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naSromis zogadi daxasiaTeba

Sesavalli kristallebSi elleqgtronulli gadatanis mov B enebis zonuri
Teoria principSi dafuZnebulia sam ZiriTad koncefciaze: 1) denis
gadamtanebi warmoadgenen kvazi nawi Bakebs gansazRvrulli kvaziimpu-
BsiT da dispersiis kanoniT. 2) denis gadamtanTa el egtrogamtaroba
da Zvradoba ganisazRvreba maTi gabneviT kristalis idealuri mesris
strugturis dinaniur da statikur damaxinjebebze (defeqtebze). 3) de-
nis gadamtanis Tavisufal 1 ganarbenis sigrZe warmoadgens sasrull si-
dides da is bevrad aRemateba Sesabamisad kvazi nawi Bakis de-broilis
tal Ris sigrZes. am pirobebis gaTvall iswinebiT denis gadamtanTa gabne-
va SeiZlleba CaiTvalos rogorc “iSviaTi”. am debull ebebidan gamomdi-
nare, denis gadamtanTa yofaqceva kristall Si aRiwereba allbaTuri gana-
wi Bebis FungciiT kvazi impu B sebis mixedviT, romelic ganisazRvreba,
rogorc bo B cman-b B oxis kinetikuri ganto Bebis amoxsna. gadatanis Ki-
netikuri (meganikuri) koeFicientebis (Zvradoba, e Beqtrogamtaroba) ga-
mosaTvBelBad gamoiyeneba denis gadamtanebis arawonasworulli gana-
wi Bebis TFTungciisTvis kinetikuri ganto Beba-bo B cmanis ganto Beba-
romeBlic i1iTvaliswinebs denis (muxtis) matarebe B Ta urTierTgmedebas
(gabnevas) kristaluri mesris rxevebze.

ukanaskne I wHlebSi, eleqtronull 1 gadatanis mov Benebis ganokv ll e-
vebSi1 myari sxeulebis FizikaSi, Zalian FarTo gamoyeneba hpova ufro
zogadma midgomam, romelBic dafuZnebullia kubos wrTFfivi reaqciis
Teoriaze. an TeoriaSi-rome BIsac gadamwyveti mniSvne Boba aqvs wrFiv
arawonasworull TermodinamikaSi—gadatanis kinetikuri (meganikuri)
koeficientebi bunebrivad gamoisaxebian (aRiwerebian) droiTi Kkore-
Baciuri FfungciebiT. isini asaxaven sistemis reaqcias hami Btonianis
SeSToTebisas, romlis tipiur magaBliTs  warmoadgens eleg-
trogamtaroba.

anrigad, aRniSnu l idan gamomdinare naTelia, rom rogorc samecni-
ero, aseve akademiuri TvalsazrisiT did interess warmoadgens elleg-
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Teoriis ageba da gadatanis meganikuri koeFicientebis gamoTvla
naxevargamtarebsa da ionur kristallebSi dafuZnebuli kubos wrTfivi
reagciis Teoriaze.

Temis agtualloba Tanamedrove pirobebSi TfarTod gamokvBevis

sagans warmoadgens eleqtronulli da polRaronulli gadatanis mov l ene-
bis SeswavBis sakiTxi myari sxeulebisa da kondensirebull garemoTa
TizikaSi. ukanasknel wHlBebSi, rTulli molBekuBuri aRnagobis mgone
nivTierebaTa Segmnis tendencia da maTi eleqtronulli da poRaronulli
Tvisebebis Seswavla stimulls aZBlevda mravalli Teoriulli gamokv ll eve-
bis Sesrullebas avtoBokalizebulli (poBaronulli) mdgomareobebis
aRsawerad dinamiurad mouwesrigebell sistemebSi. poBaronis konce-
fcias, romelic warmoadgens martiv magaBiTs arawrfivi kvazi
nawi Bakisa, ZalBlian didi mniSvne B oba da gamoyeneba aqvs myari sxeu le-
bis (kondensirebull garemoTa) FizikaSi, da kerZod igi mWidrod aris
dakavSirebu i kvanturi dinamiuri sistemebis Teoriis Tunadementur
prob BemebTan da velis kvanturi Teoriis sakiTxebTan. eBeqtronulli
da poBaronulli movBenebis ganxiBvisa da SeswavBisas myar sxeu-
BebSi, Teoriulli gamokvBevebis Zalian didi raodenoba samecniero
BiteraturaSi miZRvnili aris eleqtronebisa da poBaronebis eleqt-
roganmtarobisa da Zvradobis gmoTv B aze naxevargamtarebsa da ionur
kristallebSi. es gamokvBevebi dafuZnebuli aris sxvadasxva Teoriul
meTodebze—grinis Ffungciis teqgnikaze, bo B cmanis kinetikuri ganto lle-
bis SeswavBaze, TviTSeTanxnebull meTodebze da sxva. Sedegebi miRe-
bulli sxvadasxva meTodebis gamoyenebiT da Sesabamisad sxvadasxva
miax B oebebze dayrdnobiT, ZireuBad gansxvavdeba erTmaneTisagan. miu-
xedavad imisa, rom e Beqtronebis da poBaronebis elleqgtrogantarobisa
da Zvradobis gamoTvBa warmoadgens erT-erT uZveles probBlemas myari
sxeu Bebis FizikaSi, is mainc rCeba erT-erT urTulles da Znell amoca-

nad Teoriullad amoxsnis TvalsazrisiT.



amgvarad, Tanamedrove pirobebSi kvBav agtuaBurs warmoadgens
sakiTxi eleqtronebis da poBaronebis elegtrogantarobis da Zvrado-
bis koreqtu i gamoTv B isa naxevargamtarebsa da ionur kristall ebSi.

myari sxeu Bebis Fizikisa da arawonasworull'i statistikuri mega-
nikis mravall 1 amocanis ganxi Bvisas Seiswavleba mcire dinamiuri gvesi-
stemis evolBucia droSi, romelic imyofeba kontagqtSi didi Tavisu-
T Hlebis ricxvis mgone, Termodinamikur wonasworobaSi myof sistema-
sTan-TermostatTan.

