Jlekuisg Ne3

KBa3ivacTMHKH Ta IX XapaKTePUCTHKH.
KoHTpo/IbHI NTUTaHHA 10 MaTepiajy JeKIlil.

II{o Take CTPYKTYPHi OIMHUILI pe4OBUHH?

. Illo Take KBa3iYaCTMHKH, AIK JOBI0 BOHHM 3KHBYTb, i YOMY MOXKYTh
CJYTYBATHU NMPUKJIAI0M KBAHTOBO-MeXaHiYHOI 1yaJJbHOCTi pe4OBUHH?
J/{Ba THIIH eJleMEeHTAPHUX 30y/1:KeHb, PUKJIAIN.

Di3UYHI XapAKTEPUCTUKH eJIEMEHTAPHUX 30y/1’KeHb

OCHOBHI NPUHIMIIA KBAHTOBOI MEXaHIKH.

IIlo Take MaTpunsi rycTHHH (200 craTHCTHYHHII omepartop)? Sk
BHPAKAIOTHCH cepedHi 3HAYeHHS KBAHTOBO-MEXAHIYHMX BeJIUYHH
Yyepe3 MATPHIIO I'YCTHHH (CTATHCTUYHHI omeparop).
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Jiis1 momyky BiamoBifeil Ha 3a3Ha4YeHi KOHTPOJIbHI MUTAHHA KOPUCTYBATHCH
MaTepiajaMu NONEpeIHiX JIeKWii Ta JiTepaTypold 3 OCHOBHOIO CIHCKY,
HA/IAHOT0 JIEKTOPOM.

Ak yxe Oyno BUAHO 13 TOMEPEIHIX JEKI[id, KOHJICHCOBaHA Marepis —
HA/J3BUYAHO CKIIQJHE YTBOpPECHHS. BOHa € CHCTEMOIO CHIJIBHO B3a€MOIINHHMX
CTPYKTYPHUX OJWHUIlb, 110 3IMCHIOIOTH CKJIQJIHI KOJWBAJIbHI PyXH SIK IILJIICHE.
KpiM TOro, $KIIO TOJOBHUMH CTPYKTYpPHUMH OJMHUIIMH € OararoaTOMHI
€JIEMEHTH, TO KO’KHA CTPYKTYpHA OJIMHMII Ma€ BHYTPIIIHI CTYMEH1 BIILHOCTI, 1110
BU3HAUYAIOTh XapaKTep KOJIMBAHb ii CKIAJOBHX aToMiB. HeMoxImBO mepenbadntu
3a3/alieriib, SKMMHU BJIACTUBOCTSIMHU HaJUIeHa 3ajaHa KOHQIrypailisi 4aCTHHOK.
Tak 1m0 mpu TOCIIHPKEHHI KOHJEHCOBAHUX CHUCTEM 1CHY€ NMPAKTUYHO HEBHUYEPITHA
MOJKJIMBICTh BIAKPUTTS HOBHX HEBIJOMHUX SIBHII 1 BIacTUBOCTeW peuoBunu. o i
MiATBEPKYETHCS YHMCICHHUMH BIIKPUTTSIMH B JIaHii 005acTi, 3po0JeHUMHU
BIIHOCHO  HEJABHO. Hampuknan, BIIKPUTTAM  BHUCOKOTEMIIEPATYPHOI
HAAMPOBIAHOCTI, rpadeny, QpyaepeHiB TOIIO.

]

Bikinenis. I'padgén — nsoBumipanmii marepian®’, oxma 3 anmorpomHEx (opM ByIJIeLo,
MOHOATOMHHM IIIap aTOMIB BYTJICIIO 13 TEKCAarOHAJILHOIO CTPYKTYporo. ['pader OyB BikpuTHii B
2004 Aunpiem T'eitmom Ta KoctssaTHOM HOBOCKOIOBHM 13 MaH4ecTepchKOTO YHiBEpCTETY. 3a



ne BigkpurTs I'eiim Ta HoBockonoB Oynu Haropomxeni HoGeniBcbkoio mpemiero 3 (i3ukH 3a
2010. OcHOBHOIO OCOOJMBICTIO YKMCTOTO TpadeHa — MBOBUMIpHOI MoaudiKallii BYrJeo — €
BIZICYTHICTb Y HbOMY 3a00pOHEHOI 30HH, IIMPUHA SKO1 JIOPIBHIOE HYIIO

Bikinenisi. ®yaepénu a6o 6axi6osm — ojHa 3 KiabKox agoTponHux mMoaudikamiin KapGomny.
Haiigimomimmii ¢gynepen — monekyna Cgo, sika Mae imeanbHy Gopmy ¢GyTOOIEHOTO M'saalll,
Binkputi B 1985P0o6eprom Kepnowm, ["aponsaom Kpoto # Piuapgom Cmomi'™, 111 MOJeKynu, o
CKJIaJaloThCsl TNbKH 3 aTroMiB KapOoHy, oTpumanu cBoio Ha3By Ha 4yecTh Piuapma bakmincrepa
dynepa — apxiTeKTopa, 10 MPOCIABUBCS MOOYIOBOIO aXypHUX KymoumiB. [leprioBigkpuBaui
orpumanu HobGemiBchKy mpemiro 3 Ximii B l996poui[1]. [Tpuponni ¢ynepeHn MOXXHA 3HAUTH B
caxi. Kpucraniuna gopma dynepeHiB Ha3UBAETHCS (PYJIEPUTOM.

