INPUJIOKEHMUE 1

YPaBHeHI/Iﬂ ABUZKCHHUSA TCOPUHU 0CEBOI'0 KAaHAJIUPOBAHUA

PaCCMOTpI/IM ABMOKCHHC 4YaCTHIBI B OCCBOM KaHaJIC. Kak u B ciIydac
IIJIOCKOCTHOI'O KaHaJIMPOBaHUA HEJIMHEHHOE CTOXaCTHYCCKOC YPaBHCHUC

ABUIKCHUA UMCCT BU/ KIIACCUYCCKOI'O YPABHCHUA ABWIKCHUS

2=
d°r, _E
dt>
rme T, =iX+ ]y — momepeunas KOOpAHHATA; IEl =iF + TFy — TOoIepeYHast
— oU
cuma, F =-—gradU, U, = v U=U(X,y) — ToTeHIManbHas OJHeprus
X

KaHaJIMpOBaHHOW yacTullsl. [lepenuiieM 310 ypaBHEeHHE B poeKusax Ha ocu OX

u OY :

md X:FX,
dt?
md y F..

>
Pemenue cucteMbl ypaBHEHUI Oy/ieM UCKaTh B BUJIE:
X=X+X, y=yY+dy.
[ToTeHIMaNBHYIO 3HEPTUIO B3aUMOICUCTBHS, IPEACTABICHHYIO B BUJIE
U=U+dJ,
pa3iokKUM B P MO CTEHNEHSIM OX, JY B OKPECTHOCTSAX PETYJISPHON TPaeKTOPHH,
YUUTBIBas TOJIBKO JIUHEHHBIEC IO OX U OY YIICHBI
U=UXY)=UX+&Xy+)=U(XYy)+U,(X,y)X+U (X,¥),
M =(Xy)=(X+XYV+)=M(XY).

TGHCpB IMPOCKIMU CUJIBI MOTYT OBITH 3aIIMCaHbI B CJIeayroaieM BUAC:



F=-U(x9)-U,(Xy)x-U_(X,y)¥% - (Xy),
) =U, (%, y)dy — U, (%,9),

—AyKTyaluu NPOeKIUNA CUJIBI.
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rae oF, :—&JX()_(,)_/), oF, =-dJ (
C yueroMm BBIIIE CKAa3aHHOTO, paccMaTpUBacMasi CHCTEMa YypaBHEHUU
ABHOKCHUA IICPCITMIICTCA B BUIC
{m(i‘( +&X)=-U,(%,7)-U_(x,7)x-U_ (X, V)& - ,(X,y)
m(y +&)=-U0,(x,9)-U, (%, ) -0, (X, y)x - 8U (X, 7).
3 I[aHHOﬁ CUCTEMBbI MOJKHO BBIACIUTDL JIBAa YPABHCHH:A, OIIMCBHIBAIOIINC IBUIKCHUC
[0 PEryJsIpHOM TpPaeKTOpUM (WIEHbl HYJIEBOIO TNOpsJKa MAajoCTH) M JiBa
ypaBHCHI/IH, OIIUCBIBAKOIIUEC ABMXCHHUE 110 XaOTquCKOﬁ TpaCKTOpI/II/I (‘-IJ'ICHBI

IICPBOIO IIOpAAKaA MEU'IOCTI/I)Z

X,y)o% = (X, ¥)
C IIOMOIIIBIO HOCﬂeﬂHeﬁ CUCTCMBI JIMHCAPU30BAHHBIX CTOXAaCTHYCCKUX
ypaBHEHHU# IBMKCHHS COCTaBUM CHCTEMY YpPaBHEHHH JUIS CPEIHUX KBAJPaToB

bayKkTyanuii TMHAMUYECKUX BEJIMYMH:

%57 = 25x5x

%%z=§+%<:§+;(a:5x 0, U, &),

%y _ 25X :%(—éFﬁX—UXX%'(—UXy%y),

%&@:&@+&@,

%@w = Ry + X == (F.y - U, x5y U, 3" )+ .

—5x§y K&y + x5y = (OF,5x— U, 5y —U,, & )+ %y

BI'—‘ BI'—‘



3&@:&@+&@:

@a&[&&@J&&&)

1@HWLJ&WLM@@)
d~s =
a@’ =20y,

—6y5y &+ N =+ — (éFéy U, & —U,, o)

a@ =258 = (éFéy U, &y -U, &)

Koppemsitu ¢uykTyanuii CUibl ¥ MOMEPEYHON KOOPAUHATHI, (PIYyKTyaluid CUIIbI U
CKOpPOCTH OIIpCACIINM, PCIIUB CUCTCMY ypaBHeHI/Iﬁ
méx+U,, (X, 7)ok + U, (%, y)dy = &F, (X, y),
{mé] +U,,(X, ) +U (X, ¥)o = F (X, ¥
Brenem o0603HaueHUs
X=X, X=X,, H=X, H=xX,, F(X,¥)=f(Xy

Tenepb CHCTCMa ypaBHeHI/Iﬁ IICPCIIMIICTCA B BUAC

U, (%9),  Uy®y) _f(x9)

A R— — m
X3+Uyy(xly)X3+ny(X’y)X1: fy(x’y).
m m m

PemieHre mOMy4eHHOW CHCTEMBI HaWJIEM C TIOMOIIBKD METOJa BapHhaluu
MPOU3BOJIbHBIX MOCTOAHHBIX. [[J14 3TOro paccMOTpUM COOTBETCTBYIOIIYIO

OJTHOPOJIHYIO CHCTEMY

Pemenre 0THOPOAHON CUCTEMBI YPABHEHUN 3aIUIIEM B BUJIE

X =CX, +C,X, +CX;+C,Xp,,

X, = C,X,, + C,X,, + C,X,; + C,X,,,
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X; = C X3 +C, X, +CX;5+C X,
X =CX,, +C X, +C,X,,+C, X

17741 27742 37743 47744"

CienyeT OTMETUTh, 4YTO KOI(PPHUIMEHTHI UXX(r:’ 7)’ Y ()_( 7) 151 M,
m

X

3

CTOSIIIME TEPE] HEU3BECTHBIMU B OJHOPOJHOM CUCTEME YPAaBHEHUM, B PEIICHUU

3TOM CHCTEMBbI COJEpKATCs B HEU3BECTHBIX IPOM3BOJBHBIX IOCTOSHHBIX C,
1=1..4.
JInst  pemieHuss HEOIHOPOJHOW CHCTEMBl YPAaBHEHUH IOJIOKUM, YTO
K03(D(PULMEHTHI C, 3aBUCAT OT BPEMEHU:
¢ =c(t).
CornacHo NpUMEHSIEMOMY METO/TY, OJYYUM CIEAYIOIIYI0 CUCTEMY YpaBHEHHH Ha

HEU3BECTHBIE KOAPPUITUEHTHI C, !

(U0, + €, (), + € (U)K, + €, (), =0,
600+ 08+ 6 0k, O, = H2T)
¢, (t)x,, + ¢, (t)x,, + &, (t)x,, + ¢, (t)x,, = O,
¢, (t)%,, + ¢, (t)x,, + &, (t)%,, + ¢, (t)x,, = fy(r:’ y)

W3 BBeACHHBIX O0003HAYeHMH BHUJIHO, 4TO X, =X, X, =X,, TakuM 00pa3zoMm

MTOJTYYUM:




rie A — ompenenuresb paccMaTpUBaEeMON CHUCTEMBI, P\ — OMpEeIeIIUTENb,
MOJIYYCHHBIM W3 ONpeAeiuTeNIs A 3aMEHOM ero 1-ro crojdma cToa0moM

CBO6OI[HI)IX 4JjIcHOB. B Haliem ciiydac

Xp Xy Xy X,
A — XZl X22 X23 X24
X3l X32 X33 X34
X41 X42 X43 X44

AV 3amumem, Hanpumep, s i =1

0 X, X o X,
Al — fx()_(’ y)/m X22 X23 X24 .

0 X Xgg Xy

fy()_(’ y)/m X42 X43 X44

HecnoxHo BUACTH, YTO

w0189, 105,

rae A =(-1)"M| — anre6pandeckoe JONOIHEHHE, COCTABIEHHOE H3 HIEMEHTOB

onpenenutens A. Tenepb NpoU3BOAHBIE OT HEU3BECTHBIX KO3PPuieHToB € t

3aIMIIYyTCs B BUJIC.

o (t)= "% V)Azir:Afy(x,v)A4i

a camu K03 (HULIMEHTB —

t f xt',yt' At/ +f xt' .yt At
Ci t :fdt/ X y A2| At/y y i .
m

C y4deToM BbIlIE U3JI0KEHHOTO, PEIIEHUE PACCMAaTPUBAEMOI CUCTEMbI YpaBHEHUMN

3aIIUIICTCS B BULC.

t !
:fmi—tt,[fx Xt gt YA Xt

0
+f, XUyt Y At x

s=1 2, 3 4.



Utak, xoppemsiiuu QIyKTyanuuid CUJIbl W TOMEPEYHONM KOOPAHMHATHI,

(biyKTyaruii CUabl U CKOPOCTH UMEIOT BUJI!

rme k= X,y . C moMOIIBI KOPPEIATOpa, COCTABICHHOTO U3 (BIyKTyaruii

MONEPEYHON CHJIBI, ACHCTBYIONIEH HAa OBICTPYIO 3apsDKEHHYIO YAcTHUILy B pa3HbIE

MOMEHTBl BPEMEHHM, MOTYT OBITh BBIYMCIEHbI KOMIIOHEHTHI KO3(QQUIMeHTa
mudy3un

e v T rE o+ o 1 v T /

ftft =D, xyot-t, f tft=D, Xyot—t
rae S(t—t') — nenbra-pynxuus dupaka. [IpuHAMas BO BHHMAHHE BBECHHBINH

kod¢punuent nuddysun, nepenumrem koppensrop f, t X, t :
fotx t= —Aa t—t' [ka X,y ZAZi t' x; t' +D, X,¥ ZA4i t’" x, t’ ]
B unTepBan (O,t) BXOJIUT TOJILKO TOJIOBMHA JeNbTa-(QyHKIMS, MOITOMY IMOCIe

: 1.
uHTerpupoBanus o dt’ mosiBUTCS KOAPPUIIHEHT 5"

fotx t ZZmLA[DXk X,y ZAZi t X; t +Dy X, ¥ ZAM t X, t].
Cymmer A, (U0 (1), A1), DA () 1 XA () pasror

HYJI0. OTO CJeAyeT U3 TEOpeMbl aHHYJIUPOBAHUSA: CyMMa MPOU3BEICHUMN
AJIEMEHTOB Kakou-1n00 CTpokH (CTosIOLA) OmpenenuTeiss Ha ajareopanydeckue
JIOTIOJTHEHUSI COOTBETCTBYIOIIMX DJIEMEHTOB JAPYrol CTpOKH (CToyIOIla) paBHA

HYJ10. BusHO 4TO

ZAZiXZi =A, ZAZiXM =A,
Z X, =A, Z



Takum o0pa3zoMm, Koppensuuu (IYKTyallud CHUJIbl M TMOMEPEYHON KOOpPAWHATHI
(s=1,3) paBHBI HYIIO
ftx t =0, f txt=0,

Koppesiiuy (BIyKTyaluid CHITBI M IIONIEPEeYHON CKOpocTH (S=2,4) —

P — Dx P — D
fktxztzz—r;, fktx“tzz_ryr:'

C YU4€TOM BBOANMbBIX 0003HaYEHUI OKOHYATEIBLHO 3aIHIIEM

- Dy = — = Dy
5ﬁ<t5x=0,5ﬁgt&u:2m,5ﬁ<tay:o,&itawzrzﬁﬂuek:{xy)

CoBMecTHOE HHTCTPUPOBAHNC KIIACCHUYCCKUX ypaBHeHI/Iﬁ JABUOXKCHMUSA

{m? =-U.(x, s‘_/),

Y YPaBHEHM JIJISl CPETHUX KBAIPATOB (PIIYKTyalUd TUHAMUYECKUX BEITUUYHH

d

K2 = 20K X,
dt

d v — 1( = & <=
— XK= ——\U_X*+U_ X,
dt m( * Y §y)

iyzz(&—@x%{—%%),
2m

%&@:&@+&@,

95y =10, 58 +0, 57 )+ 5.
dt m
95y =—10, & +0,5¢ )+ 5.
dt m* 7 Y
-9&@—1~3L{T&@—Uemw+i-Q%{T&@—Ui%i
dt ml\ 2m X X ml\ 2m w X '
S5 =2y
dt ’
I = —E(uwéy +U, ),



— &= =20 ~U_ &
dt mi 2m n ¥y ~U,, 0y

pemIar0T 3aaa49y OIIMCAHUWA IMPOHCCCa MHOTOKPATHOI'O PACCCAHNA KaHAJIMPOBAHHBIX

qaCTHUI B OCCBBLIX KaHAJIaX KpHUCTaJlIa.



IPUJIOXKEHUE 2

YpaBHeHue 3BOMIOUUN (PIYKTYAHMH ONEPEYHON IHEPTUU

KAaHAJIHUPOBAHHBIX YaCTHUII AJIA CJIyYasi 0CEBOI'0 KAaHAJIUPOBAHUSA

[Toniepeunyt0 SHEPrUI0 YacCTUIBI B CIIy4ya€ OCEBOrO KaHaJWPOBAHUS
3alUIIEM B BUJEC

EL:% 4+ y* +U(XY).

Beinenum cpennee 3Hauenue E, u ¢puykryanuro 6E | monepeunoit snepruu

EL:g x2+y? +U X,y ,

SE, =m X6x+ysy +U, X,y 6x+U, X,y 6y.
CkopocTh M3MEHEHUs (PIyKTyaluu MOMEPEUYHON SHEPrHUH CO BPEMEHEM

JaCTCs BBIPA)KCHUCM!

: _ _ _ _ d
SE, =m XOX + X6% + Y6y + yoy + +
dt dt
I/ICHOHBByH ypaBHeHI/ISI JABUXCHUA I cnyqaﬂ OCECBOTI'O KaHaJ'II/IpOBaHI/Iﬂ, MOXEM
IIEpPENUCaTh:
SE, = UX6'§6F U .sx—U._ 6§ Uy&' y(SF J sx—U. 6
L_m_ﬁ X+E x M xx X— xyy_ﬁ y+a y_ny X_Uyyy +

d - d -
—U. X,V 6x+—U_ X,V dy.
+dt o Y +dt y Y0y

Haiins mpou3BogHbIE CIOKHON (DYHKIMH, TIOJYYUM CJEAYIONIEee BBIPAKEHUE IS

CKOPOCTH U3MEHEHUS (PIIYKTYyaIluu MOonepeyHo IHEPTUHA CO BpEMEHEM:

E, =XF +YF,.