eleqtronulli da polaronulli gadatanis mov Benebis gamokv B eve-
bisas myar sxeu BebSi kubos wrFivi gamoZaxi Bis Teoriaze dayrdnobiT,
ZiriTad amocanas warmoadgens zusti, ganzogadoebulli kvanturi evo-
Buciuri (kinetikuri) ganto Bebebis miReba drois ormomentiani wona-
sworulli koreBaciuri FfunqciebisTvis kvazinawi Bakebis aRmweri Sesa-
bamisi dinamiuri sidideebisTvis, rodesac xdeba am ukanasknell Ta
urTierTgmedeba (gabneva) kristaBluri mesris rxevebze (fononebze), da
rodesac fononuri (bozonuri) veli ganixi Bleba rogorc Termostati.
samecniero BiteraturaSi, aseTi saxis gantolebebis misaRebad,
rogorc wesi, gamoiyeneba apriorulli hipoTeza-sawyisi koreBlaciebis
Sesustebis principi, an msgavsi debu Bebebi—-mag. SemTxveviTi Fazebis mi-
ax B oeba (SFmrodesac drois sawyisi momentisaTvis mTel i sistenmis
(qvesistema pBlus Termostati) statistikuri operatori moicema faqto-
rizebulli saxiT (nTeli sistemis statistikuri operatori ganixi lleba
rogorc qvesistemisa da Termostatis statistikur operatorTa pirda-
piri namravli). naTeli1a, rom aseTi daSvebebis Sedegad miRebuli1 gan-
zogadoebu b1, kvanturi evoluciuri ganto Bebebi wonasworulli kore-
Baciuri FunqciebisTvis ar aris zusti.

anrigad, eleqtronulli da polBaronulli gadatanis movHlenebis
koreqtu i kvanturi Teoriis asagebad da meganikuri koefFicientebis
(mag. Zvradoba, elBegqtrogamtaroba) gamosaTvBelad naxevargamtarebsa
da i1onur kristallebSi da agreTve eleqtron-fononuri sistemis kine-
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ebSi, agtua Burs warmoadgens amocana kvazinawi Bakebis dinamiuri sidi-
deebisTvis drois ormomentiani wonasworulli koreBaciuri Tun-
qciebisTvis zusti, ganzogadoebull'i, kvanturi evo Buciuri ganto I ebe-
bis miReba—sawyisi koreBaciebis Sesustebis principisa da Sfm-is gamo-
yenebis gareSe.

samuSaos mizani__da amocanebi. sadisertacio naSromis mizans

warmoadgens: myari sxeu lBebis TFizikis zogierTi kvanturi dinamiuri
sistemisTvis, romelic urTierTgmedebs Tononur (bozonur) vellTan
(e Begtron-Fononuri sistema, Frolixis polaronis mode i, akustiku-
ri polaronis modeli susti eleqtron-fononuri urTierTgmedebis
SemTxvevaSi, poBaronis Teinmanis ganzogadoebulli modeli1 (Fgm)),
mowesrigebull operatorTa Tormalizmsa da T-namravll Ta teqgnikaze
dayrdnobiT, agreTve Riuvilis superoperatorulli Fformalizmisa da
proeqciull i operatoris meTodis gamoyenebiT_zusti, ganzogadoebu i
kvanturi evolBuciuri (kinetikuri) ganto Bebebis miReba da gamokv N eva
drois ormomentiani wonasworulli koreBaciuri FfungciebisTvis Sfm-is
gamoyenebis gareSe.

- Aam mode Bebze dayrdnobiT, da am gantoBebaTa gamoyenebiT,
Tanmimdevru i, srullyofilli eleqtronulli da poBRaronulli gamta-
robisa da daballtemperaturulli dreifulli Zvradobis kvanturi Teori-
IS ageba naxevargamtarebsa da i1onur kristallebSi dafuZnebulli kubos
wrFivi gamoZaxi Bisa da SeSToTebis Teoriaze. gadatanis meganikuri
koeFicientebis (e leqtrogamtaroba, Zvradoba) ganoTvBa kvanturi dina-
miuri sistemebis zemoTmiTiTebul 1 mode BebisTvis.

sadisertacio naSronis ZiriTadi Sedegebi da mecnierulli siaxlle

warmodgeni B sadisertacio naSromSi gadawyveti B ia Semdegi amocanebi:

- mowesrigebul operatorTa FormalBizmisa da T-namravl Ta tegni-
kis daxmarebiT, sawyisi koreBaciebis Sesustebis principisa da Sfm-is
gamoyenebis gareSe, gamoyvani Bia da gamokvBeullia axalli, zusti, gan-
zogadoebu l1 kvanturi evoBuciuri (kinetikuri) ganto Bebebi gamori-

cxulli bozonuri (Fononuri) amp B itudebiT drois ormomentiani wona-



sworulli koreBaciuri da grinis FfungciebisTvis dinamiuri gvesiste-
misTvis, romeBic urTierTgmedebs bozonur TermostatTan. miRebullia
agreTve axalli, zusti kvanturi Kkinetikuri ganto Bebebi koreBlaciuri
TunqciebisTvis_Riuvi Bis superoperatorulli formalizmisa da proe-
qciull1 operatoris meTodis daxmarebiT.

- dinamiuri qvesistemis bozonur (Ffononur) TermostatTan urTi-
erTgmedebis hami B tonianis mixedviT, SeSFoTebis Teoriis meore nmia-
x B oebaSi miRebulia axalli, ganzogadoebu Bi kvanturi kinetikuri gan-
tolebebi gamoricxulli bozonuri amplitudebiT, quesistemis drois
ormomentiani wonasworulli koreBaciuri FunqciebisTvis—-rogorc mar-
koviseull i, ise aramarkoviseulli FormiT-romel Ta dagaxebiTi integra-
Bebi Seicaven cxadad gamoyofill sawyisi koreBaciebis evolRuciur
wevrebs.

- kubos wrFfivi reaqciisa da SeSfoTebis Teoriis TarglebSi,
naxevargamtarebisa da i1onuri kristallebisTvis agebullia ellegtronulli
da polBaronulli daballsixSirulli gantarobisa da daball temperatu-
rulli dreifulli Zvradobis Tanmimdevrulli, koreqtulli kvanturi
Teoria, dafuZnebuli_kvanturi disipaciuri sistemebis zemoTmiTiTe-
bulli modelebisTvis_ganzogadoebu l kvantur kinetikur ganto lebebze
koreBaciuri TungciebisTvis “deni-denze” eleqtronisa da polaro-
nisTvis, romBebic urTierTgmedeben +¥ononebTan S¥m-is ganoyenebis
gareSe.