Bikinemisi. Anorpomisi (Bin rp. dllog, allos— inmmii i tpdémog, trOPOS— BIACTHBICTH) —
SIBUIIEC YTBOPEHHS €JIEMEHTOM IBOX a00 KiJIBKOX IMPOCTHUX PEYOBHH. Tak MpocTa pedoBHHA
kuceHb O, 1 mpocta pedyoBuHa 030H Oz € aNOTPONMIYHUMU BUAO3MIHAMH €JIEMEHTY OKCUTEHY.
Byrneus, docdop, cipka 1 iHII €JIEMEHTH TaKOXX YTBOPIOIOTH aJOTPOMIYHI BUIO3MIHH.
AnoTpomiuHi BUJO3MiHH, a60 Moaudikalii, 00yMOBIIOIOTbCS a00 PI3HOIO KUIBKICTIO aTOMIB Y
MOJIEKYJIax, a00 pi3HOI0 KPUCTATIYHOK OYIOBOIO TBEPAMX TiJ, IO CKJIAJAIOTHCSA 3 aTOMIB TOTO
CaMoOro XiMIYHOTO €JIEeMEHTY. SIBUIaMu anoTporii MOSCHIOETHCA 1 TOW (hakT, IO MPOCTUX
PEYOBMH BIIOMO 3HAYHO OuIbINE, HDK XIMIYHUX eneMmeHTiB. Bigomo monan 400 mpoctux
pPEYOBHH, a XIMIYHUX eleMeHTiB — jwuie 118.

Takum dYMHOM, TOYHMIA TEOPETUYHUN PO3PAXyHOK TMOAIOHOTO POy
0araTo4acTMHKOBUX CHCTEM Hapa3i HeMmoxnuBui. [lo-mepiie Tomy, M0 4YHCIIO
gacTHHOK BenmuesHe (~ 107 wactuok B 1 ca’), i, mo-gpyre, e i TOMY, 110 BOHU
CHUJIBHO B3a€EMOJIIOTh MK C00010. binmbmr Toro, HacmpaBmi 1 MIKpPOCKOIIYHUN
BUTJISI] BJIACHE B3a€MOJIi1 HACITIPaBIl HE BimoMui. [3-3a B3aemMo/Iii 4aCTHHOK TTOBHA
€HEepris Takoi CUCTEMH, IO MOBWHHA BU3HAYaTH ii BJIACTUBOCTI, HE € CYMOIO
eHepriil OKpeMUX YaCTUHOK, SIK Yy BUMAIKY 11€aTbHOTO Ta3y. A 1/1ealbHU ra3, sK
MU am’ siTaeMo, € came [JIEAJIOM sik cuctema, 110 10IycKae TOUHUM OIHUC.

I3 mMatremMaTM4HOI TOYKU 30py T'OJIOBHOI NMPUYMHOIO TAKOrO0 HaA3BUYANHO
IIPOCTOr0 OMHUCY € Ta o0CTaBMHA, IO CHEpris ijealbHOro rasy (a 3HAYMUTH, 1
raMiJIbTOHIaH) MAa€ JJOCUTh MPOCTHI BUTJIST

E=> Ev, (1)



ne E - eHepris cTpyKTYypHOi OJMHHMII 1l€albHOTO rady B CTaHi 3 HaOopoMm
¢i3muHMX xapakTepucThk | 1 Y, - UHCIO 3amOBHEHHS BiANOBITHOTO

C€HEPreTUYHOTO PiBHsI, TOOTO, YMCIO YACTHHOK 0araTOYaCTUHKOBOI CHCTEMH, IO
3HAXO/SITHCS cCaMe B JJaHOMY CTaH1. 3BiJICH CTIOKYyca i «O0KEBUTbHA TyMKa»: «A 4u
HE MOXXHa OIMUC MPOIECIB 1 ABUI y (PI3UII KOHIEHCOBAHOTO CTAaHY 3BECTH JIO
OTHUCY 1X Y paMKax MOJIeJ 1/I€aJIbHOTO Ta3y»?

BusiBnserscs, moxknal!!l Ilpuuomy, sk He mapagokcajabHO, camMe HasBHICTb
CUJIbHOI B3a€MO/IIi MK YaCTHHKaMU pOOUTH Taky aOCypjHy, Ha MEPIIUN OIS,
i71e10, IIIIKOM peai30BHOI0. A caMme, B CHITy HasiBHOCTI B3aeMoii (i criibHOI!) Mik
CTPYKTYPHUMHU OJMHHUIIIMUA KOHIEHCOBAHOI PEUOBMHHM OYyIb-SIKUM pyX y HIHA €
KOJIEKTUBHUM. HaBiTh SIKIIO MEBHUM YWHOM BAQJIOCh BUBECTHU 13 CTAHy PIBHOBAru
OJIHY CTPYKTYpHY OJWHHWIIIO, CHWJIbHA B3a€EMOJiA Tepenac 30yIKYyIOUnuid BILUIUB
O0araTbOM YacTUHKAM cepefoBHINa. SKmo Take 30y/HKeHHS HE TPHUBOIUTH 10
CUJIBHUX BIJIXWICHb CUCTEMHU BiJ il OCHOBHOTO CTaHy, TO UM HE MOXXHA €HEPTiio
30y/DKEHOr0 CTaHy CEepe[oBHIIA MPEICTaBUTU y BUIUIAAI eHeprii E;, ocHoBHOro

