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EjieKTpoHH y HncKoj]?iMeH3HOHHM

i. y B o

Off. BeJiHKor ana^aja aa xeopujy ^pcxor cxaraa je HcrarrHBatfoe ynejia H yxunaja
eJieKXpOHCKor noncHcxeMa Ha 4>H3HMKe KapaKxepucxjcce Maxepnjajia, jep cy ynpaso
CJieKXpOHH HOCHOHH CBHX TpaHCIIOpTHHX H npyrHX (|)H3K^KH HHXCpecaHXHHX EtpOLfeca.

IIoce6HO HHxepecanxHo je K.HXOBO noHaniai&e Kao HOCHOija 6e30TnopHe ejieKTpn^He cxpy-
je, y cynepnpoBO^HOM CTaa>y, jep ra KapaKTepmne cnapHBaH>e 4>epiviHOHa (eJieKTpona

. niynjBHHa) Koje je npucyTHO oj HHCKOTeMnepaTypcKe ^o BHcoKOTeMnepaTypcKe cy-

Mo^tepna HayKa o MaTepujajiHMa TCXCH npeiiHSHOM cTpyKTypupaay MaTepujaJia no
niTO MaEbnx aHM6H3HJa - pena BejiHMHHe HaHOMexapa, a <J)eHOMeHH nosesaHH ca Taxo
MajiHM ^HMCHSujaMa nosoae zno cnenn^HraHnx nojasa H HSMeaeHnx oco6nHa MaxepH-
jana. OBC cTpyKType cy on nraper npaKTiiMHor 3Ha^:aja noceSno na nojBy ejieKTpoHH-
KC, onToejieKTpOHHKe H BHCOKOTennepaTypcKe cynepirpoBo^HOCTH. Hs xor pasjiora, y
caapeMeHoj 4>H3imH KOHneH3OBaHe MaxepHJe je/ian on rjiasHHX npasana xeopnjcKPix H

HCTpaxama&a je HcntiTHBaifce ocoSnHa HncKonHMeH3HOHHX cHCTena
cy xaHKH 4>HJiMOBH, cyneppenieTKe, KBaHTHe Hcime H KsanTHe xa^nce.

y OBOM pany je HcmiTaH yxHnaj rpanima ^HJiM-cxpyKxypa1 H KsanxHux iKHua2 na
enepreTCKH cneKTap H Moryha cxajta ejieKXpona (ejieKXponcKH saKOH nHcnepanje). Ho-
6njeHH pesyjixaxH nopef)eHH cy ca onrosapajyliHM 3a mieajiHe GecKOHa^me Kpncxajie, na
6n ce na ocnosy xora yo^oure Haj6nTHHJe paajiHKe Koje ce jaBJLajy ycjien orpaHKq:eHocxn
KpHCXaJIHHX CHCXeMa.

IIoMeHyxa anaJiJca Bpuiena je MexonoM nBOBpeMCHCKHX xeMnepaxypcKHx FPHHOBHX
4>yHKHnja3 KOJH ce nanac seoMa ^ecxo KOPHCXH y KBanxnoj xeopujn ^spcxor cxaaa.
3axBajByjyhH yrpa^enoj cxaxncxunH, xaj Mexon ce ycnennio npHMCHbyje
sajta KaKO MHKPOCKOHCKHX xaico H MaKpocKoncKHX, paBnoxexcHHx H

cBojcxasa KpHcxana.
je najnpe spnieHa anajuca i-meaJiHHX 6ecKOHa^HHX KpHcxaJinux cxpyKxypa, a

HCXH Mexon npHMeaen na ^HJiM-cxpyKxype H KBanxne

rrpe^cTaBJtajy GecKonaMHe cipyKType y CBHM KpucTaJiHHM pasuHMa napajieJimtM
noBpuiHMa, Koje cy nopMajiHe na je^an npwopHTeTaH npasau, aym Kora je nocMaTparoi CHCTCM

2KsaHTHe JKHUC npejicTaBJtajy KBasHJeflHojDiMejBHOHe CHCTCMC, O^HOCHO cHCTeMe orpaHHHene y XB&
ucTaJiorpa^cKa npasua.
3IIocToje M apyrH MCTO^H noMohy KOJHX ce osaj npo6,ieM Mo»;e TpeTHpaiH: Mexoa XaJ3eH6eproBMX

KpeTaffca. MeTon MEJIHX nepxypoaunja, Mexoa je/iHo^ecTHMHHX TajiacHH.x (j)yHKUHJa H c;i.
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2. EjieKTpoHH y HeorpamraeHHM

TpaHCJiamrona HHsapujaHTHOcT imeajiHHX KpucTaJiHHX cxpyKTypa HaMefre nepno-
.mraan (ca nepno^OM KpucTaJine pemeTKe) o6jinK MHOFHM (JOTSKMKHM BejnranHaMa Koje
HX ormcyjy (nrrp. nepno.ZHraHa pacnoaeJia noJta H noTenmijajiHe enepraje ejieKTpoHa).

Je^an on rjiasHHX sa^aTaKa Teopuje ^repcTor CTaH>a je npoyqaBa&e npoMena ZIHC-
KpeTHor enepreTCKor cneKTpa eJieKTpona HsojiosaHor aTOMa - npn npnGjinxcaBaHby axo-
Ma H o6pa3OBaH>y KpucTajine cTpyKType. Y OBOM rrportecy nepHo^H^mo nojLe KpncTajia
H HHTepaKimja Me^y aTOMHMa nosoffH. so nenaita enepreTCKHx HHsoa eneKTpona cjio6o,n-
HHX axoMa. IIoinTO ce KpucTaji MOHCC TpexupaTH Kao ruraHTCKH MOJieicyji, TO KBaHTHa

eJieKTpona y TOM MOJieKyjiy, 36or HayjiHJeBor npHHDjina MCKJiy^eita, MOpajy
OKapaKTepHcana pasJiHHHTHM KBaHTHHM 6pojesHMa UITO HMa 3a ^ocJIe^H^y 4>opMH-

paae ^oiTaBor cneKTpa enepreTCKHX HHBoa na MecTy je/mor HHBoa y HsojiosaHoivi aTOMy.
YMCCTO je^tHor enepreTCKor Husoa, je^Haxor sa CBHX N nsoJiosaHnx aTOMa, y ^PCTOM
TCJiy ce nojaajtyje N GJIHCKQ pacnope^ennx HHBoa, KOJH o6pa3yjy enepreTCKy sony.
Ilenaae eHepreTCKHX HHBoa je HaJHBpasHTHJe 3a cnojBannte (sa-neHTHe) HHBOC, jep ce Ta-
jiacne (J>yHKiinje cnojbanntHX BaJieHTHHX eJieKTpona cyce^nux aTOMa Me^ycoGno seoivia
npeKJianajy, ^OBOji;eIin ^o KOJieKTHBH3HpaHOCTH OBKX CTaH>a, KojuMa ce na Taj na^niH
aTOMH nosesyjy y KpucTaji - raraHTCKM MOJieKyji.