OBOMIOIMS  CpeHero KBajpara (IyKTyalMil TMOMEpeuyHOM SHEpruu

OIMMCBIBACTCA YPABHCHHUCM

HJIN KC

o) =S —
— L — 2mX?5F,6% + 2mxy 6F oy + 20, X6F, 5% + 20 X SF, by +

+2mxy 6F,6X 4 2my*§F 6y + 2U, Y 6F,6x + 2U Y 6F 8.
Hepel'[I/IHIeM MMOCJICAHCC BBIPpAKCHHUC, IMPUHHUMAA BO BHUMAHHC BLIPAKCHHUA IJIA

KOppessiuuid IIyKTyauuid CHIIbl U KOOPJIAMHATHI U (DIYKTYalMil CUJIBI U CKOPOCTH

(cm. mpusoxkenue 1):

CoBMecTHOE HHTCTPUPOBAHNC KIIACCHYCCKUX ypaBHeHI/Iﬁ JABUOXKCHMUS

mX=-U, X,y ,

U ypaBHEHHUSI

d(¢E, )
dt

MO3BOJISIET MOCTPOUTH 3aBUCUMOCTH CPEIHETO KBajpaTa (PIyKTyaluu mornepeyHon

=D, +y’D, +xy(D, +D,,)

PHEPruM Kak (YHKIHMH OT TJIyOMHBI MPOHUKHOBEHMSI B KPHUCTAJUI, HayaJdbHBIX
3HAQYEHUN IIONEPEYHOM KOOpPAMHATBI M CKOPOCTM [JIsl  Clydas OCEBOTO

KaHaJIMPOBAHUAI.



INPUJIOKEHMUE 3

YpaBuenue @oxkkepa-Ilinanka niis ciaydyasi 0CeBOro KaHAJIMPOBAHM S

Onpenenum  koapduuuentst cHoca A=A E t wu gupdysun
B= B(E L,t) ypaBHeHUs Pokkepa-l1lnanka B IpOCTPAHCTBE MONEPEYHON IHEPTUHU
EL

oo 0, 10
P9 a2
o OE, " 20E?

Bp.

OHpCIICJII/IM CKOpPOCTb HM3MCHCHUA HOHCpC‘IHOfI OQHCPIUKU CO BPCMCHCM (CM.

npuioxenue 2). [lomyunm:

ddEtL :%(ZX“ZW‘)WX(X, YX+U, (X y)y =
=x(mx+U, (x,y))+ y(my+U, (x,y))=

= X5F, + ySF,.

Brons kinaccueckux TpaeKTopuil OyJET BHITIOTHATHCS COOTHOLIEHUE

dEL - -
= XS5F. + V6F |
dt YRy

rae X, Y —pemenus ypaBHeHnii HptoToHa B 0TCyTCTBUU (DIIyKTyaui

OTCIOI[a CJIeayceT, 4TO NBMCHCHHC Honepequﬁ OHCPIUKU UMCCT BUA:

AE. = [ dU(R (V)R (1) + F(t)OF, (1),

t

Teneps k03 duLeHT cHOca A TepenuiieTcs B BUE:



t+At

A= mAit j dt'(>z(T)5FX(t')+y(T)5Fy(t')).

Tak kak CpCaHCC OT q)HYKTyaHI/II/I CHUJIbI paBHO HYJIIO, TO OKOHYATCJIBbHO ITOJTYUYHUM

PaBEHCTBO HYJIIO U ApeiidoBoro ko3¢ duimeHTa
A=0.

Onpenenum quddy3nonHbii kodpdunueHt B

2
B — lim 2EL.
At—0 At

t+At t+At

3= 1 | at | a (ROXOPR (007, (1)« XOIRF ()07, (1) +

()Y (V)F, (1) OF, (1) + y (1) y (t)oF, (t') oF, ( )),

rae D. (t t”)é‘( ) 5F( )5Fj (t"), Lj= XY —  KOMIIOHEHTBI

muddy3rnonHon Matpuilsl. B npusoskenuu 4 moka3aHo, 4To
Dxx X’y :Dyy va =D X;y )
D, xy =D, x,y =0.

Teneppb nuddy3uoHHBINH KOIPDUIIMEHT 3aMMIIeM KaK

t+At

o=l [ 4RO 0 )

NN )K€ OKOHYATCIIBHO
—2 —2
B=D(x, y)(X(t) () )

OnpenenuB ko3hduimenTsl cHoca u nudPys3uu, ypaBHenue Dokkepa-

[Inanka B cimydae 0CEBOTO KaHATMPOBAHUS MPUMET BUJI ypaBHEHUs Tubdy3un

D OO 55° + 510 ) 2.

a2 OE?

Pemenuem ypaBHeHus auddy3uu apisetrcs GyHKIUs pacnpeneneHus ['aycca

2
p=———— exp(——(El _E) j
JzeoE 20E"



rJie IS CPeIHEro KBajpaTa (IIyKTyalluu TonepedHoit sueprun 6E° cnpaBeinso

COOTHOIIICHHE
d 6E, ° -
—— =D x,y X*+y*,
at y y
mvzo mo,,
E,= 2X + > +U X,,¥, — nomepeuyHasl SHEprusi B MOMEHT BpeMeHH {,
mo? mo’
E = 2" +TV+U(X, Y):T+U(XoryO) — ToTIepeYHasl PHEPTUsi B MOMEHT

BpeMeHH t.



IPUJIOKEHUE 4

Koagpuument nudpy3uu 1js cirydas 0CeBOro KaHAJIUPOBAHUS

I1.4.1. Ycpennenue KoppeasimuOHHOM PyHKIUM (IyKTyaluil NOTEHIIMAILHOM
JHEPruM B3aUMOACHCTBHUS KAHAJIMPOBAHHOM 4YACTHIbI C SIIPAMH ATOMOB

KpHcTaLIa

Ucnonb3yst Beipakenue (1.6.5), coctaBuM KOppEISIUOHHYIO (YHKIIHIO
baykTyanuii MOTEHUUANBHOM HHEPruM  B3aUMOJCUCTBUSA  KaHAJIMPOBAHHOMN

HaCTHUOLI C AApaMH aTOMOB KpuUCTaJlIa:

5§ ¢ d%G (4n2.2,67)

()00 ()= T[22 (a1, )

27
g°c? o q°c’
expligor. |—exp| — )

CornacHo mporeaype npuBeacHHOM B 1. 1.6.1, ycpeaHeHne JaHHOTO BBIPAKEHUS

><exp(—icj(F2 -7, ))(exp(—igéfn1 )- exp[—

II0 HE3aBUCUMBIM TEIUIOBBIM KOJIEOAHMSAM aTOMOB KpHUCTalla mpu N, #N,
IIPUBEAET K PABEHCTBY HYJIIO paCCMAaTPUBAEMOI0 KOPPEIATOpa
<&Jnucl (ﬁ)wnucl (E)>T = O '
B ciyuae N, =n,=n cpeaHee oT KOPPEISALMOHHON (PYHKLIUHU 3alMILIETCA

CIICAYIOIIMM 00pa3om
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Wurterpuposanue o d(OT,) mpuBEIeET K CIeayomeMy pe3yIbTaTy:
d%g (47Z,2,€° )2
272_)3 g Zq 2

(0-070") oof (87+3)
2

(8, (£)0U (7). =3 [-25 | ( exp (iGF, i)

n (27[)3

xexp(ir, (G-))| exp| -

N (<

beckoneunas CyMMa B IIOCIICAHCM BBIPAKCHUU ABJIAICTCA I[GJ'II)Ta-(i)YHKHI/IGﬁ
Hunpaka:

> exp(ir, (G-7))= exp(in,a,(a,-9,))=

n n,

- J dn, exp(in,a, (g, - g,)) :?5(% - 9,)-

A

B cBoro ouepens menbTa-(GyHKIMS CHUMET MHTerpuposanue mo dg,. Hamee, Tak

K€ Kak U B II. 1.6.1, 3aMeHUM perysipHO€e pacIioioKEeHUE aTOMOB Ha XaOTHYECKOE,

YCTpEMUB O, K 66CKOHGIIHOCTI/I, IMPUMCHHUM YCJIOBHUC MAJIOYIJIOBOTO PACCCAHUA

KaHaJIMPOBAHHBIX 9aCTUL, IIOJIOKHUM O, — 0, — 0 M BBIYHUCIIMM HHTETPAJI II0 dqz,

y

yuuThIBas, yTo Z =ut. [Tomyunm:

2
B} .\ (dodg, ~dada,  (47Z.Z€) 2z 2x
(P (01200 B =] (27) I(zn)g (92+9) (af+a2) @ v

(gx _qx)262 _(gy _qy)zc7
2 2

xexp(i(9,% —6,%,) +i(g,y, —d,Y, ) Jexp| -

I1.4.2. Ycpennenune KoppeJassiuOHHONH (PyHKIUU (IYKTyaluil MOTEHUUAIbLHOI
JHEPruM B3aMMOJEHCTBUA KAHAJIMPOBAHHON YaCTHIbI € ATOMHBIMH

3JIEKTPOHAMHU KPHUCTAJLJIA

Ucnonb3yst Beipaxkenue (1.6.7.), cocTaBUM KOPPEISIITUOHHYIO (DYHKIIHIO
GbaykTyanuii TOTEHIUATBHOM DHEPruM  B3aUMOJCHCTBUSA  KaHAJIMPOBAHHOMN

JaCTUIbI € 3JICKTPOHAMHU aTOMOB KpUCTaJlJIa:



4 Ze
0U, (F)8U, (1) = Zf qu Cexp g F—F, exp i F,—F, x

M,Ny

2 2 2
X[Zexp —ig of, +or,  —F(g)exp|— 920 ]x
h=1
Z q202
x[Zexp ig or, +or,  —F(g)exp| - > ]
=1

Ycpennenue TaHHOW KOPPETSAIMOHHON (YHKIIMHM MO KBaJpaTy MOAYJSI BOJTHOBOU
byHKIHMI aToMa KpHcTaslia MPUBEAET K pe3yIbTaTy, HoJydeHHOMY B 1. 1.6.2.

B pesynbTate ycpeaHeHus <(5Ue| (r)dU,, (?2)>e 10 HE3aBHCHMBIM TEILJIOBBIM
KOJIe0aHUSIM aTOMa KpUCTaJIa Ipu N, = N,, j, = j, MOIy4uM:
(80, ()00, (5)), , =0
B cmysae n=n,=n, J=],=] 1mpoueaypa YCpPEeOHEHHUS IO

HE3aBHCUMBIM TEIIJIOBBIM KOJICOAHUAM aToMa KpucTtajjia IIpUuBCACT K CICAYIOIICMY

pe3yJbTaTy:
2
I d’g  d’q 4nZg’ N
<6Ue|(l’1)6Ue|(l’2)>e’T :_Zn:f on 3f o 3 gzqz expig r—r, X
L 52 2 2 2
xexp —iq ,—T_ |F |§—d| exp[ ; +F(g)F(q)exp[ ; ] .

Kak u B mpeapiyIieM MyHKTE, 3aMEHUM OECKOHEYHYIO0 CYMMY JebTa-(PyHKIIUeH

Jupaka, npouHterpupyem no dg,, yctpeMuM o, K OECKOHEYHOCTH, MPUMEHUM

YCJIOBHE MAJIOYTJIOBOTO PAcCesHMs, M BBIYMCIUM HHTerpan mo dg,. Tak sxe mus

IIPOCTOTHI IIOJIOKUM T, — Uy = o . B urore IMOJIY4YHUM:

2
o dg dg. dq.dg 47Z,e* 2m 2
U, (DU, (B),, = | ——3 | —— D
< el(l) el(2)>e,T f 27T3 f 27T3 gx+9y qx+qy a v tl

2 9 2 2
| | o —q, o 9,—q, o
xexp i g% X +i9,%,-0,y, F [g—d exp|—— g T2

e F(]g —Cﬂ): F(\/(gx -q,) +(9y _qy)2 )




I1.4.3. Komnonenra D,, X,y ko3pduunenta quddysun

Onpenenm D), (X,y). Ucnonssys (1.6.4) sanumenm:

o 0 jdgxdgy quxdqy (47228  2r2n
OX, OX, (27;)3 (271)3 (g§+g§)2(qf+q§)2 a, v

(9,-9)'c" (9 —Qv)zazl.

Dy (X,y) = J‘dt2

5(t1—t2)><

Xexp(i(gxxl—qXX2)+i(gyyl_quZ))eXp{_ 2 2

Bo3bMem npon3BOHBIE a—I/I v ¥ nipouHTerpupyem no dt, momygmm:
X X
1 2

pnuel (X y):J'dgxdgy J'dqxdqy (4'7Z.leze2)2 2_7[2_7Z

(22)" 7 (27) (g2 +g) (af+c) & v
— 2 2 — ? 52
xexp(ix(gx—qx)+iy(gy—qy))eXp[_(gx gx) o _(gy Zy) o ]

YcepeuuM noydeHHoe Bhipaxkenue s DI (x, y) no X

dgxdgy qu dq (472'212262)2 9,4,
(2z)* 7 y( 2

Dnucl d Dnucl
(0= (1), =002 () = 07 +92) (g2 +?) v

x5(g, —qx)exp(iy(gy —qy))EXp[_(gx —ZX)Z ot (gy _‘;y) 02].

[Ipounrerpupyem o dg,

dg,dg (47228°) g
Dnucl ’ — y d X
O G 1 (e (o vy 2

><exp(iy(gy —qy))exp{—(gy _gy)z 02}




Teneps Berancium uaTerpan no dg,, nepeiinem k nepeMeHHbIM Burnepa, BBenem
STICPHBIA KYJIOHOBCKHUI Jorapudm W BbeIYHMCINM HHTErpan no dq. B pesymbrate

3TOTO TMOJIYYUM KOMIIOHEHTY Kod(hduuuenta auddy3sun B HampaBIeHUU X

YCPEAHEHHYIO MO X , 3aBUCSIIYIO TOJBKO OT KOOPAUHATHI Y :

2,2, 2
<D:;CI X,y> _ T \/Z_Wexp[—y—z]Ln.