(He 30ymKeHoro) i crany Ta eHeprii 30ymkeHHs? EHepris 30y KeHHS MOBHHHA
OyTu Habarato MEHIIOK 3a €HEPTik0 OCHOBHOIO CTaHy 1 MpeACTaBie€Ha y BUIJISII
cymu eHepriii E, enemenTtapanx (To0TO, TaKMX 110 HE MOKYTh OYTH 3BEIEHUMH JI0

OUTBII IPOCTHX) PYXiB (30yIKECHB):

=EO+Z|]EV.- (2)

Came Taki eneMeHTapHI 30y/PKeHHS, KBaHTH PyXY, HEMOIIbHI Ha OUIbII MPOCTI
OJIMHUII » KOJUIEKTHMBHOTO pyxy, 1 HasuBaioThcsi KBASIYACTUHKAMM 3
eHepriero E,. Takum 4MHOM, OIHUC CUCTEMM CHIIBHOB3AEMOAIMHUX CTPYKTYpPHHX

OJIMHUIb 3BOJUTHCS JO OIMUCY CHCTEMHU B TEPMIHAX XapaKTEPUCTHK TEX, Y
NEBHOMY CEHCl CTPYKTYpPHHMX, OAMHHIIb — KBa3l4aCTHHOK. To00TO, mO cyTi
BIIOYBA€TbCSI THUM CAMHM TI€peXii J10 HOBUX CTPYKTYpHUX OJAMHMIIB!!!
IIprkmeTHO, 10 B €Heprii OCHOBHOTO cTaHy E, kpueThcs iHOpMAaLis PO CHIIbHY

B3aEMOJIII0 MK «IIEPBUHHUMU» CTPYKTYPHHMH OIWHUIIMH pedoBHHH. JIeTKo
0auutH, mo Gopmyna (2) BigpizHsernscs Big popmyinu (1), mo e popmyioro eHeprii
171eaJlbHOrO ras3y, TUIbKM HAasBHICTIO J10JaHKy E, - eHeprii oCHOBHOro cTaHy
cuctemu. ToOTO, SIKIIO BIAETHCS MPUBECTH SHEPIil0 CUCTEMH 10 BUIIALY (2), TO
BJIA€TBCSA 3BECTH 3a7adyy IIPO OMNKMC KOHJCHCOBAHOI CHCTEMH 3 CHIIBHOIO
B32EMOJIIE€I0 MIXK CTPYKTYPHUMH OJMHMIIIMH JI0 OIUCY B TEPMiHAX XapaKTEPUCTHK
ineanpbHOro raszy. Cama 3amavya 3BEJACHHS JIO OINKHCY CHUCTEMH B TEpMiHaX
I7ICAJTBHOTO Ta3y Ha3WBA€ThCS KBAHTYBAHHSIM CHUCTEMHU. TyT CIJ CIEmiallbHO
3a3HAYUTH, 110, SK YK€ MJAKPECIIOBAIOCh HAa TOMEPeaHIA JEeKIil, YaCTHHKU
KOHJIEHCOBAHOTO CEPEIOBUIIA TIAKOPSIOTHCS 3aKOHAM KBAHTOBOI MEXaHIKH, TOMY
BJIACTHBOCTI CYKYITHOCTI YacTHHOK, IO CKJIQJa0Th TBepiAe Tiio (abo pimuHy),
MOXXYTh CTaTH 3PO3YMIUIMMH JIMIII€ HA OCHOBI KBAHTOBUX YSIBJIEHb. TaKUM YHHOM,
caMe pO3BUTOK KBAHTOBOI TeOpil KOHJEHCOBAaHMX CEPEIOBHUI IPHUBIB O
CTBOPECHHS CIEMIAIbHUX (PI3UYHUX TIOHATH, 30KpeMa, MPUBIB 10 KOHIEMI]
KBa314YaCTUHOK — €JIEMEHTApHUX 30y/KEHb YCi€l CYKYIHOCTI B3a€EMOJIMHHUX



YAaCTUHOK — 1J€alhbHOT0 Ta3y KBa3iyaCTUHOK. YoMy K y TaKOMy BHITQJIKY
KBa314YaCTUHKM Ha3BaH1 BUIIE «ciaaOkoB3aeMoiiHumu»? [lepin 3a Bce Tomy, 1110
npoleaypa KBaHTyBaHHS, SK MOOAYUMO Naji, € HaOIMKEHOI0, peai30BHOI0, SIK
IIPaBHUJIO, B paMKax IeBHOI Teopii 30ypenb. ToOTo, y dhopmym (2) noBuHHI OyTH
JOJTaHKW, BHECOK SKWX JIO TPOIECIB 1 SBUI, IO BHUBYAIOTHCS, MOBHHEH OyTH
HE3HAYHUM Yy IMOPIBHSAHHI 31 BHECKOM OCHOBHHMX uieHiB. Lli momaHku MoKHa
TPaKTyBaTH SIK B3aEMOJIII0 Mk KBa3ldyacThHKaMu. CHUTyallisl MOBHICTIO aHAJIOT14HA
CUTYyarlii 3 BU3HAYEHHSM TOHATTS «iJcaibHHUI ra3». [[0BHICTIO HEB3a€MOIIWHUN
ra3 € (pi3MYHO HEepEeAIbHUM 13 Ti€l MPUYMHH, 1110 B HHOMY HEMOXKJIMBI peslakcalliiiti
mpoiiecu, TOOTO, YCTaHOBJIEHHS cTaHy piBHoBaru. Came i IIbOTO ITOBHWHHA
iICHyBaTH ciiabKka B3a€MOJiI MK CTPYKTYPHUMH OJMHULISIMU TaKOi PEYOBHHH,
HasBHICTIO SKOT MOKHA ITHOPYBAaTH IPU PO3B’ 3Ky MEBHUX KJIACiB 3amad (mo-cyTi,
KpiM BHBUEHHS pPENAKCAIlIfHUX MPOIECIB y CUCTeMi). 3a3HAYMMO TaKOX, IO
dopmyna (2) Takox BimoOpakye 3rajyBaHy HE pa3 paHillle KBAHTOBO MEXaHIYHY
NyaJbHICTh PEUOBHHU. 3apa3 Iie, Moke OyTH, He TaK OYEBUIHO, ajie MPOLe MU IIIe
OyJ1IeMO TOBOPUTH B MalOyTHHOMY.