-miRebu B ia da gamokvBeullia anaBlizuri gamosaxu Bebebi elegt-
ronisa da poBlaronis relagsaciuri maxasiaTebBebisTvis (impullsis
reBlagsaciis sixSire da sxv); gamoTvlilia wonasworulli korelaci-
uri TFTungciebis-“deni-denze”-miBevis dekrementebi da oscilirebadi
fagtorebi. napovnia elegqtrogamtarobis tenzoris (disipaciuri nawi-
Bis) anaBizuri saxe elegtron-fononuri sistemisTvis kristalis
daball i1 temperaturebisa da dabalsixSirulll gareSe elleqtrulli velle-
bis SemTxvevaSi da gamoTvlilia gadatanis meganikuri koeFicientebi

(Zvradoba, elegtrogamtaroba) kvanturi disipaciuri sistemebis aR-



niSnull mode B TaTvis; napovnia § KeT

-prob Bemis” nawi Bobrivi gada-
WO

wyveta Frolixis poBlaronis daball temperaturulli Zvradobis Teoria-
Si.

- miRebu B ia temperaturulli Sesworebebi eleqtronisa da pola-
ronis dreifull Zvradobebze, romBebic ganpirobebull ia sawyisi kore-
B aciebis evoluciuri wevrebis arsebobiT kvantur kinetikur ganto le-
bebSi wonasworulli koreBaciuri TungciebisTvis “siCgare-siCgareze”
(“itmpu B si-impu Bsze”) elegtronisa da poBRaronisTvis. dadgeni Bia, rom
es Sesworebebi warmoadgenen mcire sidideebs Sesrullebulli miax 0 o-
ebebisa da ganxi Bull'i Teoriis FargBlebSi.

sadisertacio naSronis pradgtikulli mniSvne I oba

naSromSi dasmull1 amocanebis gadawyvetam moiTxova arawonas-
worulli statistikuri meganikis zogierTi meTodis Semdgomi ganvi-
Tareba. sadisertacio naSromSi miRebulli1 ZiriTadi Teoriulli1 Sede-
gebis pragtikuli mniSvne Boba (Rirebulleba) ganisazRvreba imiT, rom
miRebu 1 zusti, ganzogadoebull1 kvanturi evoBuciuri ganto Bebebi
wonasworu i koreBaciuri FunqgciebisTvis SesaZ B ebe I ia gamoyenebu ' i
ignas gadatanis mov Benebis gansaxi Bvelad da gamosakvBlevad kubos
wrFivi reagciis Teoriis FargHlebSi, sawyisi koreBaciebis Sesustebis
principisa da Sf¥m-is daSvebebis gareSe myari sxeuBebis da kondensi-
rebull garemoTa TFizikis dinamiur qvesistemaTa sxva model TaTvis
(kvanturi disipaciuri sistemnebisTvis), romBebic urTierTgnedeben
bozonur velTan (TermostatTan). (mag. brounis kvanturi nawi Bakis
moZraobis SesaswavBad, romeBic ganixi Beba rogorc wr¥ivi, mi Bevadi
harmoniuli oscilatori, da rombBis dinanika aRiwereba kaldeira-
B egetis mikroskopu li mode Buri hami BtonianiT).

naSromSi ganviTarebu i1 formall izmi, meTodebi da miRebu B 1 Kine-
tikuri gantoBebebi martivad SesaZlBebelia ganvrcobill ignas kineti-
kuri mov Benebis SesaswavBad da gadatanis meganikuri koeFficientebis

(mag. Zvradoba, e Beqtrogamtaroba) gamosaTv e lad: e Beqtronebis urTi-



erTgmedebisas (gabnevisas) arapoBarull optikur Ffononebze, piezoelle-
qtrull Ffononebze, agreTve sxva didi radiusis mgone po BaronTa mode-
B TaTvis (mag. akustikuri po Baronis mode BisTvis-e Begtronis Fonone-
bTan ZBieri urTierTgmedebis SemTxvevaSi). gamoyvani B 1 ganzogadoebu-
01 kvanturi kinetikuri ganto Bebebi koreBaciuri FungciebisTvis kva-
nturi dinamiuri qvesistemisTvis, romeBic urTierTgmedebs fononur
vel Tan, SesaZlebelia gamoyenebull ignas normalBuri (arazegamtari)
metalebis elBegqtrowinaRobis gamosaTvBlelad elBegtronebis gabnevisas
akustikur TFfononebze. naSromSi warmodgeni Bi1 Fformall izmis daxmare-
biT Sesazlebelia temperaturulli Sesworebebis povna metall Ta eleqt-
rowinaRobisTvis (Sesworebebi bBox grunaizenis formulaSi), romlle-
bic agreTve ganpirobebulia elBeqtronebis fononebTan urTierTgmede-
bisas sawyisi koreBlaciebis gaTvall iswinebiT.

dasacavad gamotani l ia Semdeqi debu l ebebi:

1. osakas Sedegis ganzogadoeba dabalsixSirulli kuTri eleqtroga-

3K, T

mtarobisTvis da “— - -prob Bemis” nawi Bobrivi gadawyveta Frolixis
WO

po Baronis (eBeqtronis) daball temperaturulli Zvradobis TeoriaSi.

2. elegtronis daball temperaturulli statikuri Zvradobis gansxva-
vebuli (2-gJer nakBebi) mniSvneBoba "boBcmaniseull~ ZvradobasTan
SedarebiT akustikuri poBaronis mode B Si susti eleqgtron-fononuri
urTierTgmedebis SemTxvevaSi.

3. Zhieri eleqtron_fononuri urTiergmedebis SemTxvevaSi daball-
temperaturu i Zvradobis gansxvavebulli yofagceva elegqtron-fo-
nonuri bmis mudmivas rigis mixedviT poBaronis ¥Fgm_Si, pekaris
mode I Tan SedarebiT.

4. mcire sididis temperaturulli Sesworebebis arseboba e Beqtronis da
po Baronis daball temperaturull Zvradobebze ganxi Bull mode B ebSi.

naSromis aprobacia disertaciis ZiriTadi Sinaarsi moxsenebull i

iyo informatikisa da marTvis sistemebis Faku ll tetis Fizikis departa-



mentisa da myari sxeulebis Fizikis ko legiis samecniero seminarebis
sxdomebze.
disertaciis Sinaarsi da ZiriTadi Sedegebi wardgeni Bi iyo: 1986w. q.