OBH KOJieKTHBHSupaHH eneKTpOHH, KojuMa ce una^ie onHcyjy HaJKapaKTepHCTH^noija
CBQJCTBa MCTaJia, nncy Besaim ca aTOMHMa KpHCTajiHe pemeTKe H Mory zta ce npeMein-
Tajy no neJioj sanpeMUHH MeTaJia. Me^yTHM, ^iaK H Kaaa ejieKTpon nanycTH aTOM y
Kpnerajiy, OH ce noa .HCJCTBOM npnMeH>eHor ejieHTpn^fflor noJLa He Kpehe cjio6o^HO Beh
je no^BprnyT yTimajy KpHCTajinor nojta. Osaj yTpnjaj ce Moace ycpeziH.eHo yseTH y
o63np yBo^eHoCM e<J)eKTHBHe Mace KBasucJioGoaHHX nocHJiana HaejiexTpHcaaa. TaKo^e,
36or cnenjK^iWHOCTH KpeTaita eJieKTpona y KpucTajinoM nojty, aHOMannor noHania&a
KBa3HCJio6oziHiix ejieKTpOHa na KpajeBHMa sajteHTHe sone, yso^n ce nojaM K
HHX Hocmiana HaejieKTpHcaaa -

2.1. EjieKipoHCKH xaMHJiTOHHJan

heMO paaMOTpnTH HeKa cBojcTBa ejieKTpOHCKor nozicHCTCMa jmeajmor 6ecKo-
• Ky6nor KpHeraJia nojiasefru off xaMHJiTomijaHa KBasucJioooziHHX ejieKTpona KOJH

y KOH^HrypanHOHOM npocTOpy H xapMonujcKOJ anpoKCHMamijn HMa o6jiHK:

# = _
n n,m

rae cy at n a^ - KpeamaoHH n amccHJiaimoHH onepaTopn ejiexTpona na MBopy n pe-
meTKe. ejiKratina ^ - rrpejcTaBJBa eneprny eJieKTpona jiOKajM3OBaHor na ^sopy n, a
BeJiH^HHe Wfirt - cy MaTpH^CHH ejieMeHTH eJieKTpoHCKor Tpanc(|)epa ca -qsopa n Ha
m. Os/ie je npeTnocTaBJteHo aa je 6poj ejieKTpona no aTOMy pejiaTHBHO
ejieKTpoH no aTOMy) TaKo ,aa ce KyjionoBa HHTepaxmija ejieKTpona Mo»ce saHCMapHTH. Y
TOM cjiy^iajy, Jiaico ce noKasyje aa je xaMHJiTOHHJaH (2.1) eKBHBajieHTaH
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ejieKTpOHCKor raca y anpOKCHMaiuijn e^eKTHBHe Mace:

TpaHCJianHOHa HHsapujaHTHOCT nocMaTpanor mneajiHor KpncTajia naMefre
HOCT xaMHJiTOHHJaHa (2.1) Koja HMa aa nocjie,mmy #a cy:

A* = A , WttA = W*,x = W; V (n, m) (2.3)

Ha ocHosy xora, y anpoKCHMaunjn HajGjiHaoix cyceaa, ejieKTpoHCKH
nocTaje:

_i_ Q _l_ /j + Q -l-a

36or noro/mocTH, xaMHJiTOHHjaH H3 penaunje (2.4) imcaheMo y o6jiHKy 36npa:

i/=2

cy:

•"1 ~ ^ / > ^mxmjmj^Tixmjmz j -"2 ~ " / ^ '^m
Tnxmy7nz mxTnyTTiz

H3 — W 2J amxrnymzamx-l,mymz J ^4 = W

7 =W

2.2. Je^Ha^HHe KpeiaBba H saKOH jmcnepsnje

CsojcTBa nocMaTpanor ejieKTpOHCKor cucTCMa aHajncupaheMO noMohy
Topcice FpuHOBe (^yHKiinje (suneTH UoaaxaK 6.1.)

(2.6)

Koa saaoBOJtaBa jeaHa^HCHHy KpeTaaa:

ia ^ (7^(0 = ih SaA 6(t) + Q(t) ({[as, H] , at}) . (2.7)

Ztpym ,qeo Hspasa na flecHoj CTpaHH je^Ha^HHe Kpexaita (2.7) HarmcaheMO Kao:

(2.8)
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a

C = Cn = fa, H] = C, - £ G\ (2.9)
i/=2

Ha ocHOBy ^era

, . (2-10)

3a H3pa^iyHaBaH>e KOMyTaiopa [a^, H] KOpHCTuheMO CTaHwap^ne <|)epMHOHCKe
xopcKe pejiaijHJe:

/ „ + 1 £ f 1 / + + l n /•-> -\(an, 0*)=^*, {a^j, a^j = jat, a t j = 0 . (2.11

3aTHM ce MOJKC npelan na pa^ynaifce KOMyxaTopa Cv:

C1 — \ ] — A Y^ [ +

V^ L+
~ a>mxmvmzanxnynz

Ha ocHOBy pejiaroije (2.11) cjiejw. anxrlynzamxmymz = -amxmymza
— — —

xrlynzmxmymz mxmymzninynz ,

I = A / y \mxmymz^anxnynzamxmymz~\~
mz

amxmymz

. nxmxVnymyOnzmz ~ anxnynzO'm
771 1 771, 771 z

~ A / J Y. \On

"T \^0jnxnynza

^^ ^ / v &

je aa ^^ ,,cKHaa" cyMy no m = (m^, my, mz) H
Te ce Kona^HO ^o6nja: Ci = Aan3.n n r. Ha ocnoBy Tora H (2.10)

Fl = Q(t) ({CL 4}) = A 6(0 ({a,, at}} = A G«*(t) ,

Hspas: Q(t) {{a^, a^ }} npencTasJLa FpuHOBy ^ynKnujy (7sm(0- AnaJiorHHM pa^y-

HaH>eM Kao sa Ci, .noonjajy ce H ocxajie speanocTH KOMyxaTopa Cv, noMohy KOJHX MOFV
aa ce Hamraiy nspaaw 3a csajco Fv HS je^na^iHHe (2.10). HDHXOBOM saMenoM y j
Kperaita (2.7) ,ao6HJa ce:

- W {Gni+l,nyn.^(t} + Gnx^nynz.A(t) + Gnxny+1,nz,A(t) + (2.13)
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IIoniTO ce pa,zjn o 6ecKOHa^ffloj TpancjiamioHO HHsapujaHTHOJ CTpyKTypn, MoryHe
je H3BpmHTH noTnymi BpeMeHCKO-npocTopnn Oypuje TpaHC<|>opM FPHHOBHX <|)yHKHHJa,
KponeKepoBHX CMvi6oJia H ^ejiTa <})yHKnjije:

£ fa <?*(<*) e<*— — < , (2.14)
7V ^ J-co

A:
+00

* e"^ . (2-15)

je N = NxNyNz. AKO ce jour icpaa (2.14) ^n<|)epeHUHpa no t:

+ 00

k -co

a saTHM CBC TO 3aMemi y jejjHa^oiHy (2.13) flo6nja ce:

+ 00

— — Y ! du e^*-*)-1'"" {-ih + 27r fftw - A + VF f e+'a*« + e-'°*-) +
2?rA^ ̂  J ^ L v y

= 0 , (2.17)

—00

OflHOCHO:

— A + 2W (cos akx + cos aky + cos aA;2)] Gr(ui] = — ,
Z7T

~ , x i 1 ih 1

O * 2 7 . O

E'jg = ^ co>£ = A — 2VK (cosakx + cos a^y + cosaA;2) (2.19)

saKOH ̂ Hcnep3nje Besanux ejieKTpona. y cjiy^iajy cjia6o sesames
eiteKTpoHCKH rac), A = 6W na je:

. o H . f) r / _ _ ->,
+ sin2 -^ + sin2 -^ . (2.20)
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3. EjieKTpOHH y

y rrpeTxo^Hoj rJiaBH HCTpaxceHH cy cneKTpn H cxaita HaejieKTpHcaifca
KpHCTajiHHX cTpyKTypa. IIpHMeH>yjyhH HCTH npncTyn osne heMO oztpe^HTH HCTC KapaK-
TepHCTHKe HaejieKTpHcaaa, ajin y KpncTaJiHHM <]}HJiM-cTpyKTypaMa.

3.1. Mo^eJIHH XaMHJITOHHJaH

eJieKTpona y TOHKHM KpncTajiHHM 4>HJiMOBHMa MO>KCMO 4>op-
nojiasetiH off. ,,6aJiKOBCKor" xaMHJiTOHHJaHa (2.1), O/IHOCHO (2.4), KOJH y anpoK-

CHMariHJH Haj6jiHJKHx cyce.ua HMa pasBHJeHH o6jiHK:

TT \ ^ A I V ' ^ I

-" ~ / ^ ^•nxnynzanxnynz anxnynz ~ / ^ anxnynz X

^''nxnynz; nx-\-\,nyn2 Q"nx-\-\,nynz T rVnxnynz; nx-\,nynz Q"nx — l,n.ynz i

r rr nxnynz\nxny + \,nz &nxny->r~\.,n.z "T *Vnxnynz;nzny-~i,nz anxny-l,nz \ ''nxn-ynz\nxnynz-\-\xnyn z+l ~T '' nxnynz;nxnynz — 1 Q"nxnynz

IIoniTo cy rpamraae noBpniHHe 4>HJiMa yseTe nopMajino Ha z - npasan, HH^eKC cjioja nz

y (3.1) - y3HMa speanocTH nz = 0,1, 2, . . . , Nz , r\ne je Nz £ [2, 20] KO/I
4>HHMOBa. HimeKCH nx H ny, KOJH o,zipefjyjy nojio^caj aTOMa y csaKOM cjiojy Mory
npoHSBOjtHe nejio6poJHe spe^HocTH (npaKTirrao, ojs, —oo, no +00).

3a paajiHKy 0,3 HjieajiHHx 6ecKOHai^HHx CTpyKTypa, peajiHH KpncTajiH He noceayjy
oco6nHy TpaHCJiaiiHOHe HHBapHJaHTHOCTH. IIocTojaite HssecHHx rpaHH^HHx ycjiosa,
jeaaH je OR yspoKa HapynieH>a CHMeTpnje. CHCTCMH KOJH HMajy use napaJiejiHe rpaHHMHe
noBpinHHe HasHsajy ce 4>HJiMOBHMa. IIocMaTpa ce HneaJiHH TaHKH (|>HJIM Ky6ne Kpnc-

CTpyKType, Ha^octeH na cy6cTpaTy HCKHM TexHH^iKO-TexHOJioniKHM nocTymcoM
cnaTepOBaiteM H CJT.). IIojaM H^eaitHH <}>HJIM KOPHCTH ce y CMHCJIV ne-

HapynieH>a KpncTajine CTpyKType (6es npncycTBa ^e^eKaTa, npHMeca H GJI.), a He y
CMHCJiy npocTopne HeorpamraeHOCTH. HHMCHSHJC 4>HJiMa cy TaKBe #a je OH y XY paB-
HHMa GecKona^iaH, a y z npaBUHMa HMa Kona^my ae6jLHHy (L). 3na^H ^a osaj <|)HJIM
noceziyje sse SecKOHa^oae rpaHH^iHe noBpinnne napajiejrae XY paBHHMa H TO 3a: z = 0
H z — L (cjiinca 3.1).

?paReMo aHajiHTH^ncH pemHB cjiyqaj KOJH oarosapa 4>HJiM-cTpyKTypH Koja je
H3 6ecKOHa*iHe. 36or nocTojaH>a rpaHHiia <J)HJiMa ysefieMO jia je eneprnja
o6itHKa:

&nxnynz = 0 3a Hz < 0 H Uz > Nz ,

eJieMeHTH ejieKTpoHCKor rrpecKOKa ca cjioja na c.ioj cy:

Wnxny0.nxnynz = 0 3a nz < 0 ,
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npn je sa csaKii CJIQJ,

''nxnnz;n:f — '' l,n2 = "

rff,e je W - KOHCTaHTa ejieKTpoHCKor Tpanc^epa

Z'

0

A

w
A

W
A

W

W

w A

A
W

A

nz-N2

n,=N,-l

n=N,-2

n=2

n=1

n,=0 X/Y

(3.4)

3.1: IIpeceK Mogejia KpHcraJinor <pmiMa y X(Y}Z

xaMHJiTOHMJan TaHKHX KpucTajiHHX (^HJiMOBa MOHceMo cajja HairHcaTH y

H = Hz + Hp ,

Nz-l

HP = A fl
(3.5)

A a

Omr-l.myO + am^my + 1,0 + amxmy-l,OJ

+ amx-l,myN, + amxmy + l,Nz + amxmy-l,Nz) $ •
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3.2.