X a,v o

AHQJIOTUYHO BBIUMCIACTCS KOMIIOHEHTa Kodddunuenta auddy3un B
HaIpaBJICHUU X YCPETHEHHAS MO Y , 3aBUCSINAS TOJIHKO OT KOOPIUHATHI X !
2 2
Z.2,° Jor

2
<DQX”C' x,y> = exp[—%]Ln.

y a,v o

[Ipeanonoxum, uyto kodbdumuent muddy3un B HampaBleHUU OCH X,

3aBUCSLIMNA U OT IEPEMEHHON X U OT IIEPEMEHHOU Y DQX”C' X,y HMeeT TaKOU BUJ,

dx
YTO MPU UHTETPUPOBAHUU 10 — IOJIYyYUM <DQ;J 4 X, y > , 4 IpU UHTETPUPOBAHUU
a X

X

dy Dnucl
1o ™ MTOJTYIUM w XY ) Jlpyrumu  clioBaMH, TIOCTIE HWHTETPUPOBAHUS
y
kodpunmenta mauddy3un g ciiydas OCEBOr0 KaHAJIMPOBAHUS, JOJDKHBI
noyyuuTh Kodddunuent nuddys3uu st ciiydasi TUIOCKOCTHOTO KaHAJIMPOBAHUSA.
HeTtpynHo BUAETh, 4TO 3Ta (PYHKITUS 3aIMUIICTCS B BUJIC:
1 X2
nucl nucl
Dy (%, y) = ——=exp| ——— <DXX (x,y)>
2o 20 X

500041

2

nuc 1 nuc
D (x,y) = %exp[— 23;2 J<Dxx '(x, y)>y.

Takum 00pa3oM, OKOHYATEIHHO TTOTYIHM:

7 7.e° ? 2 2
D)r:cl (X, y) — Mexp(_%J Ln'

2 2
avo

Onpenenum DY (X, y). Ucnonwsys (1.6.4) 3anurmiem:



2
4y y)< (o 00 (99.09, rdada,  (47Z€)  2m2x
Dxx(X y) J‘ tz 8)(1 8X2J- (272_)3 _[(27[)3 (gi_'_gz)( )

q

x5 (t,—t, )exp(i(g,% —a,%,) +i(g,%, —q,y,))F (|g -

2
ong| (820 (-0) ")

)~

p Xy

Z

rae F |§—d :fdxdy exp i g,—q, x+ig,—q, y.

Bo3pMeM NPOM3BOAHBIE M NMPOUHTETPUPYEM IO BPEMEHHU. Y CPETHUM BBIPAXKEHUE

TUTSI D;"l(x, y) no X, npouHterpupyem no dg, u dg, . [Tocie sToro momydnm

<D§>I< (X’ Y)>X :I(Siy)s quy (Zzz_:zy) aZTU eXp(iy(gy B qy))x

<F (/g —q’l)eXl{——(gy 5 62}

2

Py

rae F(g-d)=F(g,.q,) wm F g,.q, = ig,—q,y.

IIepeinnem k nepemeHHbIM Burnepa:

(Da(xy)) =] Qqu U) exp(iyq)F(q)eXp(—ngzj,

Z

rie F(q)= I dy'ZL;/)exp(iqy). BBenem 3JeKTPOHHBIN KYJIOHOBCKHU JIOTapH(M.

Xz

2__2

q°c

BBIUMCIUM MHTErpa quF(q)exp(iyq)exp[— j, Tak ke Kak u B 11.1.6.3. C

YU4E€TOM BBIIIC CKA3aHHOIO, Oorncpanuda YCPCAHCHHA IPUBCACT K CICAYIOIICMY

BBIPAKEHUIO:

(D2 y), = 2228 ) L

He tpynHo BuaeTs, 4to



2ma, (2% )
o2y, =22 ) 1
[IpenmonoxxuMm, dYTO  IJEKTPOHHBIH  Kodpbuument audbdy3uun B

HaIlpaBJIICHUM OCU X, 3aBUCAIUMUA U OT IEPEMEHHOW X M OT NEPEMEHHOU Y

D?(x,y), uMeer Takoil e BUI, KaKk M <Dx‘i'((x,y)>X WIN <Df)'((x,y)>y, HO

AJIEKTPOHHAS TUIOTHOCTD sBJsieTcst pyHKIMe koopauHaT X u Y. B aTom ciydae

IIPU  MHTETPUPOBAHUU Dxﬂ(x, y) 1o ? HOJIyYUM <Df)'((x y)>x, a Ipu

X

dy

UHTCTPpUPOBAHUN Dfl (X, y) o —— MOJYy4YUM <D§i(x, y)> . Heprz[Ho BUJIETH, YTO
a y
y
3Ta (byHKuH;I 3alUINETCI B BUJIC:

27(2,€%)

D5 (%, Y) = (p(x.y)), L.

DIEKTPOHHYIO INIOTHOCTh M30JIMPOBAHHONM ATOMHOM LIEMOYKHA B OCEBOM KaHAJIE
npcacCTaBuM B BUJC PA3JIOKCHH: B HBOﬁHOﬁ TpI/II‘OHOMeTpI/I‘{eCKPlf/'I paa q)ypbe:
1 8 8 O-Zgz n n
(X, Y) :FZZZZF(g)exp ~—— |cos| 27 = (x=x)+=2(y-y;) ||
nX

¥
n, i=l j=1 a a

y X y

rme d — mepuoa pelieTKd KpUCTalia; F(g) — (opm-dbakTop aromoB

Kpuctajia, o — CpCaHAsad aMIUIUTyaAa TCIIJIOBBIX KoJIcOaHWH aTOMOB KpucTajia,

~ . 27N, _27n,

g — BekTop 00OpaTHOM pemeTky, g, = ~ g, = - n,, N, — LeJbIe YuCa,
X y

a,, &, — IepUOJIbl KPUCTAIIIMIECKON peleTky B HanpasieHun ocedi OX, OY ;

X;, Y; — KOOPAHMHATHI aTOMOB DJICMEHTAPHOU AYEHKHU KPUCTAILIA.

Wrak, komnoHnenta D (X, y) koadummenTa nuddys3uu umeeT BU/L;

D, (x,y)= @exp(— u] L, + m@(x, y)), L..

a,uo’ 20 v

I1.4.4. Komnonenra D, (X, y) Kod(pPpunuenTa 1upPysuu



OmnpenenM KOMIIOHEHTY D;‘y“c' (x,y) xo3dpdunuenra muddysun. C yaerom

(1.6.4) umeewm:

D el (X y):_J' dgxdgy quxdqy (472'212292 )2 27w 21
v (27)' * (27) (g +92) (2 +q2) & v

><exp(ix(gX -q,)+iy(g, —qy))eXp[_(gx ~q,) o B (9,-q,) o ]

2 2

Yepenuum noyuensoe Bripaxerue s D (X,y) mo X:

(47[212262 )2 9,9, y

nuc nuc ng g
D I X y J-dXD I X y J- y‘[ qX qy(gz+gz)2(q2+q2)2 aZU
X y X y

(27
x3(g, —qX)exp(iy(gy —qy))eXp{_(gX ~q,) o B (gy —Qy) o2 J

2 2

[Ipounterpupyem no dq, . Materpan no dg, pasen Hymo. Takum oOpa3zom,

(D5 (xy)), =

HecnoxxHo BUAETH, UTO U

(D3 (x¥)), =
CienoBaTeibHO,
D“(x,y)=
OnpenenuM KOMIIOHEHTY Df; (X, y) kodhurmenta qupdysun. C yuerom

(1.6.4) umeem:

2
0y v (g © 0 (dodg, cdoda,  (47Z€)  272¢
ny(X,y)_Jdtz axi aylj (27[)3 J. (27[)3 (gf+g§)(qf+q§) az 5 X

x5 (t, —tz)exp(i(gxx1 —qu2)+i(gyy1 —qyyz))F (/g —d])x

(9, -q,) 0’ _(gy _qy)za
2 2

2

xXexp



rie F(]Q—G‘)Z F(\/(gx -q,) +(gy _qy)z)'

0
Bo3pmem npousBoaHblE — ),

—, mpoumHTerpupyeM mo dt,, ycpeaHum
ox,' oy,

MOJIyYEHHOE BBIPAXKEHUE IS Dg(x, y) N0 X ¥ TPOUHTETPUPYEM TIO

dq, ,moryumnm:

(D5 (%)), :jdgxdgy j(dqy (4”2162)2 (27) 9,9, x

(27) * (27)' (97 +95)(97 +a}) av

xexp(iy(gy _ qy))F (- (ﬂ)exp{_(gy —Qy)z 02}

2
npusem F(g—g)=F(g,,q,). Hurerpan Iodgx o gi‘)](ngz ) pABeH HYJTIO,
I03TOMY
(D5 (x.y)), =0.
BuHO, 4TO
<Df;(x, y)>y =0.
Clle/10BaTelbHO,
Dj(x,y)=0.
Urak, komnonenta D, (X, y) koopduuuenta nuddysnu pasua Hyo
D, (x,y)=0.

I1.4.5. Komnonenra D (X, y) Ko3(ppunuenTa 1udpPysuu

Crnaraemple, COCTABIISIIOUIME, JAHHYK0 KOMIIOHEHTY OTJIMYAKOTCS OT
CIaraeMbIX PACCMOTPEHHBIX B MPEABIAYLIEM IYHKTE TOJBKO IOPSIAKOM
muddepenuupoBanus. Tak Kak CMeNIaHHbIE MPOU3BOAHBIE PaBHBI, TO MOXKEM

3aI1nucarThb.



D;Xucl (X, y) =0 ’

Dj(x, y)=0.
Kommonenra D, (X, y) ko3 dunmenta qudPy3un paBHa HYIIO
D,.(x,y)=0.

I1.4.6. Kommonenta D (X, y) ko3¢ puumenta 1uddy3nu

AHQJIOTMYHO BBIIIE IPUBEICHHOW NPOLEAYPE ONPEAEIUM KOMIIOHEHTY

D;‘;C' (x, y) koadunenta nuddysuu. Yuursisas (1.6.4) umeem:

dgxdgy dqxdqy (4ﬂZIZZe2)2 21 21
3 _[ 3 2 > 9,4,
(27)" 7 (27) (g2 +9]) (ai+qi) & v

(gx _qx)2 o B (gy _qy)zaz
2 2

DG (x.y) =]

><exp(ix(gX -q,)+iy(g, —qy))exp E

VcpenHuM BhIpaKeHHE IS D;‘;C'(X, y) mo X, mpounterpupyem mo dg, u dg,,

nepeiieM K nepeMeHHbIM Burnepa, BBeieM siI€pHBINA KYJIOHOBCKUU Jorapupm u
npounTterpupyem o dq. [locie nmpoaenaHHBIX onepanuii MOTyIUM:

2
(2,2,£%) Eexp )
262 | "

av (o)

z

(Dp (%)), =

|
ITonoGHOE BEIpakKEHHE TOTY4HM, ecau yepenuum DI (X,y) mo y

(Dp (x,y)) = (22 mexp(—x—zzj L.

y a,v o

Kak wu mnpexne mnpeanonoxum, dYro Kodbdumment auddysun B

HAalpaBJICHUU OCHU Y, 3aBUCALIMA U OT NEPEMEHHOM X M OT IIEPEMEHHOU Y

3aIIUIICTCSA B BUJC:

D (x.y) =

2
e L)

2o



501051

Dnucl(X )_ 1 exp| — y2 <Dnucl(x )>
yy !y - 2 p 202 yy !y y'

2o

Takum 06p8,30M, OKOHYATCJIbHO ITOJIYYHUM:

7,.2.e*) 2\
D;;C'(x,y):( L2 ) exp(—X Y JLn.

2

avo

OrnpenenuM COCTaBIISIFOUTYIO D;'y (X, y) kodppunmenta nuddyszuu:

Idg g, quxdqy (472, ez)2 2727
Y, 0Y, ( ) (272')3 (g§+g2)( )a v
x5(t,—t,)exp(i(9,% —a,5)+i(9,%,—a,¥,))F (|g ~d]) x

2
Xexp[_(gx _qX)ZO-2 _(gy _Qy) 02],

D}, (X,Y) jdt

2 2

rae F(jg—q’\)= F(\/(gx—qx)z"‘(gy_qy)z)’
F[\/ 9, + 9, ] J ey

Kak u MMpexac, nmpoaciacMm CICAYIOIMMUC OICpaluu: BO3bMEM IIPOHU3BOIHLBIC —,

o,

eXp i gx qx X—l_l gy_qy y .

0
——, mpouHTerpupyem no dt,, ycpeaHuM Moay4eHHOEe BBIpAKEHHE IS D;'y (X, y)
2

no X, npouHrerpupyem mo dq, m dg,, mepeiinzeM K mepeMeHHBIM Burnepa,

BBEJICM 3JICKTPOHHBIM KYJIOHOBCKH jorapudm, BeIYMCIMM uHTerpan mo dg. B

UTOT€ MOJYYUM CJICIYIOIIee BBIPAKEHUE IS <D§; (x, y)>x ;
. 2ma (Z,e?)
(050 y), = 2228 ) 1
BripaxkeHue ais Ds'y (X,y) ycpenHeHHOe [0 Y MMeeT BUX:

27a,(2,ef

v

(D3 (x,y)), = (p(y)), L.



C y4eToM npearnonokeHuid, 0 KOTOPbIX TOBOPWIOCH B 11.4.3, 351eKTpOHHBIIM
koddpurreHT auddy3un B HaMPaBICHUN OCH X , 3aBUCSIINI U OT MMEPEMEHHON X
U OT MEPEMEHHON Y 3amuIiieTcs B BUJE:

2
27z(Z e2)
el _ 1
03 00)= ZEE L ),
Wrax, komronenra D, (X, y) ko3 unmenTa muddy3un umeet BU:

2 \? 2\2
0, ()= B2 Lo Y 22 ) 1

a,uo o v

Takum  oOpa3oM, CTOXaCTMUECKMM MOAXOX K TEOPUHU  OCEBOIO
KaHAJIMPOBAHUS MPUBEI K BBIPAKEHUAM JJIS siA€pHOro Kodguuuenta nuddysuu,
KOTOPBIN C JIOTapU(PMUUECKONH TOYHOCTHIO COBMANAET C TEM, YTO OBLI MPEAIOKEH
Jluuxapaom, a JJisi 3JAEKTPOHHOTO — C TeM, 4TO ObUI mpejoxkeH KuraraBoil u

Onyku.