[TpunaiiMHi, BUAHO aHAJIOTIIO 3 YBEJIECHUM Ha TOMEPEIHIN JICKIl MOHSATTS MO,
fioro BakyymMy (OCHOBHOTO cTaHy!) ¥ 4YacTMHKH SK 30Yy/DKCHHS BakKyyMmy.
OCHOBHHMIA CTaH CHCTEMH 1 KBa319aCTUHKHU K HOTO 30y KCHHS.

Metoau KBaHTyBaHHS IPYHTYIOTHCS Ha YSBJIEHHI NPO OCHOBHUH CTaH
0araTo4acTUHKOBUX CHUCTEM. [3 TOYKM 30py TEpPMOIMHAMIKH, MAaKpOCKOIIYHA
CHUCTeMa 3HaXOAMTHCA B OCHOBHOMY CTaHi 3a TeMmrepaTypu aOCOIIOTHOTO HYIIS.
MiHiMyMy NOTEHIIANbHOI €Heprii MOBHHHE BIAMOBIIATH TaKe pPO3TALTyBAHHS
YaCTHHOK, 32 SIKOTO CHCTE€Ma OJHOpiHA, OCKUIbKM Oyab-iKi Bapiallii ii TYCTHHH
30UTBITYIOTh TOTEHIIAIGHY EHEeprito. AJie X caMe OJHOPIAHICTh CHUCTEMH
nepeadavae ii mepioANYHICTh. TaKuM YMHOM, OyAb-sIKiid CHCTEMI, 110 3HAXOAUTHCS
y PIBHOB&)XXHOMY CTaHI 3a HyJnbOBOi Temreparypu | =0 moBHMHHA BiANOBIAATH
KpUCTaJIIYHa CTPYKTYpa.

I3 cmiBBiHOIIEHHS HEBU3Ha4YeHOCTel [elizeHOepra BuTIKae, IO CTaH
MIOBHOTO CIIOKOIO JIJIs1 YaCTUHOK HEMOYJIMBUMN, OCKUJIBKY B CTaHi CIIOKOIO YaCTHHKA
NOBUHHA MaTW TOYHO BU3HAYEHI KOOPAWHATH 1 iMIyJibc. TOMy B OCHOBHOMY CTaHi
YACTUHKY 3[1HCHIOIOTH ACSIKHIA pyX MOOJIM3y CBOIX MOJ0XKEHb piBHOBaru. Lli pyxu
Ha3UBAIOTHCS HYJIHOBUMH KOJMBaHHSAMHU. Ha BiIMiHY BiJ] TETIJIOBOTO PyXy HYJIbOBI
KOJIMBaHHS HE HECyTh TerioBoi (KIHETHYHOI eHeprii). AMIUTITyJa HyJIbOBHX
KOJIMBaHb BU3HAYAETHCS EHEPTi€0 3B’ A3KY. TTUOMHOIO MOTEHLIAIBHUX SIM, IIO
BU3HAYAIOTh MOJOKEHHS YACTUHKHU B MPOCTOP1. SIKIIO eHepris B3aeMOAIl Mana, TO



aMILTITy/1a HyJbOBHX KOJMBAaHb MOXE OyTH MOPSAKY MIKUYACTUHKOBUX BI1JCTaHEH.
Taka peyoBHHA 3aJIMIIAETHCSA PIAKOIO 3a oxoJokeHHS ax A0 T =0. Ilpuxmagom
He3aMep3ar0uoi PEYOBHHU € TN aX 10 IeBHUX 3HAYEHb THCKY B TaKii CUCTEMI.

BracTBOCTI KOHJEHCOBAaHMX CEPEIOBHIN BH3HAYAIOTHCS HE TIUIBKH 1X
CTPYKTYpOIO, ajie¢ ¥ JIMHAMIKOK TOBEIIHKH, TOOTO, OCOOJHUBOCTSIMHU PYXIB, IO
MIPUBOJIATH JI0 TIEPEXOTy CepPeIOBHUIIA 10 30yIKEHOTO CTaHy .