TaKO npeTxoano ae4>HHHcaHor xaMHJITOHHJaHa, najnpe HCMO
anxiccoMyxaxopcKe FpuHOBe 4>yHKioaje:

= Q(t) ( anxnynz(t}, a^^^) } , (3.6)

Koje ojipeijyjy paBHOxexcna csojcxsa ejieKxpona y xaHKHM KpHcxaJiHHM
(BKzjexn HoztaxaK 6.1.).

EjieKTpoHCKe FpHHose 4)yHKiqaje ce Mory rapa^yHaTH MHKpoTeopujcKOM
na cjiH^an na-miH Kao IHTO je ypa^eno y npexxo^noj rjiasn. IIoTpeSHo je rrpe csera
4>opMPipaTM jeana^HHe Kpexaaa ztH^epeHajipaiteM npexxo/iHor nspasa no speMeny:

"77 ^rninynz;mImvmz\':') — ^

(3.7)

H napa^ynaTH oarosapajylae KOMyxaxope (HCXHM nocxynKOM Kao H aa nmeajrae cxpyK-
xype), HaKOH ^era jio6HJaMo:

fa jt G^(t] = ih 8^ &(t) + &Grt,A(t) -

— W Gnx+l,nynz;m(t} + Gni-l,nynz;m(t} + Gnxny+l,nz;m(t)+ (3.8)

speMCHCKe H .nejiHMH^He npocxopne

,; i

r c c _ •*• V^ pi(kxa,x(nI-mx)+kyay(ny-my)} c
lJnxmxv'nymy(JnzTnz — J.T »y / , c "

(rjte je: n2 = 0, 1,2, ...Nz H ax = ay — a), xe saMenoM ropitux xpanc^opMauHJa y
Kpexasba (3.8) aoGnja ce:

+ CO

- — J] / du e~lujt e'a[*x(ll'~mi)+*»(Tl»~m»)1 {[^cj- A +
r?-i M/ /. ;. -^

= 0 ,

4IIpocTopHa 4>ypHJe-TpaHC(|)opMaiDija Mopa 6nTH nejiMMMMHa ( n r n ^ n ^ ) —* ( ^ r , ^ y , n z ) jep je nocMa-
xpaHH cHCTeM orpaHHHeH nyac j-npaBua.
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CMJHOCHO:

.,m,(kxky;w) + (3.10)
ih

+ W[Gnz+1.>mz(kxky;u) + Gn,-i.,mt(kxky;u)] = — <5n2mz ,
/7T

Koja BasKH 3a 1 < nz < Nz — 1. YKOJIHKO je nz — 0, jezcsa^HHa KpeTa&a HMa o6jiHK:

d_
~dt

n 0-m(t} — WGn n i-rn ~ (3 .11)
r T

- W

OypHJe-TpaHc^opMaiiHJa, y3 ycJios nz — 0, zjoSuja ce

+ 00

""Z \• yi I c\zZTT

O/IHOCHO:

- A + 2^(0030^ + cosaA;,/)]G!o;mz(^^;a;) + (3.12)
ih

z(kxky]u] = — <50,mz .
ZTT

cjiy~q:ajy nz '= 1, je^Ha^JHHa KpeTaita lie SHTH:

niny0;m - W Gnx+l>nyl.,A(t) + GB,-i,n,i;«

ih
G Nz.mz(kxky]U}}} = — 8

ZTT

nocTymcoM Kao y npeTxcumoM cjiy^iay, npeKo
(3.9), aoGnja ce:

[hu - A + 2W(cosakx + cosaky)]Gl.mz(kxky;u} + (3.14)
ih

+ W[Gi.,m,(kxkv\u) + GQvnt(kxky;ui)] = — 6ltTnz ,

ce 33. nz = Nz — 1, HCTHM

.i.,m,(k:!:ky;u)+ (3.15)
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3a j nz = TV,, j Kpexaita ce na HCTH CBO.HH Ha:

(3.16)
in

;u) = — 8Nzmz
ZTT

MOJKCMO 4)opMHpaxH CHCTCM o£ jeffs&^3aHa (3.10), (3.12) H (3.14-16). CsaKy
OBHX jeana^HHa aejiHMO ca VF, npn

CHCTCM

a; A
Q = H-— - — + 2 (cosakx + cosaky) ;

e ,,napa3HTCKH
HMa

nr - 77;n z ,m 2

6.1., na je OBJIC

Q GO + GI — /Co

+ Q GI + G-2 — K-i

+ Q G-2. + G's = JC-2

(3.17

— !C (3.18)

GNZ-\ Q GNZ =

Osaj CHCTCM zu-NjtepeHiXHHX ajire6apcKHx jeaHa^HHa ca^pacn Nz + 1 HenosHaxHx
HOBHX 4>yHKim:ja: (?o, GI, G?, . . . , GNZ. Ha ocnosy OHHITHX ajireGapcKHx
jacHo je ,na ce HenoBHaxe nory HspasHxn Kao:

DUz npejtcxaBJBa oarosapajyhy ,,3aMencKy" jeTepMimaHxy, a -D/v.
CHcxeMa.

y uHJBy ocHOBHor saziaxKa osor HcxpaxcHBaH.a, a xo je o^pe^HBaite CJICKXPOHCKHX
eneprHJa, noxpe6HH cy naM HOJIOBH FPHHOBHX ^yHKnuja (BHUCTH JJo/taxaK 6.1.), KOJH
ce ao6HJajy Ka^a HCTC xexce 6ecKonaMHOcxH. rnxo ana^m aa Mopa

(3.19)
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VN i ( e ) =

^ 1 0 0
1 0 1 0
0 1 0 1

0 0 0 0
0 0 0 0
0 0 0 0

• • • 0 0 0 0
• • • 0 0 0 0
• • • 0 0 0 0

. - • 1 1 0
• • • 0 1 0 1
• • • 0 0 1 0

(3.20)V J-^^ )

Af_j-i

T>NZ+\(Q) npe,ncTaBJt>a aeTepMHnaHTy cncTeMa H MOXCC fla ce HaiiHiiie y passHJenoM 06-

e

i ( e ) = Q2 PNZ-I - 20 PNz-2 + PNZ-Z , (3.21)

KapaKTepucTir^HH HeGmneBJteB IIOJIHHOM npyre spcxe (BHUCTH
6.2.).