IMMPUJIOKEHME 5

BblpameHne, HCIOJIB3YEMOC U1 PA3JI0KEHUA B HHTEIrpaJi CI)pre

Paznoxxenue B wunHTerpan @Dypre OylneM OCYHIECTBIATH C MOMOUIBIO

bopMybI

3

37

1 1 . . d°g
m_fz‘_%f?expl n—r ”

KOTOPYIO HECIIOXKHO IPOBEPHUTH. IlepeiisieM B chepUUecKyI0 CHCTEMY KOODAUHAT,
B KOTOPOW »IeMeHT oObeMa mepemmiercs B Buge d°g=g°sin@dedgdd, a
BekTopHoe  mpomssenenne —  G(F —T)=|g|F —T,[cosd. TIpasas wacts

UCITIOJIb3yeMOU (POPMYJIbI IPUMET BU

3= 21 w0 o«
47rféexp ig -, d 93 — ::sfdgofdgfexp ig|r; —F|cos6 sinedg.
0

27 5 0

Bo3bMeM BHyTpeHHHI WHTErpaj, mpousseds 3ameny dt=sinéd@, t=-cosd. B

ATOM CIJTy4ae Mpeaesbl MHTETPUPOBaHUs OyayT U3MeHAThCs oT —1 1o 1
™ 1
fexp ig|i; —T,|cos@ sinfdg = fexp —ig| — |t dt=
0 -1

~exp —ig|i — .| —exp gl — 1

ig|r; — 1]

_exp(iz) —exp(-iz)

[Ipumenus Qopmyny Oiinepa Sin(z)— > , MCKOMBI WHTErpal
1

OyJzeT paBeH:

2sin g, — T

fexp ig|r; —F|cosé sinfdo = —
) g|F, — 7]

Wuterpan no dg cornacHo [3] paBeH:



qTo 1 TpC6OBaJIOCI) JOKa3aTh.



IMPUJIOKEHMUE 6

Pa3iio:xkenne pypbe-KOMIOHEHTHI NOTEHUNAJIBLHONH YJHEPTUH B3aUMOAEHCTBUSA
HAJIETAIONIEro0 ATOMa ¢ aTOMOM KpucTa/uia B mHTerpai ®yproe. [loreHumnanb
HU30JIMPOBAHHBIX aTOMOB BHIOPaHbI B NPUOJINKEHUN IKPAHNPOBAHHOTO

KYJIOHOBCKOI'O mMoTéHuMuaJJ a

[TorenunanbHasg 3HEPrus B3aMMOICHCTBUS HAJETAIOMIEr0 aTOMa C 3apsIoM
Z,e ¢ aTOMOM KpHUCTaJlja ¢ 3apsaoM Z,e Vat._at.(g ) B BUJC pa3IOKEHUS B HHTErPajl
dypbe UMeeT BUJ

o 4rZ,Z,8%g*
Vat.—at.(r)__[(g )(g y )exp( lgr)(

d’g
27)°

[lepetinem B chepUyecKyr0 CHCTEMY KOOPJMHAT, B KOTOPOW 3JIEMEHT Oo0beMa

nepermercss B Bujge d°0=g°sinddgddde, a BekTopHOE mHpoM3BENCHHE —

gr =|g||r|cos 6.

ngexp( igr cosé)sin QdHJ' do.

2 ® 4
Vat.fat.(r) = UL I( J

(22) o(9"+4)(9" + 42)
Wuterpan mo dé@ BerurcanmM, UCMonb3ys 3ameny dt =sin&dé@, t =—cosé. B atom

cilydae npeaesbl MHTErpupoBaHus Oy1yT u3MeHaTbest oT —1 o 1

)= 2sin(gr)

jexp—lgrcose)smédé? jexp—lgrt)dt_ |1gr(eXp( igr)—exp(igr ”

Teneps Beipakenue st V,, ., (') IpUMET CIIeAYIOIIMIA BUIL:

Vat.—at.(r) =

r

27,7 ¢* ]‘3 g°sin(gr) ’
2 2 2 2
(07 +42)(9°+ 1)
[TomydyeHHBI HWHTErpaj BBIYMCIAM C IIOMOIIBK) TEOPHUHM BBIYETOB. B naHHOM

CIIydae UMeeM JIBa IOJIroca 44 ¥ 14, TIEPBOTO MOPSIKa



g’ sm gr)dg
0 (97 + 4 )( 9+u§

'—.8

1. % g°exp(igr)
dg==1Im dg =
2]

08+ )(9° + 1)

1 _ g°exp(igr) . . g°exp(igr) .
_2Im[ZEIBBIq£(g2+,uf)(gz+,L122)’IMJ+27”BBH[(gz—i-,uf)(gz+,u§)’w2 .

OTaeabHO ONPECIIUM BbIUEThI (PYHKIIUN
g°exp(igr) g°exp(igr)
Bory Jdu | = =
{(92+M2)(9 +13) j 'g'I.L‘( )(92+M2)(92+/122)

] g°exp(igr) %
= = exp(—p4r),
IgLriD(QHM)(g +3) 2 - pif) (~ear)

BLII{( g3exp(igr) ,i,u2]=—2(2ﬂ—222)exp(—ﬂ2r)_

9°+ 44 )(9% + 143) = 1

Tenepb paccMaTpuBaeMblii UHTETpal OyJET paBEH CICAYIONIEMY BhIPAXKEHUIO:

o0

J g*sin(gr)dg q zzufexp(—ylr)—yzzexp(—yzr).
(07 + ) (9% +2) 2 (4 - 1)

OxoHYaTeIBbHO IIOJIy4YUM Cacayromce BBIPpAKCHHC JIIA IIOTCHIMAaJIa

B3aMMOJEHCTBYS HAJETAIOIIET0 aroma ¢ 3apsaoM ZE ¢ aToOMOM KpucTajia ¢
3apsaaoM Z.e:

Z,Z,8" 14 eXp(—#4t) = 115 eXP(=45T)

Vat.—at.(r) = r (lulz _ ,Uz)
2




IPUJIOKEHUE 7

Pa3iio:xkenne pypbe-KOMIOHEHTHI NOTEHUNAJBLHONH YJHEPTUM B3aMMO/I€iiCTBUSA
JABYX OJJMHAKOBBIX aTOMOB B HHTerpaJj dypbe. [loTeHuAIbI H30TUPOBAHHBIX
aTOMOB BbIOPaHbI B NPUOJIMKEHNH IKPAHUPOBAHHOTO KYJIOHOBCKOIO

noreHnuaJga

[ToreHnmanbHass SHEPrUsi B3aUMOJCHUCTBHUS JBYX aTOMOB C 3apsiaoM Ze

V. .. (9) B Buzae paznoxxenus B uHTErpai Oypbe nMeeT BH

g’ d°g
Voo (7) = j—g (o 10) exp(—1g7) 55

[lepeitnem B chepudecKkyro CUCTEMY KOOPAUHAT

Vat.—at (r) = 4”(29) ]o g4

Vg Yy
dg | exp(—zgrcosd)sinEdo | de.
(27 w4o] /

(9" + 4]

Wuterpan mo d6 BeruucicH B npuiokeHun 5. imeem:

Ve j g sin(or) g
Tt o(g%+u’)

OcraBmuiics HHTETpPAJI BBIYUCIIUM C ITIOMOIIBIO TCOPHUHU BBIYCTOB

o0 2 3 i 3 !

_[ Sln gr :hm w(lgrz)dg:llm 2771Bp1y w(lgrz),i

o ( g2+u 2 (gt +ur) ? (9°+47)
9’exp(igr)

OTaenbHO onpenenuM BbIYET (YHKUIHUU KOTOpasi UMEET TOJIIOC 4

(g7 + %)

BTOPOTO MOPSIAKA



er{g exp(lgr)_ J |Imd (9 _./J)z gsexp(igr)zl_ igSexp(igr):

(g +u2) g—ix 09 (gz+y2)2 gI—>iy dg (g+i/,z)2
. 9°(irg® +g - urg+3iu)exp(igr) (2— ur)exp(—ur)

:Ilm - \3 = :
g>in (g+iu) 4

Teneps paccMaTpuBaeMblii UHTErpall IPUMET BU:

g’sin(gr T

I—(zdg = Z(Z — pr )exp(—pur).
(9% +47)

Taxkum 06pa30M, IIOTCHIIAJI BBaHMOHeﬁCTBHH HAJICTAOIICIO aTOMa C 3apsAa0M Ze

C aTOMaMH KpHUCTaJlJIa TaK KC C 3apsaa10M Ze 3anuiieTcs B BUC.

at at( ) (Z )2 (2 /’lr)exp( )



IMPUJIOKEHMUE 8

Pa3iio:xkenne pypbe-KOMIOHEHTHI NOTEHUNAJIBLHONH YJHEPTUH B3aUMOAEHCTBUSA
HAJIETAIONIEro ATOMa ¢ aTOMOM KpucTa/uia B uHTerpai ®ypsoe. [loreHumna b

H30/IMPOBAHHBLIX aTOMOB BblﬁpaHLI B l'[pl/lﬁJII/DKeHl/II/l Mo.m;ep

3

3
Pasnoxum V, . (9)=47rZ,2Z,e°g°
t. ;;(ﬂiz_i_gz)(ﬂjz +gz)

4a

B HHTCIpall

Oypse:
o (s . d%g
V(R)= JV(@exp(-igh o5
2
VN (o S22 S o Il S exp(—ig)d°g.

( = w9t g
OcymecTBuM nepexon K chepuueckum koopaunaram, rae d°g = g*sin dgdgdo,

gr = \gHr\ COSE ¥ BBIUMCIIMM MOJTYYUBIIANCS TPOHHONU HHTETpal

V, . (r= Zz ezzaa J.dgo_[ )(u Ty )dgfexp(—igrcose)sinede.
i

i,j=1 0
BHyTpeHHuit uHTErpan u I/IHTCFpaJ'I 1o dg BBIYUCISUIMCE B TIPHIIOKEHUSAX 5 U 6
coOTBeTCTBEHHO (OKOHYATEIBHO MNOTCHUOUAJIbHASA  OHCPI'HA B3aHMOﬂeﬁCTBHH
GLICTpOFO aToMa C aTOMaMH KpHUCTAJllIa B CJIy4ac IIOTCHHOHAJIA HM30JIMPOBAHHOIO
aToMa, BEIOPAHHOTO B IPUOIMKEHUH MoJIbep, ONpeeseTcs BEIPaXKEHHEM
2 2
L7, e’ H; eXp(_ﬂir)_ﬂj eXp(_,Ujr)
=2 S )4 |
i j=1 M — H;




IPUJIOKEHUE 9

Pa3iio:xkenne pypbe-KOMIOHEHTHI NOTEHUNAJIBLHONH YJHEPTUH B3aUMOAEHCTBUSA
HAJIETAIONIEro0 ATOMa ¢ AaTOMOM KpHCTaJIa ¢ yueToMm npuHuuna [aynau B

unrerpai ®ypwe, Z . =27,

[TorenunanbpHasg 3HEPTUS B3aUMOJACHCTBUS HAIETAIOMIETO aTOMa C aTOMOM
KpUCTala ¢ yderoM mnpuHuuna Ilayiu npu Z . =Z, V. . (g) B Buze

Pa3JI0KCHHUA B HHTCTPaJl CDpre HUMCCT BU

47[2122ezgz _ 47[212262/11292 s d’g
(g2+uf)(g2+u§) (92+,uf)2(g2+,u22) exp( zgr)(zﬁ)a

3anuIieM AaHHOC BBIPAKCHUC B BUAC CYMMBbI

Va:.—at.(F) = J.

o 4rZ,Z,%9°
vat.at_(r)—j(g ey )exp( (gF) ——+

d’g _
(27z)’

2 2.2 3=
_J‘ 4'72-21226 ,Lng eXp(—lQF) g g

(9% +22) (9% + 1) (27)

[TepBoe cimaraeMoe COBMAAET C BBIIIE PACCMOTPEHHBIM CIIydaeM B3auMOICHCTBHSI
HaJICTAIOIIET0 aToMa ¢ aTOMOM KpHcTauia 0e3 ydera npunimmna [laym V,, . (g)

(cm. mpunoxenue 6). Paccmorpum BTopoe ciiaraemoe. [lepeiinem B chepudeckyro

CUCTEMY KOOPpAHWHAT



4nZ,Z,e° 1’ g’ - d’g _
(o)™ e

4nZ, 2,81 ¢ g° d
= g|exp(—igrcosd)sinfdd | dp =
(27[)3 o(gz+y1) (g +,uz) '([ I
_ 222,87  g’sin(gr)dg
zr o(gz+yf)2(gz+y22).

