoe none H paBHbiM ayn10 , H • o ) • 

BenH"!llHhl q II"' H ql HM9IOT npocToA cflaaaqecKHA CMbiCn, a HMeaao: 

9TO llOpOI"'Bhl9 3H8'19HH51 KB83HHMnynbCOB ~ng npOU9CCOB HCllYCK8HH51, CO

OTB9TCTB9HHO npO~OnbHOI"' H nonepe'IHOI"O cfloHOHOB MSI"HHTHhiM B030y~.ne

HH9M. 0HH 38BHCSIT OT T9MnepaTypbl qepea H8M8I"HH'l.9HHOCTb ( OTHeCe HHYIO 

K o n aoMy yany) u , cpe.UHHA KBa.UpaT CMemeHRst u ll H CKOpOCTR 

3ByKa c 
1 

H c ~ . EcnH npeae6pe'l.b TeMnepaTypaoA aaBRCHMOCTbiO c 1 

H c ~ ( oaa B o6hiKHOB9HHhiX KpHCTannax cna6a) H npHHstTb: A• a, qm "'a -I 

8 0 • c /a • c 11 / a ( B enHHRuax t • I ) , J a 
2 

• IO 0 -2 , TO o qm 

.nnst q II H nony'IHM cne.nyiOmyiO oueaxy: 

q .. q .. O,I 
II .L 

(}D 
--q 

(} m 
( u (I+ 

-I 
) ] 

u 2 ( 5.14) 

0 

r.ne 0 
0 

-TeMnepaTypa KIOpH, __! D -TeMnepaTypa neoast. 

flpH 0 • 0 ( U (I + ~ ) ] - 1 
'" I H nopOI"OBbi A 

a2 

(qll , q.L ) .. O,I(8 0 /0
0 

)qm«qm , 'ITO coBna.naeT 

C OU9HKOA, OCHOBSHHOft H8 CITRH-BOnHOBOM npROnH~9HRR, npRBe.UeHHO A B pa

/2/ 
6oTe Kameesa R KpHBornaaa • C pocTOM TeMrrepaTyphl noporOBbiA HM-

rrynbC pacT{!T, B OCHOBHOM 38. C'l{!T YOhiBB.HJUI U 
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BHOCHT He3H8'<1HTenbHY~ nonpaBKy, T8K KaK u 2 I a 2 << 1 (rrpH TeM-

~ 2 1 ). rrepaType rrnaBneHHH KpHCTanna u I a • 16 
TipH TeMnep8TYp8X, 6nH3KHX 0., (uo < 0., )e, q II ·H q ..1. 

MOryT AOCTH'<Ib 3H8'<1eHHft IIOpHAK8 M8KCHM8nbHOrO HMIIynbC8 qm 

B !jlopMynax ( 5.10) H ( 5.11) BbiiiOnHHM HHTerpapoaauae no k • Y'<IH-

Tb!B8S! IlpH 3TOM, '<ITO q < q m • B 38BHCHMOCTH OT Toro, K8K8H H3 B03-
> 

MOJKHOCTei\ q < ( ql r , q .J. ) BbiiiOnHHeTCSI, rrony'<IHM p83Hb!e Bb!p8JKeHHS!, KO-

TOpb!e C IIOMOli!b~ o603H8'<1eHHA 

zl• qlql l zll=qlq..l. 

1 
f(x,z

1 
,0 ) .. 7 

x 2 (4x 2 -2x-2 -z 2 l 2 
I 

exp ( 2 c 1 q II x I 0 l - 1 

2 [ 2 2 
X Z II - (X -1) ) 

g(x;z 0) .. 
~~· z8 

exp ( 2 c q x I 0 ) - 1 
2 ..1. 

38IlH!IIeM B BHAe 

II 
r 

Q 

.. 8 • 
E(q)a qJJ . 

2"Mc 

2 

z
1
+1 z 1 -1 

f f (X l Z .o) dx - f f (-X ; Z , 8 ) d X 
0 1 0 1 

1 +z 1 
f f (X l Z 

1 
,8)dx 

1-z
1 
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(5.15] 

( 5.16} 

\ 5.17) 

npu z 1 > 1 • 

( 5~18) 

npu z < 1. 



J 
r 

Cl 

q H 

II :1+1 

J g(x;z:l , 8 )dx 
0 

1 +•:~ 
J g(x ;z

2 
,8)dx 

1-z
2 

z :~-1 

J g (-x; z :1' 8 )dx npu z :1 > 1 , 
0 

(5.19) 

npu z 
2 

< 1. 