Thi BisSi Catarebull 24-e sakavSiro TaTbirze »24-? 2?2?7777 2777 ?227?277777

P », 2?7?77, 14-17??? 19917, 1992w. g. puSCinoSi (ruseTi) Catarebul
saerTaSoriso sko BaSi_|Internationa Workshop "POLARONS and APPLICATIONS-
May 23-31, 1992, Pushchino, Russia; 1992w. . ber B inSi (germania) Catarebul
saerTaSoriso konferenciaze “The 18" IUPAP International Conference on
Statistical  Physics, Berlin, 2-8 August 1992~; sagarTveBos tegnikuri unive-
rsitetis profesor _maswavBebel Ta samecniero_tegnikur konfere-
nciaze, 16-19 noemberi, Thbi Bisi, 1993w; 1993w. g. trondhaimSi (norvegia)
Catarebull saerTaSoriso simpoziumze The Lars Onsager Symposium. Coupled
Transport Processes and Phase Transitions~, June 2-4 1993, Trondheim, Norway; 1993w. q.
FTHorenciaSi (italia) Catarebull saerTaSoriso konferenciaze "EPS9
TRENDS IN PHYSICS-~ Firenze, 14-17 September 1993; 1995w. ¢. gsiamenSi (CineTi)
Catarebull saerTaSoriso konferenciaze “The 19" UPAP International
Conference on Statisitcal Physics-, Xiamen 31 July-4 August 1995; 1998w. g. parizSi
(safFrangeTi) Catarebull saerTaSoriso konferenciaze “XXth [UPAP
INTERNATIONAL CONFERENCE ON STATISTICAL PHYSICS-~, Paris, July 20-24,
1998, UNESCO Sorbonne.

pub B ikaciebi: disertaciis ZiriTadi Sedegebi gamogveyenebullia

Cvidmet samecniero naSromSi, romell Ta dasaxe Beba moyvani Bia avto-
referatis bolos.

naSromis moculloba da strugtura disertaciis srulli mocull oba

Seadgens 157 nabeWd gverds; disertacia Sedgeba reziumesagan (Oor ena-
ze), sarcCevisagan, naxazebis nusxisagan, Sesav Bl isagan, sami Tavisagan,
i Bustraciis saxiT moyvani Bi sami naxazisgan, daskvnebisa da 125

dasaxe Bebis mgone gamoyenebu li Biteraturis siisgan, erTi danarTisa
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da avtoris nmier gamoqveynebulli samecniero naSromebisgan, rom-
B ebSiac asaxuli1a disertaciis ZiriTadi Sedegebi.
sadisertacio naSromis Sinaarsi
Sesava l Si dasabuTebu B 1a Temis agqtua B oba, Camoyall ibebu l 1a naSro-

mis miznebi da amocanebi, da gansazRvrulia kvBevis obieqtebi da
meTodebi.

pirveli Tavi ZiriTadad atarebs mimoxi BviT xasiaTs

$11 (111-1.16)_Si moyvani Bia mode Buri hami B tonianis saxe dinamiuri
sistemebisa, romBebic urTierTgmedeben bozonur TermostatTan da gan-
xi Bulia zogierTi agtualuri magaBiTi kvanturi disipaciuri da Ria
arawonasworul'i modeBuri sistemebisa Tanamedrove Fizikis sxadasxva
dargidan, romBebic gaxdnen intensiuri kvBevisa da Seswavlis sagani
ukanaskne i1 30-40 wlis ganmav B obaSi. an FarTo gamokvBevaTa speqtri
moicavda metall Ta e Beqtrogamtarobisa da zegamtarobis Teoriis, meta-
I Ta Senadnobebisa da gadacivebuli "metaBuri minebis~ eleqtronulli
Teoriis sakiTxebs; susti ca ZBieri Bokalizaciisa da ZBier arae-
rTgvarovan nivTierebaTa elBeqtrogamtarobis Teoriis sakiTxebs mou-
wesrigebel sistemaTa TFizikaSi; Bazeruli1 gamosxivebisa da zegamo-
sxivebis Teoriis aspeqtebs kvantur radioFfizikaSi; magnituri polla-
ronebis da THRugtuonebis (Fazonebis) Teoriis sakiTxebs magnitur
nivTierebebSi (garemoebSi) da sxva.

$12 (1.21-122) Si ganxiBulia dinaniurad mouwesrigebeli sistema
e Begqtron-Fononuri sistema da eleqtronis urTierTgmedeba akustikur
da polRarull optikur FfononebTan; moyvani Bia e Begtron-Fononuri sis-
temis hami B tonianis zogadi saxe (Frolix-pekaris tipis hami B toniani),
eleqtronis akustikur da polarull optikuri FfononebTan urTierTgme-
debis hami B tonianTa saxeebi da mokBed mimoxi Bulia agreTve defo-
rmaciis potenciallis meTodi.

$1.3 (131-1.3.3)_Si moyvani Bia didi radiusis mgone poBaronTa mode-
Bebi. ganxiBlullia polaronis Ffrolixisa da pekaris modelebi da

po Baronis Teinmanis erTosci Batoriani da Teinmanis ganzogadoebu-
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Bi modelebi. amave paragrafSi ganxi Bullia agreTve ukanasknel wlHle-
bSi1 ganviTarebu Bli da gamoyenebu Bi1 axali1 midgoma poBaronull'i siste-
mebis Termodinamikisa da kinetikis sakiTxebis gamokv Bevebisas _ mowe-
srigebulli operatorTa Formalizmi, T _namravll Ta meTodi da fononuri
operatorebis gamoricxvis tegnika elBegtron-fononuri sistemis maxa-
siaTebeli Tizikuri sidideebis wonasworulli da arawonasworuli
saSua B o mniSvne B obebidan. aRniSnu B i1a zogierT SemTxvevebSi am axali
midgonmis upiratesoba, kontinualluri integri-rebis meTodTan
SedarebiT, e Beqtron-Fononuri sistenis kinetikis sakiTxebis
Seswav B 1sas.

$ 14_Si ganxi Bulia Fizikuri kinetikis zogierTi principulli sa-
kiTxi dinamiuri sistemebisa, romBebic urTierTgmedeben +Fononur
(bozonur) vel Tan. mimoxi Bulia metad mniSvne Bovani da principulli
sakiTxi, K_tipis dinamiur sistemebSi (rogorc klasikuris, aseve kva-
nturisTvis), evoBluciuri (kinetikuri) ganto Bebebis gamoyvanis dros
Semok BebuB1 aRweris SesaZllebBobaze, romelic ar eyrdnoba hipo-
Tezas_sawyisi koreBaciebis Sesustebisa da SFfm-is gamoyenebis Sesa-
xeb. aRweri Bia i1s ZiriTadi sgemebi da meTodebi, romBebsac mivyavarT
bo B cmanis saxis Kinetikuri ganto Bebisa da ZiriTadi kinetikuri gan-
tolebis miRebande. ganxiBulia 1is ZiriTadi principulli xasiaTis
sirTulleebi, romBebic warmoiSvebian e Beqgtron-Fononuri sistemnisa da
poBaronTa zemoTmoyvani I modeB TaTvis dreifulli Zvradobebis gamo-
Tvhisas, gamomdinare rogorc bo B cmanis kinetikuri ganto Bebidan da
kubos wrFfivi reaqciis Teoriidan, aseve gamtarobis wrfivi da ara-
wrFivi Teoriebis zogierTi sxva meTodebis (arawonasworulli simkvri-
vis matricis meTodi, ballansis ganto Bebis meTodi) gamoyenebisas.