3.3. 3aKOH juicnepanje

ropity aeTepMHHaHTy ca HeGraneajBeBUM nojiHHOMHMa

Ha (3.19), TJ. 3a PNz+l = 0,

7T U

ce:

Ha ocHosy osora H j

je cos C^ — ~ cos

A^ + 2 '

(3.17)

= A — 2W (cos akx + cos aky — cos £M) ,

i/) , v = Nz + 2 — /i, a

; v = 1,2,3, . ..,^ + 1

ce aa je:

(3.22)

(3.23)

(3.24)

(3.25)

OBHX pejiamaja y (3.21) H ysHMajyhn y o6snp aa je E%(v] = Hu,, H A = 6PF,

£*(")=-^U,+£*», (3-26)

•

sm
Hspaa (3.26) npe^cTaBJta saKOH jtHcnepsuje c;ia6o Besannx ejieKTpona y 4>HJi\n- H
HCTy 4>opMy Kao nspas (2.20) aoGnjen aa HjieajiHe HeorpaHH^ene cxpvKType. c
mTO je TaMO kz npaKTH^iHO KOHTHHyajino npOMeHJBHBO (y HHTepsajiy [0,7r/a])5 Kao LQTO
cy kx H fcj,, a OBae je ancKpeTHO - aaTo HapaaoM (3.25).

5IIocMaTpaMO caMO ,,/iecHy" noJiosHHy cneKxpa (kj > 0, j — x,y,:) 3Hajyhn aa je OH or:
CHMCTpHHaH.
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Tora, yo^asa ce sa je:

0, 7V 2 T- /I

nomTO je y mrraifcy xanaK 4>HJiM, O^HOCHO: Nz <C ( N x , N y ] w.

' *-imax _ _ . imax _ _
~ ' 2 ~

MHHHMaJiHe H MaKCHMajiHe speztnocxH sa z, na npeMa XOMC H 3a ^, nocxojn
jom Nz — 1-a aHCKpexna Bpe^nocT.

y CKJiafly ca rope noMenyxnM, jtoJiasHMo no aaKJByqKa aa ejieKxponcKH cnexxap y
xaHKOM 4>HJiMy noce^yje asa eneprexcKa rena, HOH>VL g vs. ropitH h:

— pmin cmin / \ cmax cmax L /q OQ\ Cf Cb — \r , r, — Cb Cf ~ n (3.^)

/ osHa^aBa <|)HJIM, a 6 6ecKOHa^tHy cxpyKxypy). BHUH ce aa BejiHMHHe renosa
Harno onaaajy ca ae6ji>HHOM 4>njiMa (KBaapaxHa saBHcnocx). To sna^oi ^a je

ersucTeHrcuja Besana caMO sa yjixpaxaHKe (nano) cxpyKxype.
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4. EjieKTpoHH y KBaHTHHM 2KimaMa

HocMaTpa ce Haeajina KsaHTHa JKHiia npocxe KySne KpHcxaJiHe CTpyicxype.
3HJe JKraie cy TEKBC aa je OHa y x npasny 6ecKOHaima, a y y H z npasujiMa HMa

X H ^2). Sna^n #a osaj CHCTCM noce^yje £Be rpamrane noBpirraHe napa-
XZ paBHHMa H TO sa: y = QvLy = Livs. ose rpaxavme noBpnmHe napajiejine XY

paBHHMa 3a: z = 0 n z = £2-
cy rpaHKWHe noBpiimne KBanTHe ^cime yseTe HopMajino Ha y v\. z - npaBiie,

cjiojesa ny VL nz y (3.1) - yanMajy spe^HOCTH ny = 0, 1,2, . . . , Ny ; nz —
0,1,2, . . . , Nz rae je Ny/z G [2, 20]. HimeKc nz, KOJH o^pe^yje nojionaj aioivia y
csaKOM cjiojy MOJKC HMaTH nponsBOJtHe ne:io6poJHe Bpe/iHOCTH (npaKTH^mo, cxa — oo, ao
+00).

PasMaTpaheMO aHaJiHTH?qKH penniB cjiy^caj KOJH oarosapa cTpyKTypH Koja je ,,nce^e-
na" us GecKona^He. 36or nocTojaH.a rpamma xcraie yseheMO as, je eneprnja ejieKTpona

A = n -^a 77 / < n i71 ̂  7i y Ti ̂  «-**-* "UIZ 'vr\JIZ •*" •*• ' V / . 3 5 / 4 -i '

Aninynz = A 3a 0 < ratf/2 < 7Vy/2 , ^ ' >

a MaTpHWHH ejieMeHTH ejieKTpoHCKor npecKOKa ca cjioja aa cjioj cy:

— n -^a T? <- n— U Jd /iy \ ,

— D -*a n ^ AA— U JCt /(.y >> J V y , .

-H^ 3a 0 < n < ^ V - l ^ *VV J5d U _ ^ ' t - y _ ^ ; i V y 1 ,

H
WnxnyQ.ninynz = 0 sa nz < 0 ,

W/n»ns^,;n,nyn, = 0 3a Uz > Nz ,

Wninyn2ininy,nz+1 = W aa 0 < n , <#,
W^ansn,;n,»s,n,-l = ̂  3a 1 < 7Z2 < Nz ,

je 3a csaKH GJIOJ,
" nxnynz;nx±.\,nynz = " )

je W - KOHCxaHTa ejieKTpoHCKor Tpanc^epa naeajinor

4.1. Mo^GJIHH XaMHJITOHHJaH

EjieKTpOHCKH XaMHJITOHHJaH KBaHTHHX JKMja CJIIWHO KaO H KOfl 4)HJIMa

y o6nHKy 36npa asa xaMHJiTOHHJana, TaKO ^a je sanpeMUHCKH

-\z-\ i 771^=1 m z — 1

Tn^my+l.mj + flmimy-l,mz 4~ ^mimyrrij+l r am.xmvmz-lj j j
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Ny-l

I
my—1

J Vy — J.

TT _ \^ \^ f +

nP ~ / > / > ^m^m^O

yQ \a<mx+l,myQ + Clmx-l,myO + amimv + l,0 + «

O-mx-l,myNz + C-mxmy+l,Nz + amxmy-l,Nz)f

(4'6)
771^ :̂1

rnz amx+l,Qm, + flmj-l.Omz + amxO,mz+l + O-mxO,m

zNymz (amz+l,Nym, + 0-mx-l,Nymz + amiNymz+l + a<mxNymz-l}}

A 2^ \mxOO amxOO + amxNQ amxNyO + amxONz amxONz + amzNNz amINyNz

3a flo6njaH>e saKona ,nHcnep3Hje KBaHTHHX Henna KOPHCTHMO ce anajiornoM
opujcKOM nponeaypOM HBpa^ynaBaita Kao y npexxozma ^sa norjiaBJBa. Y OBOM
y jeaH.a*WHy KpeTaaa (3.8) yso^HMO cjie^ehe speMCHCKe H ^ejiHMH^iHe npocxopne Oy-
pHJe TpaHc4>opManHJe:

~ (4.7)

f> 8 — — ^ fjkxax(nx-mx) c c
nxmxunymy<Jnzmz — A T / j c 'Jn,jmy(Jnztnz >

(rjjeje: ny/2 = 0, 1, 2, ...Ny/z H ar = a). SaMenoM ropitHX Tpanc^opManHJa y j
KpeTaita (3.8) ao6nja ce:

+ 00

— E / rfa; e-1'" ' eI'°**(n--m-) { [̂  - A + W ( etakx + e'ml x
Nx

W Gny+l:nz.mymz(ki:;uj) + Gny,^nz]mymz(kx-u)+ (4.8)

— onymybnzmz > = 0 ,

OflHOCHO:

[hu - A + 2W cos akx] Gnynz,mymz(kx]u) +

,nz.,mym,(kx;u)+ (4.9)

^ VnymyOnzmz •

HB OBC je/iHa^oiHe, a ys rpamraHe ycjiose, noGnjaMO CHCTeMe jiH^epeniLHHX jea-
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1. nz = 0

(a) ny - 0

[fcw - A +

(6) 1 < ny < Ny - 1

[Jia; - A + 2WcosaA:,] GHy,0 + W

(B) ray = 7Vy

Hu - A

2. 1 < n, < Nz - 1

(a) ny = 0

\Hu-A

? >
(70,o + W(GltQ + GO,,} = — 60<my60,m,

(6) 1 < ny < Ny - 1

(flu - A +

-1,0 + GNy<l = —8Ny,

Gny,Uz + W [Gny+i,nz + Gn y_ l i n x+

(4.10)

(4.11)

(4.12)

(4.13)

(4.14)

2?r y' y
,mz

3. nz = Nz

(a) ny = 0

fcw - A + 2V^ cos

(6) 1 < ny < Ny - 1

[ftw-A

(B) n, = 7Vy

f^u - A + 2V^ cos,

W Gny+l,Nl

(4.15)

(4.16)

(4.17)

(4.18)
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Ca,aa MOKCMO c[)opMHpaTH CHCTCM o,n j
ca W, npn ^eMy yBo^HMO osnaKe:

(4. 10-18). CsaKy

(4.19)

<^nn — ^ T T ^ - n j , n z , m y m r

j, H m2 cy wnapa3HTCKn" na cy osae H36a^eiDi). IIoMeHyTH cHcxeivi
oima HMa onniTH

Gny,nz-l + 0 Gny,m (4.20)

OBO je sanpaso 2D CHCTCM ^H^epennHHX ajire6apcKHX je^Ha^HHa (noce6Ho no ny H
noce6Ho no nz) H caapJKH (Ny + 1) x (iV2 + 1) HenosnaTHX FPHHOBHX 4)yHKnHJa.

4.2. 3aKOH

Ha ocHoay onnraix aJire6apcKHX cTasoBa, jacno je aa ce nenoanaTe FpHHOBe 4>yHKnHJe
H3 (4.20) Mory nspasHTH Kao:

rzie je:

oarosapajyliy ,,3aMencKy"

R J 0
J R J
0 J R

R —

0 0 0
0 0 0
000

Q 1 0
i e i
0 1 Q

0 0 0
0 0 0
0 0 0

, a

0 0 0
0 0 0
0 O 0

R J 0
J R J
0 J R

0 0 0
0 0 0
0 0 0

Ny+l

Q 1 0

i s i
o i o

- 2D

(4.21)

(4.22)



: ExeKTpOHH y HHCKOAHMeH3HOHMM cucTeMHMa, ffnn.ji.paff. 20

J je jenHHHTqHa, a 0 nyjiTa MaTpmja (ooe peaa Nz + 1).
y HHJty ocHOBHor saaaTKa osor HCTpajKHsaHia, a TO je o,npe!)HBaH>e

eneprnja, noTpe6HH cy naM HOJIOBH FPHHOBHX 4>yHKUHJa, KOJH ce £o6njajy Kaaa HCTC
TCJKe 6ecKOHa^3HOCTH, niTO 3Ha*&n ffa Mopa GHTH:

VN,+I,N,+I = 0 • (4.23)

KaKo *Divy+i,Nz+i(g) npe^cTaBJBa no3HaTy 2D ^eTepMHHaHTy CHCTeMa, ona MOJKC ffa ce
irpeKo KapaKTepHCTH^iHHX He6nnieBJBeBHX noJiHHOMa jjpyre BpcTe.

(4.21) ce ,,pacnafla" na oaa ycjiosa:

DNy+l = 0 ; RNz+l = 0 , (4.24)

npn MCMy jDyv,,+i npe^cTasJta ,,o6nMHy" aeTepMHHaHTy P^+i^+i y KOJOJ je R saMeaeH
ca g H J ca 1.

PemasaiteM ycjiosa D^y+\ 0 ,no6HJajy ce

QV = -2 cos aky(v] ; ky(v) = - ^ ; v - 1, 2, . . . Ny + 1 , (4.25)

a pemaBaH>eM ycjiosa RNZ+I — 0 jto6HJajy ce spe^HOCTH:

Qu, — —2cosaA;r(//) ; kz(n) — —— ; // — 1,2, . . . Nz + 1 . (4.26)
a Nz -f 2

5 = ^,- = 0n + 9, , (4-27)

rue je:

g = 4:8^-4: ( l +sin2^-£] . (4.28)

Ha ocHosy napasa (4.25-28) £o6HJa ce saKOH ancnepsHJe eJieKTpona y

0 aA;.,. , akv(v\ akz(,
s = sin2 — - + sin2 ̂ ^ + sin2 . (4.29)

Lt £i

ce ^a KBasuHMnyjic ejieKTpona y KBaHTHHM HomaMa y3HMa jnacKpeTHe
y y vi z-npaBiiHMa, ^OK je y x-npaBuy npaKTH^no KOHTHHyaJian.

TaKO^e ce yo^asa Jia je MHHHMa^Ha enepraja e^eKTpona paajiiraHTa off. nyjie
je k™tn = 0) H Jtaxa je

(4.30)

rue cy:

= MD = ;

nspasa (3.29) H (4.30) 3a enepreTCKe renoBe y 4>miM-CTpyKTypaMa H
yKvmaua BHUH ce ^a o6a 3asnce off /inMeH3HJa ysopaKa, aim fla je TO
JKHiia HBpaiKeHHJe jep noceziyjy ff$a orpantraeaa. Ca noBehaH>eM

y3opaKa renoBH



r.IIIyniaK: EjieKTpQHH y HHCKogHMei&HOHHM cucTeMHua, j&nui.pag 21

5.

y paoy cy HCTpajKeioi H anajiiisHpaHH enepreTCKH cneKTpn (Moryha enepreTCKa
cTaH>a) ejieMCHTapHHX Hocmiana HaejieKTpucaita y KpnerajiHHM imeajiHHM 6ecKOHa^t-
HHM, TJ. HeorpaHtraeHHM H y orpaEnraeHHM cryKTypaMa (<|)HJiMOBHMa H >KHnaMa), ca
npuMHTHBHOM KySnoM peineTKOM. Ha ocHosy OBora ce .nonuio ,no cjienehnx
pesyjixaTa.