Y mpocTopoBO-OAHOPIJIHIM CHUCTEMI pPyX BHUHHMKAE Y BUIJISII OKPEMHX
JTUCKPETHHUX TOPI (KBaHTIB) — e€JIeMEHTapHUX 36ym1<eHL VY razax 4acTHUHKH €
OJTHOYACHO 1 CTPYKTYPHUMH OJWHHIISIMU PEYOBUHHU 1 CTPYKTYPHHMH OTMHHIAMU
pyxy, TOOTO, KOXXHAa YaCTHMHKAa Ma€ BHW3HAUEHy CEHEprio W iMmynbc. Pyx ke
YAaCTUHOK y KOHJEHCOBAaHOMY CEpEIOBHUII Ma€ KOPHMOPATUBHHUM XapakTep 1
BU3HAYAETHCS Y3TO/DKCHUMH PyXaMH BEIUKOTO YHCJIA CTPYKTYPHUX OJUHUII.
TakuM 4YMHOM, XapakTEpPHOIO OCOOJIMBICTIO €NEeMEHTapHUX 30yKEeHb B
KOH/ICHCOBAaHUX CEPEJOBHINAX € T€, [0 KOKHE eJIeMEHTapHe 30y IKEHHS OXOILTIOE
0araTo CTpyKTYpHUX OJUHHIIb.

SKi10 KBa34aCTUHKHM I1CHYIOTh JOCHTBH JOBIO B HE3MIHHOMY BHIJIS[II, TO
BOHHU TO/I10H1 YaCTUHKaM, TOOTO, XapaKTePHU3YIOThCSl IEBHUMH 3HAYEHHSAM €Heprii
Ta IMIyJbCy. YMOBOIO ICHYBaHHS KBa3i4YaCTMHOK € BHMOTa, MO0 dYac KHUTTA
KBa3l4yaCTUHKM I OyB Habarato OUIBIIMM 3a HEBU3HAYEHICTh y 4yaci At,
BUTIKAE 13 CITIBBITHOIIIEHHS HEBU3HAYeHOCTI [ eizenbepra
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ne E - ewnepris kBaziwactuHku. Ll ymoBa o3Hauae, mo 30y/KEeHI CTaHH,
BIJIMIOBI/IHI YaCTHUHKAM, TIOBUHH1 OYTH CTalllOHAPHUMHU.

JIBa TUIIN eJleMeHTAPHUX 30y/1:KEeHb.

EnemenTapHi 30y KeHHST MOYKHA TTOUTATH HA JIBA TUIIU:

1. EnementapHi 30yJKEHHs, $KI ICJIsI BUMKHEHHS B3a€EMOJII CTPYKTYPHHUX
OJIMHUIIH TIEPEXOIATh Y YACTUHKH iieanbHOTO TUMY. [IprKiamom 30y/KeHb TaKoro
TUIYy € eJIeMEHTapH1 30Yy/DKCHHS B €JICKTPOHHIN (epMi-piauHI: «HaCTUHKU» U
«a"HTU4acTUHKU». [Ipu BUMKHEHHI1 B3aeMoJii pepmi-piiHa NMepexoauTh y dhepMi-
ras, a eJeMeHTapHl 30y/DKeHHS HaOyBalOTh MapameTpiB peaibHUX (epMIBCHKHX
eJIEKTPOHIB (€JICKTPOHIB 3 EHEPrisIMH, OJIM3bKUMU J10 eHeprii Depmi).

2. EnemeHrtapHi 30y/KEHHS, 110 3YMOBJICHI BHUKIIOYHO CHJIAMH B3a€MOIT 1
BIJICYTHI B 17leaJIbHOMY Ta31 CTPYKTYpHUX OAMHHUILb. [IpukiagoM Takux 30ymKeHb
€ KBaHTH MPYKHUX KOJIMBAaHb KPUCTAJIYHOI IPATKH, M0 HA3UBAIOTHCS (POHOHAMHU.
[Tpu BUMKHEHHI B3aeMo/1ii eHepris (POHOHIB 00EPTAETHCS HA HYJIb.

[loBHa eHepris cucTeMd MOOJHU3Y OCHOBHOTO CTaHy € CYMOIO €Heprii
OCHOBHOTO cTaHy (sika Moke OyTm oOpaHa 3a TOYKY BiIJIIKY) 1 CymMH €Heprii
eJIEeMEHTapHUX 30y/KECHb.

Y JauHaMiuHOMY BIJIHOIICHHI KBa31YaCTMHKUA TMOJIOHI 7O 3BUYAMHHUX
qacTUHOK. OIHaK XapaKTepHOI OCOOJIWBICTIO KBa3iYaCTHMHOK € T€, IO BOHH HE



MOXYTh 3'SBISATUCS y Bakyymi. Jlnga 1iX ICHyBaHHA HeOOXiJHa HasBHICTb
CEpeIOBUINA, OCKUIBKH, Oyaydd HOCIIMH PYXy, BOHH HE MPEICTABISIOTH COOOIO
OyIiBeIbHUN MaTepian Cepe/oBHUINA, Y AKOMY ICHYIOTh. Tomy, 1100 MiIKpeCIuTu
IO PI3HUINIO, TPHUHHATO TOBOPUTH HE MPO IMIYJIbC KBA3i4acCTUHOK, a IIPO
KBa31iMITYJIbC.

OCHOBHI XapaKTePUCTUKH KBa3I1YaCTHUHOK.
«Hacmuywvl —smo Bam ne xeasuuacmuyor»!
«Keazuuacmuyor —smo Bam ne yvacmuywr»!

Mooicna ckazamu, nonemiuna nyoniuna «cymuuka» Onekcanopa Inniua Axiezepa
ma Inni Muxaiinosuua Jligpwuuys. Cymo 6i0odpadiceno 6 kKapmunyi.

Quasi-particle Mattuck’s quasi-horse
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lllustration by Richard D. Mattuck from “A Guide tBeynman Diagrams in the Many-Body
Problem”

" Komy nompibui kHusiCKU 6e3 KapmuHok... —abo xoua 6 ipuuxis, ne pozymino!" -
oymana Anica. Jl.Keppon, «Anica 6 kpaini uyoec.