OcraBmmiics HHTCIpaJl BBIYHUCIIMM C IIOMOIOBIO TCOPHUU BBIYCTOB. B JaHHOM

cllydae MMEeM JBa IIOJIIOCA: TIONIOC 144 BTOPOTO MOPSAIKA M TOJIOC 14, TIEPBOTO

MOpsJIKa

0

g°sin(gr)dg dg:EImT g°exp(igr)
o(07+u) (07 +42) 2 (0% +ud) (0% +42)

3 H 3 H
:llm 27riBbru ; 9 eZXE(Igzr) > g |+ 27iBeg - J E'ZXE)(Igzr) - g, |-
? (0% +) (9% +45) (0°+4) (9°+15)
OTaenpHO ONpeiesIuM BhIU€Thl (DYHKITUU
g’exp(igr g’exp(igr
Bera 5 22(2) _Ilmd ( :Lﬁ)z 5 22(2) 5

(9% +4) (9 +u2) o-i A9 (0% +u) (07 + 1)

d g exp(igr)

'—;

g% (irg* — 9° — 44r0® +i249° +i2519° + 139 — p3rg + 3ign a3 )exp(igr)

lim :
g—>iy (g+l'u1)3(gz+’u22)2
,Ul SV AREI exp( )
44— 12)
*exp(igr . ] : “exp(igr
Brrga ” g ; E( 92) ; 14, =|Im(9—'ﬂz) p ) 2 E( gz) 2\
(0 + ) (9" + 1) 9 (0% + 4l (9 + 15)
. g°exp(igr 1
=lim T

exp(—z,r).
g—>iu2(gz+,ul) (9+iu,) 2(,LL12—,L122)2 (rar)

Takum 00pa3om, paccMaTprUBaeMbIii HHTETPaAI PABEH CIEAYIOMIEMY BhIPAKCHHUIO



T g’sin(gr)dg _ (487 — T + 2485 )exp(— ) — 2415 exp (1)
o(9%+42) (9% +42) 4 (42— s |
OKoHYaTeNbHO BBIPAKEHUE [UIsI TOTEHLHMAala B3aWMOJACWCTBUSA HAJIETAIOLIETO
aromMa ¢ aTOMaMH KpHucTamla ¢ ydetoM npuHuuna Ilaymu npu Z . =Z, npumer

BUJI:

Z,2,6% 1 exp(—s4 )—,u22 exp(=s4r)

at at()_ 2
:Ul_:uz

2

_ leze H
20 (1 - 13)

; ((ﬂf’f — g1 + 2423 )exp(— 1) — 2415 exp(— 4,7 ) )
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Pa3iio:xkenne pypbe-KOMIOHEHTHI NOTEHUNAJIBLHONH YJHEPTUH B3aUMOAEHCTBUSA
HAJIETAIONIEro0 ATOMa ¢ AaTOMOM KpHCTaJIa ¢ yueToMm npuHuuna [aynau B

unrerpai ®ypre, Z . =2,

[TorenupanbHasg 3HEPTUS B3aUMOJACHCTBUS HAIETAIOIIETO aTOMa C aTOMOM

Kpuctaia ¢ yderom npuHuuna [laymu npu Z . =Z, B BUAE pa3IOKECHUSA B

unrerpan Oypbe UMEET BUJ

. 47Z.7.e°g”
Vat.at_(r)_J.(gz:Tulzl)(z;zg_i_ﬂzz)[l g ILj_Z jexp( lgr)

3=

dg
(27)*

3anuiireM JAaHHOC BBIPAXKCHUC B BUAC CYMMBbI

. 4nZ,Z,e%g’ d’g
Vat.—at.(r):_[< z )(g iy )exp( lgr)( )
~ 4rZ,Z,e%g’ o dg
oy = e

[TepBoe cimaraeMoe COBIMAAET C BBIIIE PACCMOTPEHHBIM CIIydaeM B3auMOICHCTBUS
HaJICTAIOIIET0 aToMa ¢ aTOMOM KpHcTauia 6e3 ydera npunnumna [laym V,, . (9)

(cm. mpunioxenue 6). Uto kacaeTcs BTOPOTO CIaraeMoro, To MoJ00HbIN MHTErpa

paccMaTpUBaICs B MPUIIOKEHUU 9, MOITOMY

47Z7,7,6%9° Ca 070
o si)or ey e
2 2
Bl o) (i s 2 ool



OxoHYaATEIBHO BBIPpAXKCHUC MJIsI TIOTCHIMAJIA BSaHMOﬂeﬁCTBHH HaJICTAromecro

aTromMa C aToMaMM KpHcTajua ¢ ydetoMm npuHuuna Ilaymm nmpu Z =7, npumer

BUA:

2,2,6% (14 exp(—r) — 15 exp(—p,r ) .
r (44 = 15)

Va:.—at. (I’) =

n leze2 /Uzz
2r

(el s i =24 o)
H— M
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Pa3iio:xkenne pypbe-KOMIOHEHTHI NOTEHUNAJIBLHONH YJHEPTUH B3aUMOAEHCTBUSA
JABYX OJJMHAKOBBIX aTOMOB ¢ yyeToM npuHnuna [layam B unterpan ®@ypsoe.
IHoTeHuMAa/bI N30JIMPOBAHHBIX ATOMOB BHIOPAHbI B NPUOJIHKEHUH

IKPAHUPOBAHHOI'O KYJJOHOBCKOI'0 IMOTEHIINAJIA

[ToTeHnmanbHas YHEPTUs] B3aUMOJICUCTBUS JABYX aTOMOB C 3apsijioM Z€ C

YUCTOM IIPpUHIIUIIA HaYJII/I B BUAC PA3JIOKCHUA B HHTCIPAJI <Dypbe HUMCCT B[

47z Ze 2 2 . d%
Vo (F)= I )9 [1— Zﬂ 2}exp(—zgr) 93.
g +,u) g +u (27)

3anumeM MocjaeHee BBIPAKEHNE B BUIE CYMMBI

V()= J—g exp(agr) SO [N gy OO

(9 +ﬂ) (27)° (gz+,u) (2

3mech TMepBOe€ CllaraéMoe  COBIMAJaeT C  BBIIIE PACCMOTPEHHBIM —CIydaeM

d*g
)*

B3aMMOJICHCTBHSI HAJICTAIONIETO aromMa ¢ 3apsAaoM ZE& ¢ aTOMOM KpHCTaia ¢

3apsgoM Ze 6e3 yuera npuniumna Ilaymu V, . (g) (cm. mpuioxenue 7).

PaccmoTpum BTOpOe ciiaraemoe. [lepeiineM B chepruueckyro cuctemy KOOpAUHAT

A g0, 9
(gz+y2) 27)*

dgj'exp( igr cosd)sin QdHI dp=
0

([

9 +/J
2(Ze) 1’ Ig sm(gr)OI
3
Tt (g’ + )




OcraBmmuics HHTCTPAJI BbIYUCIIMM C IIOMOIIBIO TCOPHUHU BBIYCTOB. B JaHHOM

cllyyae UMEeeM OJVH TOJIIOC |4 TPEThEero MopsiaKa

3 :
J-—g Sln(grzd —g EXp(IgrB)dg:EIm 271BbIu 9 eXptdr) GZXp(Izgl;),i,u :
(97 +47) (g+ﬂ) 2 (07 +47)

OTnenbHO OMpeAeIUM BbIUET QYHKIUH
3 : 2 3 H
Ber| 99P(197) | = Llim- (o iy E0ior)
2 2 | i dg 2 2
(g +,u) g—iu (g +,u)
1,. d? g’exp(igr
:_Ilm 2 ( 3):
2 g—iu dg (g+|IU)
g(rzg4+2ir2g3+(6r,u—y2r2)gz+6i,u(l+,ul’)g+6,u2)

=——I|m i exp(igr) =
g—iu (g + I/I)

__r(ur=3) oo

Ty exp(—ur).
Takum 00pa3om, paccMaTprUBaEMbIil HHTETPal PaBEH CIEAYIONIEMY BbIPAKEHHUIO

sin(gr
I—g (9 )dg:—Kr(,ur— 3)exp(—ur).
(92 +42) H

Teneps BbIpak€HHME I MOTCHLIHMAIA B3aWMOJCHCTBUS HAJIETAIOIIET0 aTroma C
3apaaoM Z€ ¢ aroMaMu Kpuctajuia ¢ 3apsaoMm Ze c yderoMm npunHiuna llaynum

IIPpUMCT BHUIO:

VY

Va:.—at. (F) =

%) (- urjerp-ar) + ZL ur—3)oxp(-ur)

0)0%1

. (ze)
Va-a (F) = ( 8r) (£°r® =7 ur +8)exp(—ur).
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Pa3zjioxxenue pypbe-KOMIOHEHTHI NOTEHUMAJIbHOW JHEPTUH B3aUMOACHUCTBUS
ABYX OJIHHAKOBBIX aTOMOB ¢ Y4eToM npuHuuna Ilayiau B uarerpaa ®@ypse.

HOTeH]_[I/Ia.]'lbI H30/IMPOBAHHBIX aTOMOB BblﬁpaHLI B l'[pl/lﬁ.]'llfl)l(eHI/Il/l MOJIbep

[ToreHnmanbHas YHEPTUs] B3aUMOJICUCTBUS JABYX aTOMOB C 3apsiioM Z€ C

YUCTOM IIPpUHIIUIIA HaYJII/I B BUAC PA3JIOKCHUA B HHTCIPaAJI <Dypbe HNMCCT B[

3—»

Va-a ()= [47(Ze) g Zz(g T )(g o )[1 Z ]exp( zgr)( ).

i=1 j=1 —lg

3anuieM IMOCJICAHCC BBIPAKCHUC B BUIC CYMMBI

* - 2 2 3 3 i“i d g
Voo (F)=|47(2Ze) g - fm‘z exp(—igF) —
e O ) ey

2., 2 %
i=1 -1 j:l(g +M2)2(g2+#j2)exp(—zgr)(2ﬂ)3.

[lepBoe cmaraemoe mpeACTaBiIsieT co0OW pasnokeHue B uHTerpan @Dypbe

MOTEHIIMAIBHONW HYHEPTUU B3aMMOJICUCTBHSI JIBYX OJMHAKOBBIX aTOMOB 0€3 yuera
npuHiuna Ilaynmn mnpu  BbIOOpE TOTCHIIMANIOB HM30JIMPOBAHHBIX aTOMOM B
npubamxeHuu Mombep (cMm. Beipakenue (2.2.4)). PaccmoTpum BTOpoe ciaraemoe.

[Tepetinem B ceprUueCKyIO CUCTEMY KOOPIUHAT:

2 2 3=
I4ﬂ(Z€)Zgziii MZ'”‘ xp(—GT) o
i=1 i=l j=1(gz+luI ) (g +,uJ ) (27T)
47z(Ze)2 33, L7 g*dg
=) a’a. L exp(—zgrcosd)singdé | de.
(2r)® Zﬂ:;; s }[(gz+yi2)2(g + 4 )I I

Wurterpan no dé u uHTErpan, aHaJOTMUYHBIA HHTErpady rmo (g, BRIYMCISINCH B

MPUIOKEHUAX S U 9 COOTBETCTBEHHO. 3aIUILIEM OKOHYATEIIbHBIA PE3yJIbTaT:



3 3 2 — P —
X i EXP — il — i eXp — gl
Vo a(D=—"->> oo, ’ —-
t.—at. r S5 j 'uiz MJ;

S aa T T 205 €XP T —20058XP T
i '

2 2 2

2r ‘HH = W= I
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Pa3zjioxxenue pypbe-KOMIOHEHTHI NOTEHUMAJIbHOW JHEPTUH B3aUMOACHUCTBUS
HAJICTAKILIEr0 HOHA ¢ aTOMOM KpHCTaJLIa B HHTerpaj ®dypeoe. [loreHuua sl
HU30JIMPOBAHHBIX HOHA M aTOMA BLIOPAHbI B IPUOJIMKEHUN IKPAHMPOBAHHOTO

KYJIOHOBCKOI'O IMoTéHIHAJJIA

HOTGHI_[I/IEIJIBHEUI OHCPIUA B3aI/IMOI[€I‘/JICTBI/IH HaJICTAIOIICI'O MOHA C 3apsa10M

Zee C aTOMaMHM KpuCTaJla C 3apAaoM Zze B BUJIC PA3JIOKCHUA B HHTCTPAT CDpre

NMECT BUA.
47rQZ e’ 4r(Z,-Q)Z,e%9g’ d°g
|0n at( ) I + 2 2 2 2 eXp( lgr)
g’ +u (9% +u)(0%+15) (27)*
3anuimeM MocjaeHee BBIPAKEHNE B BUIE CYMMBI
Ar d’g Ar(Z,—Q)Z.€° 0
Vigr-at (F) = j Q 2 exp( 1) 9 | (Z-QZEG gy 90
(2 ) (9% +42)(9? +uz) (27)*

Paccmotpum mnepBoe ciaraemoe. IlepeilimeM B cdepuueckyro cuctemy
KOOPJMHAT W BBIYUCIMM WHTErpassl mo Od¢ u dO, momyuynm clemyrolee

BBIpAKEHUE

47QZ,e° d®g _2Qz e? gsin(gr)d
I ZQ exp( gr) g Q 2 Jg 2(g )2 g .
g +:u2 (2z)’ zro% (g +ﬂ2)

HHTeraJI BBIYHUCIIUM C IIOMOIIBIO TCOPHUHU BBIUCTOB. B JaHHOM CJIyda€ HMCEM

OJIMH TIOJIFOC |44, TIEPBOTO MOPSIIKA

tgsin(gr) 1 t gsin(gr) 1 _ gsin(gr) .
!—(gz+u22)d _Zlm_‘[o—(gz+ﬂ§)d _2Im 2iBpru —(gz+lu22),ly2

OTnenpHO onpeesuM BblueT (PYHKIIUU



gsin(gr) . : . gexp(igr) .. gexp(igr) exp(—u,r)
Beu| ———— 1w, |= Q- ) ———== - = .
[(gzﬂé) ] o=t (g ) M (i)~ 2

Takum o00pa3om, paccMaTpuBaeMblii HWHTErpaid OyAyT paBeH CleAyIoleMy
BBIPAKEHUIO

2QZ,e* 7 gsin(gr)dg _ QZ,e’
7r % (gz"‘luzz) r

exp(—4,r).