meore Tavi sadisertacio naSromSi originaluri xasiaTisaa

an TavSi dasmu Bia da gadawyveti Bia zogadi saxis amocana_dinami-
uri qvesistemisTvis, romeBic urTierTgmedebs bozonur (Fononur)
TermostatTan_axalli, zusti ganzogadoebulli kvanturi evoBluciuri

ganto Bebebis miReba drois ormomentiani wonasworulli korelciuri
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da grinis FunqciebisTvis sawyisi koreBaciebis Sesustebis principisa
da STm_is gamoyenebis gareSe.

$21 Si ganxiBulBia mowesrigebulli operatorTa Tormalizmi da
T namravll Ta meTodi.

$22_Si am Formalizmze dayrdnobiT gamoyvaniBia axali, zusti,
araCaketi Bi ganzogadoebu li kvanturi Kkinetikuri ganto Bebebi wonas-
worullit koreBaciuri TFTunqgciebisTvis, rogorc markoviseulli, aseve
aramarkoviseu b1 saxis, saidanac gamoricxu Bl ia bozonuri amp B itudebi.
miRebuli zusti kvanturi kinetikuri ganto Bebebis dagaxebiTi iInt-
grallebi Seicaven damatebiT wevrebs, romBebic aRweren sawyisi kore-
Baciebis evolBucias droSi, ganpirobebulls qvesistemis urTi-
erTgmedebiT bozonur TermostatTan drois sawyis momentSi. napovnia
agreTve msgavsi saxis evoBuciuri gantoleba grinis (dagvianebulli)
fungciisTvis. sadisertacio naSromis danarTSi detallurad aris aRwe-
rilli bozonuri operatorebis (ampBitudebis) gamoricxvis tegnika
drois ormomentiani wonasworulli koreBaciuri +Fungciebis evolu-
ciuri (kinetikuri) ganto 0 ebebidan.

$2.3 Si ganxi Bulia markoviseuli miaxBoeba quesistemis dinamiki-
sTvis da qvesistemis TermostatTan urTierTgmedebis hami Btonianis
mixedviT SeSFoTebis Teoriis meore miax B oebaSi gamoyvani Bia axali,
ganzogadoebi i1 markoviseu i1 kvanturi kinetikuri gantoleba drois

ormomentiani wonasworulli koreBaciuri fungciisTvis <B/A(-t)>:
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TN >é@;@a@+w oy
(G, (5-x)CE (). B A1) N, (b)e

(G (5-X)40.9). B A (D)= ‘gxgw b))

e {6, (). Bt Gy <s-xm<-t>> N, (b )@ ®
(1.8 € (33 AC O & Gragaen, (o)
WG, (s-t- mack(s),ss x&( )N, (b) e

Cen (G (st 10) G, (5), B XA ()

sadac Hg gvesistemis hami Btoniania, As Bs Ck(s), Ck'(S) —qvesistenmis

operatorebia, Neb)=[e?""M.1]? warmoadgens bozonebis Sevsebis saSu-

allo ricxvs, xolBo operatorebi C, (S,Z) daC,, (S 2)

to b obebhiT:

i—HOZ -i—HOZ
Ci, (S Z)=e" " C,(Se"

da Hs- aris bozonuri

saxis ganto Bebebia miRebuli

bisTvis.

CkH0+ (S.2) :eFHO

Termostatis hami I toniani.

_ gansazRvrullia

o}

C(9e ™ Hy = Hy +H;
anall ogiuri

agreTve sxva koreBaciuri +Funqcie-

$2.4_Si ganxi Bullia da ganviTarebu B ia meore (gansxvavebu 1) mid-

goma igive prob Bemisadni,

romelic eyrdnoba Biuvilis superoperato-

rull Formalizmsa da proeqciulli operatoris meTods. am Formali-

zmisa da meTodis daxmarebiT napovnia axall,

zusti ganzogadoebull i

kvanturi evoBuciuri (kinetikuri) ganto Bebebi wonasworulli korela-

ciuri FunqciebisTvis STm_is gamoyenebis gareSe. gamoyvani B kinetikur

ganto Bebas <AB,(-t)>_koreBaciuri FfungciisTvis aqvs Semdegi saxe:
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(AR (1) =i ([RLRA]B (- 1)) 1 ({RAq (1.b)’

@+ Mg (1)Aq (b )§ " MoQLRAJ Bs(-t)>+2‘31|t '

“({RLQM, (t-t )Ay (t.b) @+ My (1) Aq (t,b)g ™ )
Mg (£)QLRA} B, (-1 ) (5t (RLQM, (t-1)Q
' L'R'Ag] BS('t )>

sadac L ...:E[H ...]. _Hiuvilis superoperatoria, romelic Se-
S A S,

esabameba S-quesistemis Hs-hami Btonians, P-warmoadgens Termostatis
(bozonuri velis) mdgomareobebis mixedviT gasaSuallebis proeqciul
operators. P =Pda Q=1-P; xoBo ‘masuri~ Mqg(t) da integraluri

AQ(t,b) superoperatorebi gansazRvru ll 1a Semdegi to B obebiT:

M, (t) = exp[iQLQt]; A, (t,b) =:‘}1I e'e'"H e'"Q
miRebu B i1 aramarkoviseuli saxis 0zusti, ganzogadoebull1 (2)
_kinetikuri gantolebis dajaxebiTi integralli Seicavs wevrebs, ron-
Bebic aRweren sawyisi koreBaciebis evoBucias droSi. (sawyisi kore-

B aciebis evoBucia drois mixedviT aRiwereba AQ(t,b) _ integralluri

superoperatoriT da es evo Bucia moicema rogorc markoviseu B i1, aseve
aramarkoviseulli formiT).