OCHOBHMMH XapaKTEPUCTHUKAMU KBa314aCTUHOK € HACTYIIHI:
1. Enepris E.
2. Ksaziimmynec p.
3. Bakon gumcmepcii  E(p) - 3amexHicTh eHeprii  KBa3i4YaCTMHKH  BiJ
KBa31iMITyJIbCa.
Jns KIacu4HOi YaCTMHKHM 3 Macol M 3aJIeKHICTh €Heprii BiJ IMIYJIbCY Mae

BUTJISI
2

E(p) =§—m. 2)

Lle#t Bupa3 BUTIKaE 13 peNATUBICTCHKOI TEOPIi, B SIKIN



E=cy/nfc+p?, (3)

7e C - WBUAKICT CBITNIA. Y BUMAAKY, KOJH IIBUIKICTh YACTUHKHU Ha0araTo MeHIIa
3a IIBUJKICTH CBITJIA, MAEMO

(4)

KopucHo nopiBHATH 1€ BHpa3 i3 popmyiioro (2).

EHepris KIacMuHOI UYACTHMHKM CKIAacThcs i3 eHeprii crmokoro MC Ta
KiHeTMyHO1 eHeprii P°/2m, To6TO, 3aKOH auWcrepcii 1€l YACTHHKH €
KBagpaTuuHuM. Ha BiAMiHYy BiJi HEB3a€MOJIMHUX YACTHHOK, 3aKOH AHCHepCii
KBa319aCTUHOK MOKE MaTH IyKe CKJIaJHUN XapaKTep.

4. EdexTtrBHa Maca KBa3lYaCTUHKU — JICSIKE YMOBHE IOHSATTS, 3aJICKHE BiJ
cnocoby ii Bu3HaueHHs. Omucye MOBEIIHKY KBa3YaCTMHOK 3a MEBHUX
30BHIIIHIX YMOB.

KoncTanTa B3aemozii — 3apsi.

CraTUCTHKA, SIKOIO OMUCYETHCS aHCAMOJb KBa319aCTHHOK.

EnepreTnuHuii CriekTp — CTPYKTypa €HEPTeTUYHHX CTaHIB, Y SKHX MOXKE

nepedyBaTy KBa314aCTHHKA.

8. OyHKIIS CHEKTpadbHOI T'YCTUHU CTaHIB, SIKa OMHCYE 3AJEKHICTh TYCTHHH
craniB AN, B skux Moxe nepeOyBaTH KBa3i4acTHHKA B IHTEpBaJl CHEPIii

dE, o670, 3anexnicte AN/ dE Bix eneprii kBasivactunku E .

No o

IpyHIMIIM KBAHTOBOI MEXAHIKH.

— He mooice 6ymu! — sueyxknyna Anica. — A ne moocy yvomy nosgipumu! — He
moxcew? — nosmopuna Koponesa 3 ocanicmwo. — Cnpodyii we pa3. 80uxwu
enubute 1l 3akpou oui. Anica pozcmisnacy. — Lle ne donomoodice! — crasana eoua.
— He mooicna nosipumu 6 nemodxciuse! — I[lpocmo 6 mebe mano 0oceioy, —
sasznauuna Koponesa. — Y meoemy 6iyi s npudinina yvomy nieecoounu woous! B
[HWi OHI 51 6cmMu2ana NOGIPUMU 8 0eCIMOK Hemoxcaugocmeti 00 chioauky! Jlvwic
Kepponn, «Kpizv 03epxano i wo mam nobauuna Anica, abo Anica é 3aozeprani»

Yucri cTaHu i cyminii.

CraHu KBaHTOBHUX CHUCTEM 0araThOX YaCTHMHOK OMHUCYIOTHCS 32 JOIIOMOTOIO
CTATHCTHYHOI0 ONepaTopa, ado, sK HOro Iie Ha3UBalOTh, MATPHULI I'ycTHHH. Mu
[[I€e MAaTUMEMO MOXKJIMBICTH OLJIBII AETAJbHO IT0O3HAHOMHUTHCH 13 MM IIOHSITTSM,
aJie IoTepeHbO HaraJaeMoO OCHOBHI IPUHLIUIIY KBAHTOBOI MEXaHIKH.

3rifHO 3 KBAHTOBOIO MEXaHIKOIO KOXHIA (i3uuniii BenmumHi R —

CIIOCTEPEXKHIA - CTAaBUTHCSA y BIANOBIAHICT MEBHUU omeparop R, 3aganuii y
riIbOEPTOBOMY MPOCTOPI, SIKMH € CYKYITHICTIO BEKTOPIB {/, 10 HA3UBAIOThHCSA
BEKTOPAMH CTaHY.

Iiab6epTiB npocrip (Ha yects [JaBuaa [inpbepra) — 1i¢ y3araabHEHHS MOHATTS €BKJIIIOBOTO
[IPOCTOPY HAa HECKIHYCHHOBUMIPHUH BUTAIOK. € JIHIWHUM MPOCTOPOM HAJI ITOJIEM JiMCHUX ab0




KOMIUIEKCHUX uncel (IPUIMEHHUK «Haa» 03HaYae, 10 Y TAKOMY IPOCTOpi 103BOJICH] onepartii
MHOYCHHS Ha CKaJISIPH 13 BIAMOBIHKX ITOJIIB), i3 BA3HAYEHUM CKAIAPHUM 100yTKOM. OCTaHHIH
IIO3BOJISE.