4opMynbi (6.18) II (6.19) II03BOnsiiOT1 B UpiiHUKIIe, IIpH 38LI8HHbiX 

e K 113BeCTHOA 38BIICRMOCTH U OT (} (KoTopaH nonyqa-

eTCH 113 ypaBHeHHH ( 4.16) ) Bbl'iHCnHTh 38TYX8HHe MarHRTHbiX B036y>KLieHHA, 
. I 

o6ycnoaneaaoe CIIHH-¢0HOHHbiM B3811MOLie ~CTBHeM . TaK K8K TO'iHOe perueaue 

ypaaaeHHSI nnH u rrpeLICT8Bn SieT TpyLIHOCTH, LinH oueHO'iHbiX B bl 'iHCneHHA 

38TYX8HBS! MO>KHO BOCIIOnh30B8ThCS! perueHHHMH ypaaaeHHS! LinS! u , no-

nyqeHHbiMH 6ea yq~Ta cnua-¢oHOHHONl B38HMonel!:cTBHSI:. B npeLibiLiyruel!: pa

/4/ 
6oTe 6blnO UOK838H0 1 'ITO yq~T KOne6aHHH 8TOMOB IIpH cna60M CIIHH-¢0-

HOHHOM B38HMOLieACTBRH Mano H3MeHHeT 3H8'-IeHHS! U • 

HaTerpanbl a clJopMynax (5.18) H (5.19) aneMeHTapao He 6epyTcH • .. 
ITpH npoHaaonhHOM q H 8 HBLIO BbiiiOnHHTh 'iHCneHHOe RHTerpHpOB8HHe. 

IToaTOMY anech Mbl paccMoTpHM TOnhKO noaeneaue aaTyxaHHH a rpaHH'iHbiX 

cnyqaHx. HMeH a suny oueHO'iHbil!: xapaKTep nonyqeHHbiX clJopMyn, npHMeM, 

'ITO IIpOLIQnhH8H H nonepe'IH8H CKOpOCTII 3BYK8 OLIIIH8K0Bbl H 'ITO p8LIIIYC 

neftCTBIIH o6MeHHbiX Clln - UOpHLIK8 IIOCTOHHHOl!: perueTKII A• a • nanhrue He 

6yneM Bb!IIHCbiB8Th HBHOA 38BIICHMOCTII CKOpOCTH 3B y Ka H CpeLIHeKBBLipa-

-2 
TH'i9CKOrO CMerueHBH o OT TeMnepaTypbi. 

PaccMoTpHM aaTyxaaue npH 8 • 0 ITpH'iHHOl!: aaTyxaHHH HBnH~TCH 
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pemeTKH. B rrony"'eHHbiX !j>opMynax rronaraeM u .. 1 • l1ccneaoBaHHe oG-

mHx !j>opMyn ( 5.18) H ( 5.19) c y"'~TOM npHHHTbiX rrpearrono)KeHHl!: rrpHBOllHT 

K cneayiOIDHM peaynhTaTaM: 

ll r .. 
q 

l 
r 

q 

rae 

.. 

~ 

q .. 
0 

~ 

0 npH q 

3 E (q) a 8 q 
0
4 

( ..s.. - 1) 
8 

2rrMc qo 

8 
8 E ( q) a 4 
--· q 

7 rr Me 
rrpH 

0 rrpH 

.. 8 4 
E (q )a q 

0 (...L-1) rrpH 
3rrMc qo 

.. 8 2 
4 E(q )a q o 

2 
q npH 

15rrMc 

_c_ (1 + 
J a 2 

u 2 -t 
-) :p(1+ 
a2 

30 

< q 0 

O<q-qo«qo 

q » q 0 

q<qo 

u 

0 < q- q 0 << q 0 

q » q 0 

~ -t 
) 

a2 

. ( 6.1) 

( 6.2) 

( 6.3) 



RBnReTCR noporoBNM KBaa:a:aMnynhcoM anR ~oueccoa pacnaaa. EcnH npe

ae6pe"'b rrepeHOpMHpOBII:OD:, CBR38RHOD: C KOne6aRHSIMH pemeTII:H, TO c!>opMynbi 

(6.1) H (6.2) C TO"'ROCTbiO ao 'lliCnOBbiX II:Oac!>c!>HUHeHTOB COBrraaaiOT C pe-

/2/ 
aynhTaTaMH pa6oTbr Kameeaa H Kp:aaornaaa • 

flepeltlleM K p8CCM0Tp9HHIO 3aTyX8RHSI IIpH TeMnepaTypax, OTnH"'HNX 

OT HynR. 