$25_Si, iseve rogorc $23 Si, ganxi Bulia markoviseulli miaxlo-
eba qvesistemis dinamikisTvis da qvesistemis TermostatTan urTie-
rTgmedebis HBiuvi Bianis mixedviT _ SeSFoTebis Teoriis meore nia-
x B oebaSi, proeqciulli operatoris meTodis daxmarebiT_napovnia axal 1,
ganzogadoebu b1 narkoviseuli1 kvanturi kinetikuri ganto B eba wonas-

worulli koreBaciuri TungciisTvis <AB,(-t)> gamoricxulli bozo-

nuri amp B itudebiT:
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UL w(ky B (-t))+ (1+N, (b))e-iW(k)x ’

8A.C. ()i G (s, B.(-0)+5 d“ (N, (b)e ©)
Ci(s,-t-inl )gA,C(s)g B, (-t))+ (1+N (b))ewwmw

C(s-t-inl A, G/(s)g B,(-1))}.

C(g+2)=e""C(s); C/(s2Z)=e"-"C/(s)

0
(@Al (1 els )y
|
K
R

)
)

_ _ oFbm(K)
xolo [ED],,, =ED-e®"“DE.
sadac: C (S £ 2) =e"*C,(S); C.(S +Z) =e"~"C,"(S); xollo
[E,Dl.y =ED- €™ *°DE _ nebismieri Eda D_operatorebisTvis,

&'ty = ™My ; 'y = +|w(k)tbK
R(by.b.) =N, (b)d,.; R(b.bi)=(1+N,(b))d,,
R(b.be) =R(h b )=0

anrigad, sadisertacio naSromis meore TavSi miRebul 1 ZiriTadi
Sedegebi SesaZ B ebe B 1a Camovaya B ibOoT Semdegi saxiT: _ dinamiuri qvesi-
stemisTvis, romelic urTierTgmedebs bozonur vel Tan mowesrigebul
operatorTa, HRiuvilis sauperoperatorulli formallizmisa da proeg-
ciulli operatoris meTodis daxmarebiT, sawyisi koreBaciebis Sesu-
stebis proncipisa da S¥m_is gamoyenebis gareSe wonasworulli kore-
Baciuri FunqciebisTvis gamoyvani B1 axal i, ganzogadoebu B1 kvanturi
evo B uciuri (kinetikuri) ganto Bebebis dagaxebiTi integrallebi_Sei-
caven rogorc wevrebs, romBebic aRweren dagaxebiTi koreBaciebis
evolucias droSi, aseve sawyisi koreBaciebis evoBuciur wevrebs,
romBebic ganpirobebu B ia gvesistemis urTierTgmedebiT bozonur vel-
Tan drois sawyis momentsSi.

mesame TavSi ganxiBulBlia da gamokvBeulia elleqgtronulli da

poBaronull1 gadatanis wrFfivi mov Benebis sakiTxebi dinamiur siste-

mebSi_e Beqtron_fononur sistemaSi, Frolixis da akustikur poBlaro-
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nTa mode BebSi, poBaronis Fgm Si. gamokvBeva dafuZnebullia kubos
wrFivi gamoZaxi Bisa da SeSfoTebis Teoriaze. gamoTvBilia elleg-
tronulli da polaronulli gadatanis meganikuri koeFicientebi
(daba B temperaturulli Zvradoba, eleqtrogantaroba) zemoT miTiTebull
mode BebSi_koreBaciuri FungciebisTvis miRebull ganzogadoebu l kva-
ntur kinetikur ganto Bebebze dayrdnobiT.

$3.1 Si gamokvBeullia elegtron-fononuri sistema da gamoTvili-
Bia elegtronis daball temperaturulli Zvradoba da dabalBsixSiruli
e Beqgtogantaroba susti elegqtron-Fononuri urTierTgmedebis SemTxve-
vaSi (1) da (3)_gantolebebze dayrdnobiT miRebulia miaxBoebiTi
kinetikuri gantoleba eleqtronis “siCgare_siCgareze~ wonasworulli
koreBaciuri TFfungciisTvis. napovnia am bo B cmanis tipis ganto Bebis
amonaxsni kristallis daballi temperaturebis SemTxvevaSi erTi zonisa
da relagsaciis drois miaxBoebaSi (rdm) elBegtronisTvis, da Ffono-
nebis dispersiis nebismieri izotropulli kanonis dros. dadgeni lia,
rom e Begtronis (qvesistenmis) koreBaciuri Funqciebi mii Bevian osci-
BaciebiT didi droebis asimptotur areSi, ganoTvlilia koreBaciuri
fungciebis miBevis dekrementi da oscilirebadi Tfagtori. gamoyva-
ni Blia zogadi Formulebi kuTri elegtrogantarobis disipaciuri nawi-
BisTvis izotropull SemTxvevaSi da elBeqtronis daball temperaturuli,

eleqtrulli vellis w _sixSireze damokidebulli ZvradobisTvis (a

mobility). an Formu Bebs agvs Semdegi saxe:

ael
thg—th_ &b | ]
Res > = TO}IH (b,RV,(RV{( R|cosg G° (b, R)H

A T . N IS) u
G (b,R)_ : ébr G (b _R)lf (b R) |

w2+ 4G (b, R} €2
sadac: mw) = m,(w)- Dmw)

(4)
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eth& b2 i‘

=— €2 BaiBr (b, PV, (PIV,(P) qd(b ﬁ) Q"(b ﬁ) P

2etrfa;é—2‘bhw9
— e I D D D D\~
Diw) =—SZ—L¢5Pr (b, P)V, (F)V,(P) ®)
,1' 2€bh G* (b, P) zebh o s, G P H
G (b, P &g Cn (b P (W <<ty").
"84 B+ |G 0 P H'w2+[G (b, P)sz

ag. ee leqtronis muxtia, ne leqtronebis koncentraciaa gamtarobis zo-

nasi, Vm(ﬁ)eleqtronis siCgaris mkomponentia gamtarobis zonidan,

P_eleqtronis kvaziimpullsia, da r (b,P)=e "™ /dpe ®™® naTelia,
rom Dmw)_sidide warmoadgens temperaturull Sesworebas elegtronis
my(w)-_daba B temperaturull da sixSirull Zvradobaze, romelic gamo-
wveu Bia sawyisi koreBaciebis arsebobiT eleqtronis urTierTgne-
debisas TononebTan arsebull sistemaSi. am paragrafSi moyvani ki
gamosaxu B ebebi kuTri eBeqtogamatrobisTvis da daball temperaturulli
ZvradobisTvis warmoadgenen sakmaod zogads ganxi Bulli modelis Car-
CoebSi da Sesrullebulli miax D oebebis Fargll ebSi.