1. BBOJIUTH MOHSTTS, AHAJOTIYHI 3BUYHUM MOHATTSIM OPTOTOHAIBHOCTI 1 KyTa;
2. BU3HAYHUTH METPUKY, BITHOCHO SIKOI T'IBOEPTIB MPOCTIP € IOBHUM METPUUHUM

IIPOCTOPOM.

I'inp6epToBi MPOCTOPU YaCTO BUHUKAIOTH Y MaTeMaTHLll Ta (i3uill — SK IPaBUIIO, K

G yHKIIOHATBHI TPOCTOPH. Briepiiie BOHM TOCTIKYBATUCS 3 €1 TOYKU 30Py B MEPUIOMY
necatunitti 2010 cromitra Jasumom [insoeprom, Epxapnom IImiarom i @pimkecom Picowm.
['16epTOBI TPOCTOPH € HE3aMIHHUMHU IHCTPYMEHTAMH B TE€OPii TU(epeHITIaIbHIX PIBHIHB Y
YaCTUHHUX TOX1IHUX, KBAHTOBIN MexaHilli, aHaizi Dyp'e (KUl BKIIIOYA€E 3aCTOCYBAHHS 10
00pOOKH CUTHAIB 1 TEIUTONepe1adi) Ta eproJuuHiii Teopii (sska GopMye MaTEMaTHUIHY OCHOBY
tepmoauHamiku). (BIKITIEJIIS)

JUis 1MX BEKTOPIB CTaHy BU3HAYEHUH CKaJspHUNA TOOYTOK (l//l,lﬂz), 0 Mae
HACTYIIHI BJACTUBOCTI
(W) = (o)), (oo, +by,) = a(y.4,) + by ), (5)
(w.y)>0,

e a i b - moBiapHI KOMIUIEKCHI YHCA.
Y mpomy mpoctopi Moxke OyTu yBenmeHo (y3arajli KakKydd, HE3JIYEHHOIO
KIJIBKICTIO CIIOCO01B) TOBHUI OPTOHOPMOBaHU# 6asuc ¢/,, N=1,2,...

(wn ’wm) = Jmn (6)
Takui, w10 Oyab-KUi BEKTOp (/ TIABOEPTOBOrO MPOCTOPY MOXKe OyTu
IpECTaBICHUN y BUITISA1 CYNEPIIO3ULIli BEKTOPIB

w=3Ct,  C=Ww). I <. (7




bynp-skuit oneparop R y rinsbeproBoMy IpoOCTOpi MEPEBOAUTH KOXKHHIMA
BEKTOP {/ 1IBOTO MPOCTOPY y ASSKUHN HIIUI BEKTOP (J/' 1IOTO XK MPOCTOPY

Wy =Ry, (8)
SIko nmpu upbomy
y=ry,
o€ I -Iesike 4YHCIIO, TO (J/ HA3MBA€ThCA BIACHUM BEKTOPOM Omeparopa R,
HaJIeKHUM BJIACHOMY 3HaueHHi [ . Omneparop R" Ha3uBaeThCA €pMITOBO

CIPSDKEHUM [0 BIJHOLIEHHIO 10 omepatopa R, skmo it Oyab-fKuX IBOX
BEKTOPIB ¢, 1 {/, Mae MicLE PIBHICTb

(¢, Re,) = (Ruw,). (9)

Omnepatop R Ha3piBaeTCst epMiTOBHM 200 CAaMOCTIPSIKEHUM, SIKIIIO
R'=R.

BiacHi 3HaueHHS OYJIb-SIKOTO CaMOCHPSKEHOTO oreparopa AiNCHI, a Woro
BJIACHI BEKTOPH YTBOPIOIOTH TIOBHY OPTOHOPMOBaHY CHCTEMY BEKTOPiB, 1 MOXKYTh
OyTH BUKOPHUCTaHI1 K 0a3UC Tias0epTOBOTO MpocTopy. I3 miel npuunHu Gi3uIHUM
BEJIMYMHAM y KBAHTOBIA MEXaHIIl 3aBXIU 3ICTABIAIOTHCS €PMITOBI OMEPATOPHU.
Jlyis BEKTOpIB CTaHIB, CKaJSPHUX JOOYTKIB 1 MATPUYHUX €JIEMEHTIB OMNEpaTopiB
4acTO BUKOPHUCTOBYIOTHCS TAKOK HACTYITHI, TaK 3BaH1, A1PaKiBChKI MO3HAYECHHS:

v=lp), .=l (@e)=Wwle). (#.Re)=(¢|R¢). (0
Bekrop |l,0> € CIIPSKEHUM I10 BIAHOIIEHHIO JI0 BEKTOpa <t//|
Wl =lv)

[Ipocriiire B boMy po3iOpaTrcs Ha 3BUYHOMY MPHKJIAII TEPEMHOXKEHHS MaTPHIlh
(cTpouka Ha CTOBOCIID):



|- (a.5.¢).[9)~| e,

(W|p)=a'd+bet+ c f

Skmo cucreMa XapakKTepus3yeThbCs BEKTOpOM (J/, abo, SIK TOBOPSTH,

~

3HAXOJIUThCS y CTaHl {J/, TO cepeaHe 3HaYeHHsT R ngeskoi ¢gizuunHoi BenmunHu R,
3100yTe B pe3yibTaTi il BUMIpIOBaHHS, Oy/ie JOPIBHIOBATH