1. OBC anajiHse cy noKaaaJie GHTHC paaJiHKe y aaKony .gHcnepanje HaeJieKTpncaH>a
y noMenyTHM CHCTeMHMa, Kao HCKJBy^HBe nocJie/iHiie nocTojaita rpaioma cmro-
sapajyhe CTpyKType, y KojuMa enepreTCKH cneKTpn noce/iyjy eneprercKe renose.

renosa saBHce oa jnnMeHSHJa ysopaKa (^;e6ji>HHe 4>HJiMa, O/IHOCHO. ^e6-
H rraipHHe JKime) H seoMa 6pao - npaKTHMHO napa6o^H^ncn, ona^tajy ca H>H-

XOBHM noBeHaaeM.

2. IIocTojaH>e rpamwHHX ycjiosa HMa sa nocjie^imy npOMeny mnpuHe enepreTCKe
3one ejieKTpona. Y oanocy na aony aoaBOJteioix eneprnja HzteajiHHx cTpyKTypa ca
npaKTiWHO KOHTHHyajiHHM pacnopezioM, sona eJieKTpOHCKHX ^osBOJteHHx eHeprnja
y (J)HJiMy je nspasHTO uncKpeTHa. HoBehaEbeM Spoja cjiojesa 4>HJiMa noBehasa ce
6poj aHCKpeTHHX cTan>a ynyTap aone ^tosBOJteHHX eneprnja, Kao H cajvia
OB6 3OHC. KOM KBaHTHHX JKHUa OBa ZIHCKpeTHOCT (Kao H 3OHCKO CyiKCIie) je

MensHOHa - ayjK o6a npasua rjie nocToje rpaHPMne noBpiiMHe.

3. CneKTap eneHTpona y <J)HJiM-CTpyKTypaMa H KBaHTHHM jKimaMa noceayje
aoH>n H je^an ropKbH enepreTCKH ren. Ilocjie/mua nocTojaita goiter enepreT-
CKor rena Mo»ce ,na ce TyMa^w. na cjiejehu HaMMH: OH o/jrosapa eneprajn oc-
HOBHor cxaita eJieKTponcKor cucTCMa n npeacTasjLa naJMaifcy enepmjy Kojy Tpeoa

6n y <J)HJiMy erancTHpao eJieKTpoHCKH rac. Cse ^o TC eneprnje (aKTH-
TeMnepaType) eJieKTpoHH ce Mory HaJia3HTH caMo y HCKHM on Besamcx

cTaH>a. C apyre cxpane, nojasy ropiter enepreTCKor rena MOJKCMO TyMa'tiHTH H
TaKo ma ce y 4>miM-cTpyKTypaMa, aa BeJinqHHy MHHHMajiHor enepreTCKor rena,
,,cnynrra" OepMHJes HHBO. CaMo eneKxpoHH ca eHeprajaMa BehHM op. OBC MHHH-
Ma^iHe, Mory aa y^ecxsyjy y TpancnopTHHM H ocxajiuM 4>H3H^KH HHTepecaHTHHM
nponecHMa, na ce jiaKO MOJKC saKJtyMiiTH aa ce TO jiaiane ocTsapyje y (|)HJiMOBHMa,
a joni HHTeHSHBHHJe y jKtmaMa.

4. Cse paajiHKe H3Me^y nocMaTpaHHX (HeorpamweBMX H orpaHPi^ieHHx)
cHCTeMa cy HapaiKenHJe, nrro je 4>MJiM Taitn, a senna xaita H ysca, H
sajy Kaaa ^e6ji>HHa 4>EUiMa, oanocHO ae6jBHHa n nrapHHa KsaHTHe xcune, TOKH
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6.
FpuHOBe 4>YHKmije H ^eGmneBJBeBH HOJIHHOMH

y OBOM jejiy 6nhe ztaxe rpy6e OCHOBC Teopuje jmneapHor ojisuBa H FPHHOBHX
4>yHKiiHJa y 4>H3nriK KOKweHSOBane Maxepuje H KJByqmi ejieMeHTH HeGmneBJteBHx HOJIH-
HOMa KOJH ce, Kao anaJiHTH^iKO peineH>e, jaBJLajy y npo6jieMy npuMeHe MeTozia FPHHOBHX
4>yHKimja na orpaioraeHe CHCTCMC.

6.1. Meiofl FpHHOBHX (J>yHKi^H:ja

IIo3HaBaH>e FpuHOBicx <|)yHKiiHJa OMoryhasa HaJiajKeite eneprHJe OCHOBHOF
CHCTeMa, cneKTpa H BpcTe ejieMeHTapHHX no6y§eH>a, aaTHM, TepMO^HHaMKMKa csojcTBa
y paBHOTejKHHM H HepaBHOTeacHHM cTaH>KMa nocMaTpanor CHcxeMa.

BeoMa 6nTan 3a^aTaK cTaTHCTHMKe <^H3HKe je HaJiajKeite cpeaH>HX spe^HocTH ,HH-
. 3a BeJiH^iHHy A(x, t) cpe^ita speanocT ce ae4>nHHme Kao:

, t ) e t ) , (6.1)

je:

g t = e^5(t,t0)e-^ (6.2)

HepaBHOTejKHH CTaTHCTKPiKH onepaTop, a ^0 - paBHOTejKHH cxaTHCTirqcKH onepaTop6.
AKO ce (6.1) saMem-i y (6.2) n H3Bpnie ase mncjiK^He nepMyTamaje onepaTOpa, ao6nja
ce:

(A(x,t))t = ( S - 1 ( t , t a ) A ( x t t ) S ( t 1 t 0 ) ) 0 1 . (6.3)

je

EQpejpaHrepoB onepaxop A(x,t), HanncaH y penpeaeHTanHJn HHTepaKnjije.
( • • • )t osHa^ene cy nepaBHOTexcHe, a ( • • • } „ paBHOTescne cpe^ite Bpe^nocTH. S(t, t 0 ) je

onepaTop, TSB. MaTptma pacejaH>a:

5(i,t0) = Texp (6.4)

AKO ce 5-MaTpraia passuje y pezi n saflpxcn na npsa ^sa ^Jiana, imo oarosapa
jinHeapnoj anpOKCHMamaJH no HHTepaKrpajn W(t):