$3.2_Si gamokvBeulia eleqtronis Zvradobis sakiTxi poBaronis

frolixis model Si da napovnia metad mniSvne Bovani da principulli

sakiTxis: ° prob Bemis~ nawi Bobrivi gadawyveta poBaronis daba-

bhw,
I temperaturulli, Zvradobis TeoriaSi. $31 _Si elegtron-fononuri
sistemisTvis, miRebull zogad Tormullebsa da TanaFardobebze day-
rdnobiT gamoTvBilia eleqtronis “siCgare siCgareze~ korelaciuri
fungciis miBevis dekrementi (eBegtronis impullsis relagciis six-
Sire) da oscilirebadi faqtori. ‘mcire~ siCgariT moZravi elegqtro-

nisTvis kristallis Zalian dabali temperaturebis SemTxvevaSi impu-
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Isis relagsaiciis sixSire ar aris damokidebulli TviT elegqtronis

impu B sze da warmoidgineba Semdegi saxiT:
' = . 2 ~
G (@.R)° G (9) = 3aWN,(9); (R® <<1.g = bhw, >>1) (6)

sadac: wy_ Fononebis rxevis sixSirea, a_ warmoadgens e leqtron-fFono-
nuri urTierTqgnedebis (FroMlixis) bmis mudmivas, da N,(9)=[e’- 1"
el egqtronis “siCgare-siCgareze~ koreBaciuri FungciisTvis miRebulli
bo B cmanis tipis miax BoebiTi kinetikuri ganto Beba amoxsni Bia rdm-Si
kristallis daballi temperaturebis SemTxvevaSi, da napovnia eleqtro-
gamtarobis da Zvradobis mniSvne B obebi Frolixis poBaronis mode-
1Si_rac fagtiurad warmoadgens osakas Sedegis ganzogadoebas (dru-
des formullas) daball sixSirulli ellegtrogantarobisTvis da dabal te-
mperaturull i1 ZvradobisTvis, romBebic Seicaven temperaturull Seswo-
rebebs, ganpirobebulls elleqtronis fononebTan arsebulli sawyisi kore-
BaciebiT:

—_ne® 2 od @ 28@1 a G() .
Res (W)_mwogwthg gvv 29n C%(g)%w +Gb(g) @

(a <1g >>1wg <<1),

sadac:s (W) =s , (W) =5 (W) =S ,(W); W = Wﬂ;Gb(g) =w;'G" (9) :gaNo(g); xollo

daba l temperaturulli da dabalsixSirulli ZvradobisTvis Sesabamisad

gvegneba:
gy 2@ . g
B, 9\/’\7 "2 o G@ ©
So e 4.0 za@ 6 G
DfT(W)— ogﬁ h} g\N Sn Gl‘)(g '~2+C_\62(g)

(a <1,g >>1,wg <<1).
daba l temperaturulli statikuri ZvradobisTvis (dc mobility) miRe-

bull ia Semdegi mniSvne B oba (mcire temperaturulli SesworebiT).

19



e ieg'
mw, 2a

= »—E e 9;
Dm= SZQ)(Q)HQ) ) — 320€Y ©

(g >> 1,a <D.
ganoTvlilia agreTve elleqtrogantaroba da eleqtronis Zvra-

doba elBeqtrulli velis maRali W-sixSireebis SemTxvevaSi. am Sem-
TxvevaSic temperaturulli Sesworeba elegqtronis Zvradobaze warmo-
adgens Zal ian mcire sidides.

sadisertacio naSromis am paragrafSi avtoris mier miRebulli

KT
Sedegi (ix. (9) formula) warmoadgens ghv?/ -prob Bemis~ nawi Bobriv

0
gadawyvetas Ffrolixis polaronis (elBeqtronis) daball temperaturulli

Zvradobis TeoriaSi. Zvradobis miRebu i mniSvne Boba 3 jer aRemateba

“bo B cmaniseu B~ daba I temperaturul statikur Zvradobas:
e 1 , 1 - -
m, = —eY; (w=0,g>>1); da —-mamravBiT gansxvavdeba ¥xip-isa
mw, 2a 2

(Feinmani, xe Bvorsi, idingsi, pBlatcmani) da tornberg Ffeinmanis Sede-

e 3
mw, 29 2a

gisgan: My, =M, = (w=0,9 >>1); rac Seexeba TviT TFxip-isa

da tornberg_TFTeinmanis Sedegebis Tanxvedras da i_mamravls, maTi

warmoSobis buneba (Rrma mizezi) dRevandel dRemde bo B omde dadge-
nilli ar aris.

$33_Si ganxiBlulia da gamokvBeulia eleqtronis Zvradobis
yofagqceva akustikuri poBaronis model Si susti elegqtron-fononuri

urTierTgndebis dros. am SemTxvevaSi adgili aqvs eleqtronis urTi-

erTgmedebas dispersiis mgone akustikur +FfononebTan:

(Vs

_bgeris siCgarea kristallSi), da iseve rogorc poBaronis frolixis
mode B Si, elegqtronis energiisTvis gamtarobis zonaSi gvagvs dispe-
rsiis paraboBuri kanoni: T(P)=P?/2m; (meBegtronis efeqturi masaa).

am paragrafSic miRebu li1 Sedegebi e Beqtrogamtarobisa da e Beqtronis
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Zvradobis yoTfagcevis Sesaxeb eyrdnoba $31 Si gamoyvanill zogad
Tanafardobebsa da TFormullebs. napovnia eleqtronis “siCgare_siCga-
reze~ _koreBaciuri Funqciebis mi Bevis dekrementebi (e Begtronis impu-
BIsis relagsaciis sixSire) da oscilirebadi Fagtorebi. ganxiBullia
e Begtronis aradrekadi gabnevis procesebi akustikur TFononebze da
dadgeni Bia, rom ‘mcire~ siCgariT (|S <1) moZravi eleqtronisTvis, imp
Bsis relagsaciis sixSire (dro) kristalis Zalian daballi tempe-
raturebis dros ar aris damokidebulli TviT eleqtronis impullsis

mniSvne B obebze da warmoidgineba Semdegi saxiT:
Ge(9) =t (g)——64a[e“9 1 (10)

(R<<L g>>1 a<1).