[Tocne uHaTErprpoBaHus BTOpPOro ciaraemMoro nmo de u dé nomyuum:

J.47z(Zl—Q)Zzezg2 . d% :2(Zl—Q)Zze2°j3 g°sin(gr)dg
)

(0 + )+ )P0 (@) g )

MHTerpan aHaJOTMYHBIN MOCIEIHEMY PACCMATpPUBAICS B NpUIIOkKeHUH 6. Takum

o0pa3oM, BTOpOE ClIaraeMoe MEePenuIleTCs B BUJIE:

47(Z,-Q)Z,e*g" . dg :2(Zl—Q)Zze2°° g°sin(gr) o —
I(g2+uf)(gz+y§)eXp( lgr)(zﬂ)s T '([(g2+/112)(92+y22) g
(Zl—Q)2282

1
= r lu: —/122 (:ue2 exp(_:uer) _1u22 eXp(_ﬂzr))-

I/ITaK, OKOHYATCJIBHO IIOJYYHUM CJICAYIOINICC BBIPAKCHUC OJIA HOTCHHH&JIBHOﬁ

9HCPIrun B3aHMOI[CfICTBHH HaJICTaromero HuoHa C 3apsaaoM Zee C aTroMaMu

KpHCTaIa ¢ 3apsaom Z,e 6e3 ydera npuHuuna [laymm:

Z.e°
Vionfat_ (r) = QTzeXp (_:uzr) +

Z —Q)Z.e?
+( 1—Q)Z, (4 exp(—,r) — 1 exp(—p,r)).
r He — H
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Pa3iio:xkenne pypbe-KOMIOHEHTHI NOTEHUNAJIBLHONH YJHEPTUH B3aUMOAEHCTBUSA
HAJIETAIONIEr0 MOHA C ATOMOM KpHucTaia B uHTerpaj ®dypoe. [loreHnmans

N30/IMPOBAHHBIX HOHA 1 aTOMa Bblﬁpaﬂbl B l'lpl/lﬁJ'll/DKCHl/II/I MO.]'[Lep

HOTGHI_[I/IEIJIBHEUI OHCPIUA B3aI/IMOI[€I‘/JICTBI/IH HaJICTAIOIICI'O MOHA C 3apsa10M

Z.e ¢ artoMaMu KpHUCTalla C 3apsgoM Z,6 IpH BbIOOpE NOTEHIHMANIOB B

npubamxeHun Moiibep B BHUJIEe pa3iokeHus B uHTerpan @ypbe UMeeT BU:

3=

V(F)= f47rQZ e Z exp —.g7 g 93 +

w

+f47rg Z,— QZeZ U exp gt d°g
|J1,LL|+g ,U/J +g 277_3'

[lepBoe ciiaraeMoe ecTb HM YTO MHOE, KaK MOTEHLIHAI B TpUOImxeHun Moibep
3=

d Z,6° 3
f47rQZ ezz exp Lgr ; g3 _Q r2 > o exp —pr
7 =1

[Tocne nepexona k chepruyeckuM KOOpAMHATAM BO BTOPOM CJIAra€MOM, MOJTYyUUM:

V(r)—Q £ Za exp(—u;r)+

+(Zl _Q)de 23: ey . (ﬂiz eXp(—yir)—yf exp(—yjr)).

r i,j=1,Ui2_,Uj
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Pa3iio:xkenne pypbe-KOMIOHEHTHI NOTEHUNAJIBLHONH YJHEPTUH B3aUMOAEHCTBUSA
HAJIeTAIONIero MOHA C ATOMOM KpHUCTaJLIa ¢ yueToM npuHnuna [ayan B

unrerpai ®ypre, Z . =7,

HOTGHHI/IaJ'IBHaH OHCPIrus B3aI/IMOI[€I>'ICTBPI$I HaJICTAOCTO0 MOHA C 3apsaa0M

Z.e c aromamMM KpucTtauia ¢ 3apaaoMm Z,e mnpu Z,.,, =Z, ¢ y4eTOM IpPHHLUIA

[Taynu B Buje pasznoxxkenus B uHTerpai Oypne umeet Buj

lon at( ) I(4EQZ e2 + 47[(21;Q)Zze g )Ll— Zluez zj]exp(_lg?) dgg

g+ (9 +2)(9°+5)\ 97+ K (27z)’
NJINn XC
_147QZ,€° d’§ 747(Z,-Q)Zge d°g
Vi (9) = [ =7 exp (00 j(g 2o r )exp( 1) Gy
T47(Z,—Q)Z .’ 2g2 __. d%
2 exp(—gr) 3
l(g P pl) (92 + 1) (27)

JIBa mepBbIX CIaraéMbIX COOTBETCTBYIOT CIy4dal0 B3aUMOJECHCTBHUS HAJIETAIOILIETO

MOHAa ¢ aToMaMH Kpuctaiia 0e3 ydera npuniuna [laymu (cm. nmpunoxenue 13).

CnaraemMoe, aHAJIOTMYHOE TPETHEMY  CIAara€MOMy, pacCMaTpUBajoCh B

npuiiokeHnu 9

T 47QZ e 1lg’ exp(_1GF) d3g _2(Z —Q)Z,’ul%  g’sin(gr)dg
7)° r 2 2\ (N2 0 .2
0(g +/ue) (g +/u2)

(97 +42) (9 +ﬂ2) (2
o i (287 = ot + 2483 )exp(—pa,x) = 243 exp(~44,7 ) ).

_ (Z,-Q)Z ey’ 1




I/ITaK, OKOHYATCJIIbHO BBIPAXXCHHUC AJIA ITOTCHIIHAJIA BBaHMOHeﬁCTBHH HaJICTAromero

WOHA C 3apaaoM Z,e ¢ aTOMaMHu KpHCTajula C 3apsfaoM Z,e ¢ y4eTOM IpPUHIUIA

ITaynu B ciiyvae Z, = Z, IpUMET BUJ

QZ,e?
r

Vi;n—at. (r) =
Z,-Q)Z,e* 1
& r) : ﬂ:_ﬂg(ﬂfeXp(—ﬂer)—ﬂieXp(—ﬂzr))—
_(Zl_Q)ZZe2 ,Uez
2
r (g -u)

exp(—,r )+

(267 = o + 2483 )exp(—pa, 1) = 245 exp(~ 11,1 ) ).
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Pa3iio:xkenne pypbe-KOMIOHEHTHI NOTEHUNAJIBLHONH YJHEPTUH B3aUMOAEHCTBUSA
HAJIeTAIONIero MOHA C ATOMOM KpHUCTaJLIa ¢ yueToM npuHnuna [ayan B

unrerpai ®ypre, Z . =2,

HOTGHHI/IaJ'IBHaH OHCPIrus B3aI/IMOI[€I>'ICTBI/IH HaJICTAOCTO0 MOHA C 3apsa0M

Z.e c aromamMM Kpuctauia ¢ 3apsaaoMm Z,e mnpu Z,.,, =Z, ¢ y4eTOM IpHHLUIA

[Taynu B Buje pasznoxxkenus B uHTerpai Oypne umeet Buj

lon at( ) I(4EQZ e2 + 47[(21_Q)Zze g )(1— 2/,[22 zﬂexp(—lgf) d3g3

g®+uy (9 +2)(9°+5)\ 97+ 44 (27)
NN XKC
_ [47QZe’ d’§ 747(Z,-Q)Zge d°g
Vi (9) = [ =7 exp (00 j(g 2o r )exp( 1) Gy
T47(Z,—Q)Z .’ 2g2 d3g
exp(—:gr)
l(g 24 p?) (9% + 42) (27)*

JIBa mepBbIX CIaraéMbIX COOTBETCTBYIOT CIy4dal0 B3aUMOJECHCTBHUS HAJIETAIOILIETO
MOHAa ¢ aToMaMH Kpuctaiia 0e3 ydera npuniuna [laymu (cm. nmpunoxenue 13).
Cnaraemoe, aHaJIOTUYHOE TPETHEMY, PACCMATPUBAIIOCH B IPUIIOKEHUH 9:
T47z(Zl—Q)Z ey’ ' 2(z, Q Z.8° 11 T g°sin(gr)dg

)

d
exp(—:gr) =
o (9% + 42) (0% + 42) (27)’ (g +ﬂe)(9 +ﬂ2)2
(Zl_Q)Zze2 ,uzz 2 3 2 2 ))

— (ﬂ:_ﬂzz)z(Zﬂe exp(—4,T ) — (431 — 2 aa,t + 2442 )exp(—

Ntak, OKOHYATEIbHO BBIPAKEHUE I MOTCHIIMAIBHONW SHEPTUM B3aMMOJCUCTBUSA

HaJIETAIOIIETO0 MOHA C 3apagoM Z.€ ¢ aToMaMM KpUCTalia C 3apsaoM Z,e ¢

yueToM npuHiuna [laynu B cinyvae Z , = Z, npuUMeT BUA:



5 Z,e’
Vionfat_(r) = Q—zexp(_ﬂzr) +

;
Z,-Q)z,e* 1
& r) : ﬂ:_ﬂzz(ﬂfeXp(—uJ)—ﬂzzeXp(—uzr)F
(Zl_Q)ZzeZ /Jzz
2t (-4

+

7 (2222 exp(— 1) = (137 = 122 it + 242 Jexp(— 1) ).
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Bblpameﬂne JJIA HOTeHHHaJILHOﬁ IHEPTUH BSaHMOHeﬁCTBHH HaJ'leTalOl]_leﬁ

JaCcTUIbI ¢ HENPEPBIBHBIM ITOTCHIHAJIOM KaHAJIA KPUCTAJLJIA

[ToreHunanbHass >SHEPrUs B3aUMOJCHCTBUSL 3apsSHKCHHOM YacTHIBI C
aToMaMHt, OOpa3ylIIMMHA KyOMYECKYI0 KPUCTAUNIMUECKYIO PEIICTKY CO CIIOHBIM

0a3ncoM, UMEET BUL:

ZU g )exp(igr),

rae U(g ) — (ypbe-KOMIIOHEHTa TOTEHLMAIBHON 3HEPIHH, KOTOpas B CBOKO

odepe/ib ONpeAeseTCs Kak:

1 -
U (g):¥ZV(g)exp —ng —igr

27z'nx 27zny

3nech  — BEKTOp 0OpaTHOM pemeTkH, § = «/gi + g§ y Oy =

X y

NpoeKIK BeKTopa oOpatHoi pemeTkd Ha ocu OX u OY coorBeTcTBEHHO, N, N
— IIEJIBIE YHMCIa, d,, &, — IEPUOJIbl KPUCTAIUTNYECKON PEIIETKY B HANPABICHUN
oceii OX um OY coorBeTcTBeHHO; O — mEpHOJ pEHICTKH KpHUCTAlA, O —
CPEIHSsSI aMITJIUTY/Ia TETUIOBBIX KOJeOaHWid aTOMOB Kpucraia; V (g) — ¢ypbe-
KOMITOHCHTA TIOTEHITAIa B3AaUMOJCHCTBHS SPO-aTOM, HOH-aTOM WJIA aTOM-aTOM.

[ToncTaBum BeipakeHue s U (Q ) B BbIpaxkenue st U (F)

2 2

(F)= d3ZZV )exp| — 29 exp(—ig(F—T)).




Tak Kak NOTEHIUANbHAS SHEPIUs — BEJIMYUHA [eHCTBUTENbHAS, TO, IPUMEHUB
dopmyiy Diinepa exp(ip)=Ccos@+ising, u, BHICINB TOIBKO JCHCTBUTEIBHYIO
4acTh Re(exp(i¢)) = COS (¢, HOIYUYHM:

2.2

U(F)z%%ZV(g)exp(—azg jcos(g’(f—ﬁ)).

3anuinemM CKalsipHOE MPOU3BEACHHE BEKTOPOB B KOOPAMHATHOHN (opMme, yduTeM,

4YTO paccMaTpUBaeMble aMa30IOJ00HBIE KPHUCTAJUIBI COAEpX aT & aTOMOB B
DJIEMEHTAPHOM KPHUCTAJUIMYECKOM SYEMKE, B HTOrE MOJYyYHM ITOTEHIUAIBHYIO
DHEPIUI0 B3aMMOJCHCTBHS HAJIETAIOIIEH YaCTHULIBI C HEIPEPBIBHBIM ITOTEHIMAIOM
OCEBOT0O KaHaja KpUCTaJlla B BUJIE Pa3JIOKEHMS B JBOMHOM psag Dypbe
1 8\ o’g’ n n
U y) =3 22 DV (@)exp| -T2 foos| 2| = (x=x)+ (y-y,) ||
nX

¥
n, i=l j=1 a a

y X y

rac Xi ) yj — KOOpAHNHATBI aTOMOB BHGMGHTapHOﬁ STYCUKU Kpucrtasuia.

B pabGotre wucnonp3yercs TOCIEIHEE BBIPAKEHHWE, 3aBUCAIICE OT

663p33MepHI)IX KOOpAnHAT XnY , KOTOPBIC OIIPECACIISAIOTCA KaK.

X
x=2v=2
d' d
rae X, Y — pasMepHble koopauHathl. OGe3pasMepHBaHHE MOTEHIHAIBHON

SHEPIrUM B3aMMOJICHCTBHS HAJICTAIOMICH YaCTHUIbI C HEMPEPBHIBHBIM IOTCHIIMAIOM
OCEBOI0 KaHajla KpHcTalljia IIPHUBEACT K BBIPAYKCHUIO BHJIA:
1 8 8 0_2 2 d d
U(X,Y) =¥ZZZZV(g)eXp(— Zg cos| 2z n| X =X, — |+n,| Y=Y, — |||,

n, i=l j=1 a a

y X y

rne X;, Y,

; — OespasMepHbIC KOOPAMHATBI aTOMOB JJIEMCHTApHOW SIYCHKH

KpHCTAaIlIa, BBIOPAHHBIC B CAMHUIAX &, U 8, COOTBETCTBEHHO (cM. Tabu. 1.2.1).

[IpuBeneHHBIE BBILIE BBIPAXKECHUS IPUMEHUMBI ITIPA PACCMOTPEHUHN OCEBOT0O
KaHaja Kpucraia. B ciaydae mIocKOCTHOTO KaHalla UMEEM:

U(x) = éZiV(g)exp(—%]cos Zﬁ&(x -x) |,

Ny j=l ax



U(X) :%Zgwg)exp(_ Uzzgzjcos[zym{x - xaiD

X
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Boruuciaenue ¢gopm-pakropa BoaOPOA0NOI00HOT0 HOHA, JJIEKTPOH
KOTOPOIr0 HAXOJAUTCSH B COCTOSIHMHU 2S, MCXOAS U3 BOJHOBBIX

¢ynkuuii ypapuenus Hlpeaunrepa

Nmeem

F(g)= 1 Tr_r_2+ r exp(—i]sin(gr)dr.
2a’g ¢ a (2a) a

WNHuterpansl, coaepxaiiyecss B BbIpakeHUU i Gopm-hakTopa, BBIYUCIUM C

romoIeko [17]

7 . 2am
fxexp —ax sin mx = ————,
o a?+m?
= _ 2m 3a’* —m?
fxexp—axsmmx: —,
A a?+m?
rae a>0;
°r . T p sin pd
fx“exp —ax sin mx = P g/ ,
0 a2_|_m2 2
. m a
roe p,a m>0, sind=—, cosfd==, r:(a2+m2)%. 3nece ' p — ramma-
r r

byHKIMS, TpeAcTaBiIsgionias co0oil o00o0meHue ¢akropuasia Ha Cirydai

IPOU3BOJILHOT'O KOMIIJICKCHOI'O qucia. B ciIy4dac ITOJOXUTCIIbHBIX

ﬂCﬁCTBHTCJ’IBHBIX qucCeia

T'p=p-1"



N3 mnocnenHero BbIpaXEHHsS IOJIYYUM YACTHBIM ciiydail npu p=4.

[IpuMeM BO BHUMaHHUe, u4To Sin 40 = 4cosfsing cos’ 6 —siné , Torna

- _ 24am a® —m?
fx exp —ax sin mx = .
A a2 +m?