63a HspaMyHaBaite HepaBHOTeacHHX cpeaH>nx BpeanocTH HajnoroaHHJe je KopncxnTH paBHOTeaiHH one-

paTop BCJiMKor KaaoHMMKor aHcaM6jia: g0 - e(n+M^°'~'Vo)/9, jep je BeJiHKa KaHOHMMKa pacnofle.ia Haj-
omiiTHJa (ona yKJbyMyje aaKOHe oapacaita cpeaite eneprHJe H cpezoter 6poja Mecxraia).
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je

, *))„ + 1 jf ' (ft'{.4(x, *)IW(f ) - TW(f)^(*, <)>o • (6-5)

KaKO XPOHOJIOIUKH onepaTop T aejiyje caMO na W(t'}, ne Mopa ce iracaTH y ropiteM
nspasy. Hapas HMa CMHCJia caMO sa t > t1 , na ce Hcnpeji nponssoaa onepaTopa A viW

XeBHcaj^oBa CTCH (^ymcrcuja 0(t — t'), #e<!>HHHcaHa Ha

36or ^iera HBpas (6.5) npejiaan y:

(A(x,t))t = (A(x,t)}0+L(t,ta), (6.6)

je:

1 r . .
i/) - W(t')A(x,t))0 (6.7)

0

H nasHBa ce jmneapHH oaaHB HJIH peaKimja cucxeMa na cnoj&ainH>y nepTyp6annjy W(i).
PajiH aaj&e anaJiHse jinneapHor o^sHBa noTpe6no je H3BpirnaTH KomcpeTHsannjy W(t).

Je/ma OR onmTHJHx 4>opMH xaMmiTOHHJana cnojBaimfce nepTypGartuje je:

Hint(t') = Jdx'B(x',t')£(xf,t'), (6.8)

npn ^eny cy B(x', t') - onepaTOpn HCKC HHHaMnqKe Bapnja6jie 5, a e(x', t') - <|)yHKHHJe
Koje HCMajy onepaTopCKy cxpyKTypy H noHCKa^ ce HaaHBajy C - 6pojeBHMa. KaKO je:

T 7 / , x , . ,
W(t) = exp( — — ) Hint(t) exp ( -— ) , (6.9)

V in / \ /

na ocHOBy (6.8) H (6.9) onepaTop W(t'} he Guru:

W^(i') - I dx'B(x', t') e(x', <') , (6.10)

je

= exp - 5(x',0exp (6.11)

IIIpejiHHrepoB onepaTop HaimcaH y penpeseHTamaJH HHTepaicmije. SaMenoM (6.10) y
(6.7) ,ao6nja ce:

L(t,t0) = ^- ( dx' f* dt'e(x',t') G(x,x';t,t') , (6.12)
in J Jt

e

G(x, x'; t, 0 = Q(t - t')(A(x, t}B(x' , t'} - B(x' , t'}A(x, t))0 (6.13)



ExeKTpoHH y HHCKOjwMeH3HOHHMcMCTeMHMa, xwiji.pax 24

H Haansa ce ffBOBpeuencKa TeMnepaxypcKa perap^oaaHa (pyHKimja Fpmia. Ona
aasHCH ojz 6N + 2-e npoMeHJBHBe (asa nyxa no Tpn npocTopne H ase BpeMencKe). AKO
je npocTop xoMoren (6es ae<J>eKaTa. npHMeca HT.ZJ.) onqa FpHHoea ^ymcmija, Kao H>e-
rosa 4>H3H^nca KapaKTepucTHKa, He sasnon oa KOH4>nrypannoHHx Koop^iiHaTa x H z'
noHaoco6, seh o^ ituxoBe pasjiHKe x — x', na ce 6poj npOMeHJBHBHx CBOJH na 3N + 2.
AKO opuTHHaJiHH onepaTopn ne aasuce eKcnjinrcnTHo on BpeMena, TJ. A(x,t) = A(x)
H B(x,t) = B(x] Ta.ua FpHHOBa 4>ynKicHJa ne sasHCH oa BPCMCHCKHX KoopaHHaxa t H
t' noHaoco6, seh o^t H>nxoBe pasjiince t — t1 vi yKynan 6poj npoMeHJBHBHX ce CBO.ZJH na
3N + 1. y TOM cjiyciajy FpHHOBa (J)yHKUHJa (6.13) npeJiasH y:

G(x,x';t,t'} — >• G(x -x',t-t') =

= &(t-t')[JAB(x-x',t-t')-JBA(x-x',t-t')} . (6.14)

cy yBe^ene KopeJianHone 4>yHKruije:

-x',t- 0 = (A(x, t)B(x', 0)0 ; JBA(X -x',t- t') = (B(xf, t')A(x, t))0 (6.15)

Koje y ce6n caap^ce csy Heonxozrey HH^opMaunjy o CBojcTBHMa nocMaTpanor cncT6Ma.
KB OBOE paa^ora MCTO,H FPHHOBHX (J)yHKHHJa HMa nsyaeTan ana^aj y TeopujcKoj

AKO ce H3Bpnni CHM6oJiHrqKa CMena: x — * nvix' — * mvi nocTaBH VCJIOB t1 — 0, napaa
aa FpHHosy 4>yHKiiHJy Moace R& ce Harcmne y cireaeheM o6jiHKy:

Gm(t) = ({A-W I ^(0)}) = Q(t)(An(t) , ^(0)}0 . (6.16)

3a HajpacnpocTpaH>eHHJn na^oiH HspaMyHaBaita KOpejianHOHccc 4>yHKnnja, na npeMa
TOMC H CBJCC pejiesaHTHHx KapaKTepHCTHKa cncT6Ma, CMB/rpa ce MCTO ;̂ je^Ha^nma Kpe-

aa FPHHOBC 4>yHKUnje:

—r - -
dt dt

, B*(Q) (6.17)

d -
y\.3-J3GHD6prOBICC J6ZPH3»^HHcL KpGT3JEi>3* 2/Z~r~"wT.^tJ —- [-^fil,^/? -̂  \j ^^ Oncp9,~

at

OCHOBHHX

osaj H3pa3 ce CBO^H na:

(6.18)

je Cjjrs KopejianHona 4>yHKiinja, Cfim = ([A*(t),Br?i(Q)]}.
HnTepecaHTHO je jom no^Bylaii jia, FpHHose (J)yHKn[HJe HMajy H jty6ji>H ^IOH^KH CMH-

cao. HaHMe, peanHH ^CJIOBH H>HXOBHX noJiosa npe^cTaBJBajy eneprnje
no6yl)eHia ^IOK pemrapoMHe BPC^HOCTH piMarHHapHHX aejiosa H>HXOBHX no^toBa
speMena acHsora TKDC
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