EcnR B.bmonasreTcsr ycnoaHe 

-t 
q << q 0 CT 

( 6.4) 

( BKnaa a aaTyxaa:ae aa10T npoueccN paccesrRHsr uarRHTHbiX aoa6y)f(lleHHA cfx>

ao.llaMRl.To H3 (5.18) H (5.19) MN rrony"'HM cn9.llYJOWH9 IIpH6nHJK9HHN9 c!>op-

• 
• 
E ( q) r II 

q 
exp(2cq0/8u ) - ( 6.6) 

. 
r E ( q ) 

q 
exp ( 2 c qo I e CT ) - ( 6.5) 
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cnpaaennBBble B uenoM BBTepaane TeMnepaTyp 0 S fJ < 8 0 • npH e,. o 

3aTyxaaBe axcnoaeauHanbBO y6bJBaeT, CTpeMSICb x aymo ( npa (J ... o npH'IH-

aoa 3aTyXBBBSI SIBnSIJOTCSI npoueCCbl pacnaaa, CM.Bb!IDe). C pOCTOM 8 3a-

TYX8HH9 pacT~T, npH'I~M oco6eaao 6blcTpblft poeT npoacxonHT B o6nacTH 

TeMnepa·rp , 6nH3KHX TeMnepaType KIOpH 3a C'I~T yMeabmeaaH u • Taxoa 

xoa 3aTyxaHHSI aeftCTBHTSnbHO Han6JOaaeTCSI B SKCUepHMSHTanbHbiX HCCneao
/8,{ 

BaHHSIX MarHBTHb!X B036y)KJleBBft B ljleppoMarHeTHKaX( CM. , JianpHMep, o63op ) • 

H axoaeu
1 

Mbl paccMoTpHM 3aTyxaJIKe MarBBTHb!X B036yJKaeHHA B o5nac-

TH TSMUepaTyp, rae Bb!UOnHHSTCSI y cnoBHe 

8 0 : 2cq
0

«8u<9
0 ( 6. 7 ) 

a T8KJKe UpH HS.ItOTOpb!X npyrHX 3Ha'leHHSIX ltB83HHMUy nbCOB 1 '16MB (8.4).npH-

MSHHSI TOT )1{9 MSTOa, 'ITO H B pa3aene 5, anSI (J 
0 

MO)I{HO nony'IHTb cne-

ayJOmyJO ou eaxy : 

(J 2 
8 .. 0,2 ( --J2.._ ) 8 

0 8 0 
0 ( 6.8) 

Llanee, ecna anSI u KaK ljlyHKUHH 8 BOCUOnb30BaTbCSI pe3ynbTaTaMH, 

nonyqeaBbiMH B npa5na ~eaHH xaoTaqecxHx $a~ 5e3 y'I~Ta cnHa-¢oaoaaoro 
/3/ 

B38HMoaeftCTBHSl , TO H3 UpOCTbiX pacCy)I{Ae HHA: cneayeT, 'ITO ycnOBHS 

( 8. 7) 6yaeT XOpOIDO Bb!UOnHSITbCSI B HHTepBane TeMrrepaTyp: fJ
0
<8 < 0,9 (J 
.. .. 0 

B . paccMaTpRBaeMoll: o5nacTH TeMnepaTyp 3aTyxaaae onHCbJBaeTCSI cneayJO-

IDHMH 1IpH6nH~eHHbiMH ljlopMynaMH: 

.. 8 4 107 2 8 
IOE(q)a q 0 [I+--(~) ](f npa q~qo 

8 150 q 0 0 
rll.,~ ITMcu (6.1:l) 

q .. 8 8 48 8 q 8 
7 E (q) a q o q [ 1 + _ 0 ] - · npH q » q o ; 

49 6q 0 8o 61TMc 
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.. 
a 4 BE(q)a q 0 

rrpa q ~ q o, 

['l .. 
q .. ( 6.10) 

E ( q) a 8q ~ q 
[ 1 + 

4 (J 0 q ] (J 

15 -e-· ~ rrpa q » qo • 
rr M c ull qo 

B 38Kmoqeaae npHBe.UeM aeKOTopwe qacneHHb!e Oll9HKH 38-

TyxaHRH. llnst a Toro rrpaMeM cne.o.yJOmae 3HaqeaHH II8p8MeTpos: 

M "' 10-
22 

r, c - 5.10
5 

CMicex, a .. s5t • Oo I (J 0 c 0,4. 