Taxum 006pazom, BeipakeHue 17151 HopM-(paKkTopa MPUMET BU/I;
1 24’y 2a3g(3—(ag)2) 6a3g(1—(ag)2)
T 543 2~ 3 T r o |T
2a°g (1+(ag)2) (1+(ag)2) (1+(ag)2)
_ 2 3(1-(ag ’
1 l_3 (ag) .\ ( ( )) |

(1+(ag)2)2 1+(ag)2 (1+(ag)2)2

F(9)
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Boruuciaenue ¢gopMm-pakropa BoaOpPOA0NOI00HOTO HOHA, JJIEKTPOH

KOTOPOIro HaXOAUTCHA B COCTOSAHUH 2p , HCXO0AHA U3 BOJIHOBBIX

¢pynxkuni ypapaenus Lllpexunrepa

Nmeem

F(g)=

16a (—gjdr.[cos @sinexp(—igrcosd)dé.

HNuterpan mo d@ BelumcauM, caenaB 3ameny Sindd@=dt, rorma

t =—C0S @, npenensl UHTErPUPOBaHUS OYIyT U3MEHATHCA OT -1 110 1
V4 1
J‘cos2 gdsinfexp(—igrcosd)do = jtz exp(igrt)dt
0 -1

[Tomy4yeHHBIN HMHTETpal BO3bMEM JIBa pa3za IO YacTsIM M MPUMEHUM (POPMYIIbI
Dinepa:

exp(iz)+exp(— iz)’ iz exp(iz) - exp(- iz)’

2 2i

COSZ =

exp igrt '
igr

1
ftzexp igrt dt=t?
-1

1
_ 2 ftexp igrt dt=
igr,

1
1 fexp igrt dt]
igr </,

1

_ 2sin gr 2 texp igrt '
- gr igr igr

-1

_2sin gr 2 |2cos gr  exp igrt
- o o 2

gr igr igr igr

2sin gr  4cos gr  4sin gr
- + 2 3
gr gr gr

Teneps paccMatpuBaeMoe BhIpakeHue sl GopM-(pakTopa MepenumieTcs B BUE:



0

| (ngsmwm‘”2”5(9”-mm(gr))“"(‘%d“

) g g° a

F(q)=

WHTerpajsl ¢ CHHycaMu paccMaTpuBalIMCh B Tipuiiokenuu 18. CornacHo [17] mst

cjaracMoro ¢ KOCMHyCoOM NMCCM:

= 2a a’—3m’
fxexp—axcosmx: T
o a‘2_’_mZ

rae a> 0. Takum oOpa3oM, OKOHYATETHHO MOTYYUM

1 [ 482°9(1-(a0)") ga®(1-3(20)) g 1

(g): 5 2\ 2)? ?
16a°g (1+(ag) ) 9 (1+(ag) ) 9 (1+(ag) )

2

1 3(1—(ag)2)+ 1 1—3(ag)2_ 1
(1+(ag)2)2 (1+(ag)2)2 2(ag)” 1+(ag)”  2(ag)’ |
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Boruuciaenue ¢gopm-pakropa BoaOPOA0NOI00HOT0 HOHA, JJIEKTPOH

KOTOPOI0 HAXOAUTCH B COCTOSIHUM 2P, M = +1, ucxoas u3

BOJIHOBBIX pyHKu Ui ypaBHeHus [lIpexunrepa

Nmeem

F(g)=

32a (——jdr.[exp (—igr cos@)sin® odé.

HNuterpan mo d@ BelumcauM, caenaB 3ameny Sindd@=dt, rorma

t =—C0S @, npenensl UHTErPUPOBaHUS OYIyT U3MEHATHCA OT -1 110 1
V4 1
jexp(—igr cos@)sin® 0d = j(l—tz)exp(igrt)dt =
0 -1

2sin(gr)

1 1
exp(igrt)dt — | t*exp(igrt)dt =
Jep(ior)et - expigrtat - 21

1
- Itzexp(igrt)dt.
-1

OcTaBImIMICSA UHTETPAT BEIYUCIUICS B TPUI0KEHUHU 20. OKOHYATEIBbHO 3AMUIIEM:
4cos(gr) 4sin(gr)
2 + 3
(or) (or)

Tenepr BbeIpakenue i GopMm-pakTopa TMEPENUIIECTCS —CIAEAYIOIIUM

Iexp(—igr cosd)sin’0do = -
0

obOpazom:

F(g)=— I[—rzcosz(gr)+rsm(ggr))exp(_ijdr.

g a
OcraBmMecss UWHTErpanbl pacCMAaTpUBAINChL B  HpuiokeHusx 19 wu 18

COOTBETCTBEHHO. Takum 00pazom, popm-hakTop onpeaensieTcsi BRIpaXeHUEM:
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BbryuciieHue HOpMUPOBOYHOT0 KO3I(PPHUIUEHTA BOJIHOBON PYHKIUHU
ypaBHeHus /lupaka BoA0poa0nog00HOIr0 HOHA, 3JIEKTPOH KOTOPOIo

HAXOJUTCH B COCTOSSTHUU 1sy
2

OnpenenuM MOCTOSIHHYIO A B BBIPXXCHHUH JIJIs1 BOJTHOBOU (DYHKIIUH

Jm+e
0
iv/'m— £ cosé
ix/m—&sinGexplip)

[IpenaBapuTebHO BEIUUCIUM MTPOU3BEICHUE W/ I/ .

(24r) " exp(- Ar

<
I
5>

2

yy = (%(Mr)”1 exp(- lr)j X

Nm+¢g
) . ) ) 0
x\Wm+g 0 —ivm—-gcosfd —ivm-—gsin@exp(—i =
( p( qD) ivm—¢gcos@
i/m— & sin @exp(ip)

= Zm(%(ﬂr)yl exp(— lr)jz.

Tak kak 'y HE COIEPKHUT YIIOBBIX 3aBUCHUMOCTEH, TO YCIOBHE HOPMHUPOBKHU

3aIlIUIIETCA B BUC:
47sz,//*z//r2dr =2mA’ (2/1)2(“)7 r* exp(— 24r)dr =L,
0 0

W3 [17] uzBecTHO, uTO

Tx” exp(—ax)dx = I(n+1) ,

n+1



Uwa>0;n+1>m]XM——Hme®wmmmjhﬂanw@wmmmcmmmmmmo
COOTHOILICHHE

I'(n+1)=nr(n).
Takxum oOpazom, OTyIUM

(22)

1,

OTKyJa

(22)
2mr(2y +1)°
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Boruuciaenue ¢gopm-pakropa BoaOPOA0NOI00HOT0 HOHA, JJIEKTPOH

KOTOPOIro HaXOAUTCHA B COCTOSAHUH lSy s HCXO0AH U3 BOJIHOBBIX
2

¢pynkuui ypapHenus /{upaka

Bpraucioum HHTCI'pal

(2/1)2;/& s

F(g)= WM! r**exp(— 24r)sin(gr)dr.
Cornacho [17]
Tx“ exp(— ax)sin(mx) = F(p)sin(pp@),
0 (a2 + m2)5

. m a m
rae p,a,m>0,sind=—, cosd=—, r=+a’+m?, Hzarctan(—j.
r r a

C yuerom cBoiicTBa I'-pyHKIIMN F(n +1) = nF(n) MHTETpaJ PABEH:

Tr”‘l exp(—24r)sin(gr)dr = L(2y)sin(2y 9), rae 6 = arctan(%j .

(@) +g¢?)

Tenepb dopm-(hakTop 37EKTpoHA B COCTOSIHMU 1S, mepemnuiinercst CiaeayrouuM

%

obOpazom:

(a7 sin(2y0)
F0)= (22) +07)
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BbryuciieHue HOpMUPOBOYHOT0 KOI(PPHUIIUEHTA BOJHOBON PYHKIHHU
ypaBHeHus /lupaka Boaopoaonog00HOro HOHa, 3JIEKTPOH KOTOPOIo

HAXOAUTCH B COCTOSAHUU Zsy
2

BonnoBas q)YHKIII/I}I COCTOSIHHS 2S BBITTEAINUT CIICAYIOIIUM 06p330M
2

%
Jmre|1- A2
2y+1 _Zam
A
0
A .
y=——(2ar) texp(=ar) i |, 24r 1
N IWm-g|1 2 +1 ,_Zam cosé
A
im—s1- 2 _ sin exp(ip)
2y +1 Zom
X==

OnpenenuM TPOU3BEACHUE I |, KOTOPOE TOCIE HECIOXKHBIX MpeoOpa3zoBaHUM

MOJKET OBITH 3aIIMCaHO B BUIC.

yiy = (%(ZM)“ exp(- /lr)jz X

1 4e 8Ar 1 2ir \
x|q2mf 1+ = |+ - m+-——-s——|+2m
( Zam) X_ZOlm 2y +1 X_ZOCm 2y +1
X_i
y) A A

Teneps mpousBeneM HOPMUPOBKY BOJTHOBOM (DYHKITUU HA CAUHUILY:



47rf¢wr2dr= A2 on lomlir — 1| % fr” exp —2\r dr —
0 X_ZOHT]] X—ioém 0
A
00 2
8\ 1 241 2\ 2y—-2
— m+ reoexp —22r dr4-2m reoex QZr drD»-1.
27+1 _Zam »Of P 27+1] »Of P

A
[lony4yeHHBIE MHTETPAIIBI BBIYUCIIAINCH B IPUIIOKEHUH 21. YTIIPOCTHUB MOIyYEHHOE
BBIPAKEHHUE, ITOJIyIaeM:
A’ 1 1

A omr(2y +1 "
(217 (2 + } Zasz 2711

[TocTosinnast A paBHa

A=

2mr(2y +1
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BbryuciieHue HOpMUPOBOYHOT0 KO3I(PPHUIUEHTA BOJIHOBON PYHKIUHU

ypaBHeHusi Jlupaka BoJ0pOI0N0100HOI0 HOHA, 3JIEKTPOH KOTOPOTro

1
HAXOJUTCH B COCTOSTHUH Zpy, m = E
2

BonHoBass QyHKIuUs HaJETAIOIET0 BOJAOPOJIONOJI00HOTO MOHA, 3JIEKTPOH

KOTOPOI0 HaXOJUTCs B COCTOSTHUA 2 p% npu m= E HUMECT BUA:

2ivm + ¢ cos@
—iv/m+¢sinGexp(ip)
Jm—¢(1-3cos’ 0)
—3Jm— ¢ cos@sin Gexplip)

(24r) " exp(- Ar

<
I
B>

[lepen HOpMUPOBKOM MOTYYEHHON BOJTHOBOM (DYHKIIUM OMPEICIUM TPOU3BE/ICHUE

vy . llomyuum:

vy = (% (2r ) exp(- Zr)] 2m(1+3cos? )

VYcnoBue HOpMUPOBAHUS NPUBEAET K BRIPAXKEHUIO BUA:
g 2m(2/1)2(“)zfd gpI r* exp(- Zﬂr)drI(ldr 3c0s’ §)sin 6 =1
Wuterpan no dé Beruucium, npousBens 3ameny t =—coséd, dt =sin&dé.
B sToM ciydae npenenbl MHTETpUpOBaHUs OyAyT U3MEHATbCs oT —1 1o 1
(1+3cos 0)sin @do = [(1+3t )t = (t + ). = 4.
0 |
Wuterpan nmo dr BerumciauM mo ¢opmyse, NMPUBEACHHONW B mpuioxkeHnn 21. B

HTOI'C IIOJIYYUM.



2mAT (27 +1) L

(24) |

OTKyJa

(22)
2mr(2y +1)
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Boruuciaenue ¢gopm-pakropa BoaOPOA0NOI00HOT0 HOHA, JJIEKTPOH

1
KOTOPOIro HaAaX0AUuTCHA B COCTOSIHUH 2py, m= E, HCXO0Ad U3 BOJIHOBbBIX
2

¢pyunkumii ypasuenus /lupaka

Brruucnum uHTETpanbsl B BbIpakeHUU sl (popM-akTopa HaleTarolero

BO,Z[OpOI[Ol'IOIIO6HOFO HOHA, 3JICKTPOH KOTOPOI'O HAXOAUTCA B COCTOAHHUU 2 py IIpu
2

3HAYCHUU MAarHuTHOT'O KBAHTOBOT'O YHUCJIa M =

N |-~

(22)
(0)= 8T (2
7/+1)
xj(1+ 3cos’ 0)exp(—igr cos0)sin do.

0

2 0
(21)2(7_1) I d(pj r¥ exp(—2Ar)dr x
0 0

Jlnst  BBIUMCIICHUST BHYTPEHHETO WHTETpajia HUCIOIb3yeM 3aMeHy t=—C0Sé,

dt =sin 6 . Teneps npenensl HTETPUPOBAHUS OyTyT U3MEHATHCS OT —1 1o 1:

(1+3cos® @)exp(~igr cos@)sin & = j(1+ 3t? Jexp(igrt )dt =

O N

= [exp(igrt)dt +3[t* exp(igrt )dt.

HHTerpan BO BTOPOM CJIara€MOM pacCMaTPUBAJICS B PUJIOKEHUN 18.
2sin gr  4cos gr  4sin gr
+ 2 3
gr gr gr

1
ftzexp igrt dt =
-1

Teneps unTerpan no dé pasen



T(1+ 3c0s? 0)exp(—igr cosd)sin Al G =

0
_ 2sin(gr) .\ 6sin(gr) 12 cos(gr) 12sin(gr) _

gr gr (gr) (o)
_8sin(gr) L12 cos(gr) 123in(gr).

gr (gr) (gr)’

WuTterpain mo dr mepenuiiercs B BUJIE

s 83in(gr)+12cos(gr)_125in(gr) exp(— 2.4r )dr =
| ( or (o) (o) j Pk

jrz“exp( 2r)sin(gr) dr+ jrz“exp( 2Ar)cos(gr )dr —

0

_EIrZH exp(— Zﬂr)sin(gr)dr.

HHTerpan oT cinaraeMpiX ¢ CHHyCOM pacCMaTpUBAJICS BbILIE (CM. MPUIIOKEHUE 22).

WHTerpalt ot caaraeMoro ¢ KOCHHyCoM coritacHo [17]

Txp‘l exp(— ax)cos(mx) = F(p)cos(pf )
0 (@?+m?)
: m m
rie p,a,m>0, sind= i cosé = F a®*+m? arctan(gj. Tenepp

BbIpakeHue st hpopM-(akTopa 3anuiiercs B popme

2)\ 2y+1 -
Fg= — 21" 27 sin 296 +

gl 2v4+1 2X °+g?