R=(uRe)=(v| ) =
(mepenbavaeTbcss BUKOHAHOK yMOBAa HOPMYBaHHS (l//,l//) =1). Sxmo ¢, €

BJIACHUM BekTOpoM oneparopa R, Ry, = 1y, , To npu BumiproBaHHi BennuuHu Ry

cTaHi (Y, Mu OyaemMoO OTpUMYBAaTH 3aBXKIM OJHE M Te X 3HaueHHI R=r.
JloMoBUMOCST TMpU IHOMY, IO B AIPaKiBCBKUX MO3HAYEHHSAX OMEPaTOpH 1I0Th
3aBXKIH HA BEKTOPH TUITY W/>

Ii‘lﬂ>, a00, HaMpUKIas, Ii‘ n> = g\n>
SIKIIIO \n> € BJIACHUM BEKTOpPOM oIlepaTopa R i3 BIaCHHM 3HAYEHHSM r . Po3kman

BEKTOpa ‘lﬂ> B PsiJl 32 IOBHUM HAOOpOM BEKTOpIB \n> y JJaHOMY 3aIliCl BUTJIAJIA€

HaCTYITHUM YHMHOM

w)=>.Ciln).  C,=(nly).
n=1
[lixcrapnstoun naji Apyryuid BUpa3 y nepinii, 3100yaemMo:

) =2l ) = X e =l 2]

n=1 n=1

3BifCH BUHO, IO CyMa Z‘n><n‘ MMOBWHHA JOPIBHIOBATH OJIMHMII],
n=1

g\nxn\ =1. (12)

OcTaHHs PIBHICTHh HOCUTH HA3BY YMOBHU IIOBHOTH 332 YMOBHU OPTOTOHAIBLHOCTI

(njmy=a,,.. (13)

mn



ToO6T0, cucTema BEKTOPIB € MOBHOIO, 1 1O Hiil MOXKe OyTH pO3KIaeHul Oy ab-sIKUi
BEKTOpP CTaHy PO3TJISHYTOTO MPOCTOPY, SKIIO IS CHCTEMa BEKTOPIB 3a/I0BOJIbHSE
ymoBi (12).

[ToguBuMOCS Terep Ha PIBHICTh

R={[Ry).
IO BHU3HAYA€ CCPCAHE 3HAYCHHA SAKOI'O- OIICpaTopa R. Y1€BHUMOCH, 110 MOro

MO’KHA MPEACTABUTH y BUTJISAAI CyMH J1arOHAJIbHUX MaTPUYHHUX €JIEMEHTIB SP BiJ
n00yTKy JBOX OMEpaToOpiB:

R=Spk, F, (14)
e
SpA=> A,,
n=1
P[ll/] - OrepaTrop — IMPOCKTOP, SIKUWA BU3HAYACTLCA 34 JOIIOMOTI'OIO Cl‘[iBBi,Z[HOIHCHHH

(aHayor MPOEKIIil Ha BEKTOP B AaHATMTUYHIN T€OMETPIi)

Ruln) =l&) w0

abo

Cnpagni,

R=soR, R X( g Rp=2( [ R) @l w2l )

=1

n

B).

Ane x cyma i‘nxn‘ =1 nOpiBHIOE OJAMHUIIL, OTKE
=1

R=Spp, R

R=3 (0| )= (o] o).

o # cmix 6ymno mosectu. Onepariiss SP iHBapiaHTHA II0A0 0a3ucy, B SKOMY BOHA
obuncmoeTbest, Tomy 3anuc (14) e myxe 3pydHUM 1 IIUPOKO BUKOPUCTOBYETHCH.



[lopsn 3  HAWOpPOCTIIIMM  BUIAAKOM,  KOJM  CHCTEMa  MOXeE
XapaKTepU3yBaTUCs IEBHUM BEKTOPOM CTaHy, MOKJIMBA 3arajlbHa CUTYallis, KOJIU
TOYHO HEBIZAOMO, SIKH 13 BEKTOPIB CTaHy XapaKTEpU3ye€ CTaH CUCTEMH, a MOXKHA
JMILE BKa3aTU MMOBIPHOCTI TOTO, IO CUCTEMA XApaKTEPU3Y€EThCS TUM UM 1HIIUM
BEKTOPOM CTaHy. SIKIO W, - MIMOBIPHICTh TOTO, YTO CUCTEMA 3HAXOJAUTHCS B CTaHI

\n> (abo ¢, Ik MM TIHCATH BUILE), TPUIOMY

n

w,20, > w, =1,

TO CepelHE 3HAUCHHS SKOTO-HeOynb omeparopa omeparopa R Oyne BH3HauaTHCs

dbopmyIioro
R=2w{nH 1,

Ky MO>KHA 3allMCaTH Y BUTJISI

~

R=Sp F
P (]

p=2|mwn[=2, wR,.
n n
Omnepatop 0 HOCHTHb Ha3By CTAaTUCTHUYHOTO omeparopa adbo MaTpuill TyCTHHH. Bin
€ TIO3UTUBHO BH3HAUYEHUM EpPMITOBUM OIEpaTOpPOM, IIIYp SKOrO JOPiBHIOE

OJTMHHAILI

Spo =1.

SIkmio K cucTeMa 3HaXOAWThCS B UYMUCTOMY CTaHl, TO ii MaTpuis TyCTHHH,
OUYEBUJHO, CIIBIIAJAE 3 OIEPATOPOM-TIPOEKTOPOM Ha CTaH ‘l//>

p=Ry =|0)wl