Tor.o.8, cornacao (5.14) R (6.8), rronyqaM; q •4d0-
11

q ,(q .. ~),8 0 .. 3.10-30
0 0 m m a 

OueaHM 38Tyxaaue rrpa TeMnep8Typ8x: 0 • 0 ; 0,3 8 
0 

, 0,76 8 
0 

llnSI U BOCITOnb3yeMCSI 3H8'19HHSIMH, IIOny'leHHbiMH B npH5nHlK9HHH CIIY'I8ll:-

. HhlX ~83 5e3 Y'I~T8 CIIHH~OHOHHOro B38HMOJJ.9li:CTBHSI. llnSI npOCTOII: Ky5B'I9C

/3/ 
KOII: pemeTKH RM99M (eM., CTp. 270) ; 

u. npB 0 .. o, 

u .. 0,94 npB 0 ,.. 0,3 8 0 

(J 3 0 ,76 (J 0 u • 0,65 II pH 

Pe3yllbT8Tbl BbJqHCII9HHII: 38ITHlli9M B o5wqaofi' CHCTeMe 9.1J.HHR!l, 

npH q • 0,5 q m >> q O C y'le TOM (5.13) ( 6.1-2), ( 6.9-10) , 

IIOIIY'IHM : ' 

8 • 0. 
II -~~ -1 

r q .. 10 'E < ql 1 li .. 1o 8 o It . 

(J - 0,3 8 0 

(J -0, 76 0 0 • r II .. ~ < q > I t .. 1 o o ol t . 
q 
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ITpH scex 3Ha~eHHHX 8 r.l 
q 

r II 
q 

.. 
3H8~HT8nbHO M8Hbille 

EcnH )1{8 q 0,5 qo < q 0 , TO cornacno (6.5) , c 

y~~TOM ( 5, }3) , IIOny~HM: 

8 - 0,3 8., r II ... 1o -~ E (q) 1 h rrpH q 

-1 t 
... 1o 8., 1 , 

8 - 0,76 8 0 

II _, E! -e It rrpH r • 10 < q) 1 h .. 10 8 
q 0 

.l 
r 

q HS IIOpH.llOK senH~HHbl M8Hblll8 
r II 

q 

0TM8THM, ~TO B HHTepsane Te MrrepaTyp 0,15 8
0 

< 8 < o,9s e., 
B03p8CT1i8T IlpHM8pHO Ha TpH IIOpSIJ:IKS senH~HHb!. 

3aTyxaHne 

TaKHM o6pa3oM, H3 HalllHX rrpensapRTenbHbiX oueHoK cnenyeT, ~TO oco-

6eHHO CHnbHblli poeT 38TYX8HHH M8rHHTHbiX B036y)KJ:I8HHft, o6ycnOBn8HHOrO 

HX B38HMO.ll8ftCTBH8M C tPOHOH8MH, HM88T M8CTO B H8IIOCp8J:ICTB9HHOft 6nH-

30CTH oT ToqKH K~pH. B ocTanbHoli o6nacTH TeMrrepaTyp 3aryxaaHe Mano H 

M0)1{8T 6b!Tb 6onblllHM TOnbKO IIpH 60nblllHX 3HaqeHRHX KB83HHMIIynbC8 q 

B 3aKn~qeaRe rro.nqepKHeM, ~To rronyqeaawe B aToli pa6oTe tj>opMynbJ 

.nnsr aaeprHH H 38TYX8HHH M8rHHTHblX B036y)KJl8HHli MOryT 6b!Tb IIpHrO.llHbl B 

Ka~ecTse <jlopMyn .nnsr HHTeprrpeTaUHH aKcrrepHMeHTanbflbiX naHHbiX no Hccne-

.llOBSHH~ MarHHTHbiX B036y)I{}:I8HHli B cpeppOM8rH8THK8X, 06o6meHH8 HCIIOnb-

30B8HHoro s pa6oTe MeTo.na Ha cny~att S > 112 ae rrpe.ncTaBnHeT Tpyna. 

TeMa aToA pa6oTw 6wna rrpe.nno)l{eHa rrpocjJeccopoM C.B.Tsr6nHKOBwM. 

Ero coseTbi, yKa3aHHH H 3aMeqaaHsr 6bmH .nnsr asTopa 6onhmoli rroMOillb~. 

ABTOp Bhlp8)1{88T CBO~ rny6oKy~ IIpH3H8T9nbHOCTb rrpocpeccopy n.H.3y-

6apesy H H .M. ITnaKH.ne 38 rrno.noTsopHbie o6cy)l{.neHHS!. 
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