+§r 2v—1 ,f 2\ 24+g2cos 2v-140 —%F 2y—2 2A°+g?sin 2y—2 0 ]

riae @ = arctan(ij )
24
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BbryuciieHue HOpMUPOBOYHOT0 KO3I(PPHUIUEHTA BOJIHOBON PYHKIUHU

ypaBHeHus Jlupaka BOI0OPOA0NOI00HOI0 HOHA, YJIEKTPOH KOTOPOTo

3
HaXOAUTCH B COCTOAAHUHU Zpy, m = >
2

BonHoBas (QyHKIMS HaleTalOIIEro BOAOPOJIONOJ00HOTO HOHA, 3JIEKTPOH

KOTOPOI'0O HAXOJUTCA B COCTOAHHU Zpy IIpyu 3HAYCHHUU MArHUTHOI'O KBAHTOBOI'O
2

yuciaa m=—:
2

—ivm+gsin@exp(ip)

3 4 0

= [—A(2Ar) " exp(— Ar '
v J; (27r) " exp( Vm — & cos@sin Gexp(ip)
vm - & sin® exp(2igp)
Ormpeznenum npousBeqeHUe
vy = 83 A?(22r " exp(~ 24r )2msin? 6.
T

[TpousBeneM HOPMHUPOBKY BOTHOBOM (DYHKITMHM HA €IUHUILY

83 Az2m(22 )" jﬂd(pT r exp(- 2/1r)drjsin2 Osin o =1.
T 0 0 0

Wurerpan no d& BelumMcauM, npousBens 3ameHy t=-—cosd, dt=sin&lé.
Hcnons3ys OCHOBHOE TPHIOHOMETPHYECKOE TOXKAECTBO, IoayunM Sin* @ =1-t>. B

ATOM CITydae Mpeaeibl HHTETPUPOBaHUS OyayT U3MEHAThCA OT —1 10 1:

g _1 v _E
!sm 495|n6blt9—j1(1 t)dt—(t 3)

Wurterpan mo dr Beramcsiics B npuiiokenuu 2 1. Teneps momydaem:

1

4
-

-1



2mAT (27 +1) L

(24) |

OTKyJa

(22)
2mr(2y +1)
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Boruunciaenue ¢gopMm-pakropa Boa0OpPoa0NOI00HOT0 HOHA, JJIEKTPOH

3
KOTOpOFO HAX0AUTCH B COCTOSIHUU 2p , M=—, HCX0AH U3 BOJIHOBBIX
% 2

¢pyunkumii ypasuenus /lupaka

Onpenenum  popM-pakTop HaJETAIOMIETO BOJOPOJIONOA00HOIO HOHA,

QJICKTPOH KOTOPOIro HaxXOOUTCA B COCTOAHHUH Zpy IIpy 3HAYCHHUU MArlnuTHOI'O
2

KBAaHTOBOI'O YHcjia M= E .

F(g)= fd(DT rzdrfl/ft// exp(—igr cosd)sin &d6 =

27+l o - .
= % !d(p! r” exp(— 2/1r)dr£sin2 Oexp(—igr cosd)sin 6.

JIns BBIYMCIIEHHST BHYTPEHHETO MHTErpaa BOCIIOJIB3YEMCS 3aMEHOM, YTO U IpHU

HOPMHPOBKE BOJHOBOUN (PyHKIMU (CM. IpUIIOKEHHE 26):
T 1
[sin? Gexp(-igr cos@)sin a6 = [ (1-t* Jexpligrt dt =
= [ exp(igrt Jdt — [t* exp(igrt )dt.

[lonyyeHHBIE WHTErpaibl BBIYUCISUINCH B NOpWIOKeHHH 25. OKOHYATEIBHO

MOJIY4YUM:

4cos(gr) 4sin(gr).

@f = (o)

Tsin2 @exp(—igrcosd)sin A = —

Teneps unTerpan no dr mepenuiieTcs B BUJE:



Irzy(_ 4cos(gr) N 4sin(gr))exp(_ 21 Ydr =

(gry (gr)’

_ _éj r¥-2 exp(— 24r)cos(gr )dr + +éT r¥ = exp(— 24r)sin(gr )dr.

[Tocne uaTerpupoBanus mo dr (cMm. mpuinoskeHus: 22 u 25) BeIpakeHUe sl GOpM-

daxtopa F(g) samumrercs B hopme

3 2\ 7
F g :—2 1 X
g 2 2 2
I'2v+1 2\ +g

x[—F 2v—1cos 2y—-16 +£1“ 27—2«,2)\2+gzsin 27—20],
g

rae 0 = arctan(iJ )
24




MMITYJIbCA

IMPUJIOXKEHUE 28

Borunciienne KOMMYTATOPOB /ISl ONIEPATOPOB

KOOpAUHATHI 1 UMITYJ/IbCA

Beruucium KoMMyTaTop, MOJTYYEHHBIN 1715 OlepaTopa KOOPAHUHATHI
Y i, 2 [
ro=—|H,r [p=—

AR AA I h? A A R
Hrf —rH |op=—| | ——A+U |[ro—-r
q Jo h[( 2m jq) [ 2

(o)< S e 2

oy + azzj(fx+ v+ IZz)go: 2Vp+TAQ.

Takum oOpazom

; 2
I

2 ~ K2
Fp=—| ——(2Vp+FAp)+F—A
¢ h( S (ZVo+TAp)+T o coj

R
=—1—Veg
m
WJIU B oniepaTopHoi popme
2 .h
r=—1—V.
m
VuauteiBast, uto P =—iAV — onepaTrop UMITyJIbCa, OKOHYATEIHHO 3aIUIIIEM
r=L.
m

IleperimeM K BBIYMCICHUIO KOMMYTATOpa, MOJIYYEHHOrO I OIeparopa



~

po= .5 Jo= (Ho— Hip)-

_ %((—S—ZA ‘U ](—ihV)(p— (—ihV)(—%A +U }coJ

[TonsaTHO, yT0 AV @ =VAg@. Tenepp umeem

A

U .
p(p:%(—thVngrth(U(p)).

N3BecTHO, 4TO V(U go) =UVe+ VU . Teneps nocieaHee BoIpaKeHUE 3aMMIICTCS

B BHUAC

Pp=-@VU,

YTO COOTBETCTBYET ONEpaTopHOM hopme

p=-VU



IMPUJIOXKXEHHUE 29

Cucrema ypaBHeHUI ISl CPeTHUX KBAIPATOB KBAHTOBBIX

(¢aykTyanui oneparopoB KOOPAUHATHI U UMITYJIbCA

OnpenenuM cpenHUM KBagpaT KBAHTOBBIX (IIYKTyalllii omeparopa
d A\2 .
KOOPJAUHATHI a(‘ﬂ(&x) |‘P> BJIOJIb KJIACCHYECKOM TPACKTOPUM JBUKEHUS B

INIOCKOCTHBIX KaHaJlaX KpucTalia

%(‘P\(ék)z W)= %Z‘P*(dk)z Wax = zw*[%(ak(w)}ydx -
= w908 st 5290 e = T ) s s T 530008 g
S Tt dt S0 Tt B dt

C momotpio cuctemsbl ypaBHeHu (5.1.4) nanee 3anuiiem

%(‘P\(&f()z\?) - ];kp*(%aﬁxﬁjtpdm Z‘P*(&?%éﬁxj\lfdx -
2 {((‘P\apxak W)+ (W|5%5 P, ‘P))}
== . .

AHAJIOTUYHO CTPOSITCS €III€ IBAa YPaBHEHUS:



d | ((W|5pS%|¥)+(¥|5%5p,|¥)) |
dt 2 -
= 1[1 fwsposwdx+ 3 [ wsss ﬁX‘de} =
2| dt = dt =
4(O.) g ) 5 Twaxr [ M) gp 4 0P 55 gy |-
dt dt e dt dt
% [w (—Uxx(df()2+%(5px)2j‘1’dx+ (v (—(5bX)Z—UXX(5>A()2j‘de}:
1 A \2 A\ 2
= ([(55,) %) U, (¥[(5%)'|¥),
A \2 d = A \2 2 d A~
(P|(5p,) ‘P)zaj‘I’ (6p,) Wdx=[¥ [a(épxépx)}{'dx:
d(5p,

(
[

SRIP,| )+ (¥|5p,0%|¥))

2

(W (6%65p,)Wdx—U, [ ¥ (5p,05R)Wdx =

}.
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) +('P|op 6%

Boruncienne koppessitopa (W|3%8p, ¥) nast

BOJIHOBBIX (l)yHKIII/Iﬁ MUHUMUBUPYIOIIHUX COOTHOIICHUC

HeomnpeaeaeHnocreu I'eiizenodepra

Breruncnum  koppensitop ((‘P‘ék& o8 ‘P>+<‘P‘5 f)ﬁf(“{’}) JUI BOJTHOBBIX

GbyHKIMA MUHUMHU3UPYIOIIMX COOTHOIIIEHHWE HeompeeneHHocTel [eiizenoepra.

3TO YCHOBI/IC JOCTHUIacTCA B BOJTHOBBIX ITAKCTAaX, OIIMChIBACMbIX Q)YHKHI/IHMI/I BUIa
[2]
1 i NG
LP(x):—1 exp £pox——4 pacdl
(27)a X (o)
rac pO 51 5X — INTOCTOSHHBEIC. BOJ'IHOBaH (bYHKIII/ISI B UMITYJIbCHOM IIPCACTABJICHUU

UMeEeT BUJ

¥(p,) =ﬁi‘?(x)exp(—% pxxjdx.

Brrancnenue nmocneanero uaTerpana 3] npueaeT kK GyHKIIUKA BUAA

—;wex L X— X X =
w(px)—(zﬂ)2m£ p[h(po D) 4(5)()2}4

:(zf@exp(x p, - pr(axf]_

z) Jn h?
ITo onpenenenuto
OX=X—-X.

OmnpenenuM cperHee 3HaUEHHUE OlepaTopa KOOPAUHATHI X



x=<\P(x)‘f<‘\P(x)>:i‘{’*(x)i\ll(x)dx.

KOMHHCKCHO-COHpH}KCHHaﬂ BOJIHOBas (l)YHKHI/IH, 3aBUCAIIAA OT KOOPAHWHATHI,

3aIIUIICTCA B BUJC

¥ (x)= ! exp[ | P, X X ]
=71 — 2 PoX— 7 |
(27)% X L 4(ox)
OIepaTop KOOPIUHATHI paBEH CaMOil KOOPJIUHATE
X=X,

MOATOMY UMEEM

1 = X
X=— Xex - X.
Joeox p[ 2(5x) Jd

Tak Kak mNOABIHTErpajibHasg (QYHKUUS HEYETHas, TO HHTErpajll B YKa3aHHBIX

npcaciiax paBCH HYIIIO

A

x=(¥|%

¥)=0.
Takum obpazom
oX=X.
AHQJIOTUYHO OIpEASIUM CpeIHee 3HAuCHHE OIeparopa HMIYJIbca.

Brruncnenust npousBeeM B UMITYJIbCHOM IPOCTPAHCTBE

p.=(¥(p.)[B.[¥(p.)= ] ¥ (p.) P, ¥ (p.)db, =

:\EQ}’ pxeXpL—Z(p“ P.)'(9%) jdp*'
T h —0 h

BBenem HOByI0 niepemennyto t=p, — p,, dt=—dp,

2 5% 27 (6x)’
=— /—— —t)exp| — =L ldt =
P.=—y [(py )eXp{ = J
= gﬁ( pOTexp{_MJdt_Ttexp(_M}jtj_
\/ﬂ h "o 7] o 7l

WuTerpain B mepBoM ciaaraeMom paseH [3]




T exp{—ﬂ}dt = 2?exp£—ﬂ}dt = \/Ei
—0 h 0 h 2 §X

Takum 06p8,30M, OKOHYATCJIBbHO 3aIllMIIIEM
P =Py
Teneps aykTyarus onepatopa UMITYJIbCa OTPEACIAETCS KakK
P, =P~ P =P~ Py
PaccmarpuBaeMblii KOPPEIISITOP NEPENULLIETCA B BUIE
(¥ (%) ¥ () + (¥ (x)| P03 ¥ (x)) =
= [ (x)(5%5D, )W (X)dx + | " (x)(5P,6%) W (X)dx =

SR3P.

= W (X)(x(D, - p.)+ (B, p,)x) ¥ (XY=

= [ () (XB, + P,x — 2xp, ) ¥ (x)dx.

—00

PaccmMoTpyM B OTHENBHOCTHM KaXJO€ ciaraemMoe. BBIYMCIMM IEepBbIN

KOPPEISATOP

0

[ (x)xp, ¥ (x)dx =
= ! Ofxexp —lpx—x—2 —ihgexp lpx— X dx =
V2 sx = R a(exy | ax T\ A a(ox)
:_—ih]?x Lp _L eXp _ Xz dX=
V2zsx= | h" 2(8x) 2(5x)’

:_—ih[ipofxexp(—x—z}dx— L szexp(— X dej.
J2zsx| B0 2(5x)° 2(5x) = 2(5x)°

[lepBblil MHTErpal B CyMME paBeH HYJIO, TaK KaK MOJbIHTETpaibHAs (DYHKIIUS

HedeTHas. [lompiHTerpansHas (yHKIHMS BO BTOPOM CJIara€MOM YE€THas, MO3TOMY

MOJKkeM 3anucath [3]

szexp[— (Xz ]dx=2Tx2exp(— X ]dx:@(5x)3.

2(5x)° 2(5x)°

OKOHYATEeNbHO, PACCMATPUBAEMBIN KOPPEJISITOP PABEH

—00



Jlanee BbIUMCINM

T‘P(x) b XY (x)dx =

—00

- [ exp —iIDX—X—2 —ihgxexp iIOX— | lox=
275% = ht o a(sx) OX R A(ox)

:_—'hT exp X + ipx— X exp| — X dx
N2msx 2(0x)° ) (A" 2(ox) 2(0x) )|

Brimmie Bce IMOJTYUYCHHBIC HHTCTPAJIbI OBLIN OIIPCACIICHBI

T ¥ () P XY (X )dx ==

OnpenenuM nociaeagHui KOppesTop

2 poi\}f*(x)x\P(x)dx =-2p, m};xexp(— 2(;2)()2 ]dx =0.

HTak paccMaTpuBaeMbIii KOPPEIATOP <‘P(X)‘ OXIP, “P(X» + <‘P(X)‘5 p,oX

PaBCH HYJIIO
(¥ (x)]o%5p, % (x)) + (¥ (x)|5p,0%| ¥ (x)) =

= T‘P*(x)(xbx + f)xx—pro)‘P(x)dx:%—%—O:O.

—00

¥ (x))