~ mv_2 _
sadac: P=P/mV,: da g-= K ST : xolo a_eleqtron-fononuri
B
D*m?

urTierTgmedebis (bmis) mudmivaa: a = <1. D_deformaciis pote-

8ori®V,
nciallis mudmivaa, r_kristalis masuri simkvrive. napovnia “siCgare-
siCgareze~ koreBlaciuri TFTungciisTvis miRebulli boRcmanis tipis
miax B oebiTi kinetikuri gantoBebis amonaxsni rdm-Si kristalis da-
bali temperaturebis dros, da gamoTvlilia dabalsixSirulli kuTri
elleqgtrogantaroba da eleqtronis Zvradoba am modeB Si izotropul

SemTxvevaSi da erTi zonis miax 1 oebaSi:

né Gi@ _ €éng
RS W)= e %—\42@ 0 (1)
(@ <Lg>>Lw<< mVSZ)-
ng
mAc = limw@OM = Ac I)-nAc
ne
S
I’T},AC— mzvz %e (12)

S
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he 1 4g a2 49 ]. .
—e749n°[32a ; a<lg>>1
nfV’ 32 [ ¢ ] ( 9>>1)

D, =

naTelia, rom temperaturulli Sesworeba elBeqtronis daball tempe-
raturull Zvradobaze, romelBic ganpirobebull ia sawyisi koreBaciebis
gaTval iswinebiT, warmoadgens Zall ian mcire sidides. miRebull1 Formu-
Bebi warmoadgenen Tanmimdevrull da koreqtull Sedegs eleqtronis
daba l temperaturulli ZvradobisTvis akustikuri poBaronis model Si
susti elleqtron_fononuri bmis SemTxvevaSi.

an paragrafSi gamoTvRilia aseve elgtrogantaroba da eleg-
tronis Zvradoba akustikuri poBaronis modelBSi eleqgtrullt velis

maRaB1 w_sixSireebis SemTxvevaSi, kristallis rogorc maRali, aseve
dabali temperaturebis dros, napovnia am sidideebis w_sixSiresa da

T temperaturaze damokidebu B eba (yofaqgceva) am parametrebis
sxvadasxva mniSvne Bobebis dros. am SemTxvevaSic temperaturulli
Sesworeba elegtronis daball temperaturull Zvradobaze warmoadgens
Zalian mcire sidides.

e Begtronis dabatemperaturulli Zvradobis gamosaTvBelad akus-
tikuri polaronis model Si susti elegtron-fononuri bmis SemTxve-
vaSi1 @<l), gamoiyeneba kinetikuri (bo B cmanis) ganto Bebis meTodi. am
ganto Bebis amoxsnisas rdm_Si eleqtronis daball temperaturulli sta-

tikuri 2ZvradobisTvis (dc-mobility) S¥m_Si miiReba mniSvne I oba

ne 1
Mhese =" —€%(g >>1a <1w =0) (13)

xo B o, Fxip-is Teoriisa (niaxBoebisa) da balBansis gantolebis meTo-
dis (tornberg-feinmanis Teoriis) gamoyenebiT napovni elBegqtronis

daba l temperaturulli statikuri Zvradobis mniSvne Boba to lia sidids:

m;ém = rT]ZFC :%xiezlg; = mzl\e/z ﬁ](g >>la <1 (14)

avtoris mier napovni daball temperaturulli statikuri Zvradobis
mniSvne Boba S¥m_Si (ix. 12 Formula). warmoadgens Tanmimdevrull da

koreqtul Sedegs akustikuri poBaronis model Si. is 2_jer nakBebia
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eleqtronis bo 0 cmaniseull~ daball temperaturull Zvradobaze da %g -

mamrav B IT gansxvavdeba Fxip-isa da tornberg-feinmanis Sedegasgan. rac

Sexeba Fxip-isa da tornberg-feinmanis Sedegebis Tanxvedras da %g

mamrav Bs_iseve, rogorc poBaronis froli-xis model Si, an modell Sic
maTi warmoSobis Rrma mizezi (buneba) jer-yerobiT dadgenili ar aris.

$34_Si ganxiBulia polaronis fgn. gamoTvHBilia da gamokvle-
ullia kontinualuri optikuri polaronis drefulli Zvradoba da misi
yofagceva am mode B Si daballi temperaturebis SemTxvevaSi. gamoyva-
ni Bia kvanturi Kinetikuri gantoBebebi poBRaronis “impullsi-_impu-
Bsze~ (‘deni_denze~). wonasworulli koreBaciuri FunqciebisTvis,
ganxi Bulia markoviseuli1 miaxBoeba poBaronis dinamikisaTvis da
didi droebis asimpatotur areSii t~t >t =max (s, ts); t, >>Db;
h=m=w, =1).(t-po Baronis dajaxebaTa maxasiaTebeBi droa, ts-aris
TermostatSi FTHRuqtuaciebis koreBlaciebis maxasiaTebel1 dro), miRe-
bullia miaxBoebiTi gamosaxulebebi koreBaciuri TFungciebisTvis.
gamoyvani Bi1a agreTve kinetikuri ganto Bebebi koreBaciuri Tungci-
ebis diagonaluri matriculli elementebisTvis. napovnia koreBaciuri
Tungciebis mi Bevis dekrementebi (poBaronis impullsis relagsaciis

sixSire) da osci lirebadi fagtorebi.

dabal i temperaturebis SemTxvevaSi (b >>1, b’ <<le - ¢e)) da didi

droebis areSi t>>|ei-ej|'l)-polaronis (P,P,(#t)). koreBaciuri fun-
qciebis sidide ZiriTadad gansazRvrulia impullsTa im mniSvne 1l O-

p? p?
<< |e1 - e0| ;

bebiT, romel TaTvisac
M e 2M o

<<1l, (sadac e,e;,€e¢€,

poBaronis agznebuli da ZiriTadi mdgomareobis energiebia,

Me_po Baronis masaa). am pirobebSi dadgenillia, rom poBRaronis

inpull sis relagsaciis sixSire G (b,P)_ ar aris damokidebuli TviT
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poBaronis Pimpullsze ("mcire~ siCgariT moZravi poBaroni) da ganisa-

zRvreba TanafardobiT:
GEZ (bR © GE(b) = 4N, (b)VM f (\/2M) (15)
(b >>1,§2/2M <))
sadac: f(2M) = f(K)|,_pms f (k) =|< 0| ™ | 0>] (16)
Ny(b) =[e’ - 1]’
napovni (dabaBsixSirulli) kuTri elegqtrogamtarobisTvis da pola-

ronis daball temperaturulli ZvradobisaTvis gvagvs Semdegi saxis

gamosaxu 0 ebebi:

1
2Ah(ZbW)  ~or
Res °F(w) = Ne’b™'M 2 G (b)

éb o, U
W w2 + riF(b) COSgE C‘Srel (b)H (17)

(W << Gyg (b) <<b™* <<1);

o _3_exp(b) M
="e nfF = neF - DnfF
W2 e WMy m-b
oF _ . &Xp(b) VM 2?1 y U
Dm™" =3e a2 f(msn 86abNo(b)«/M f(«/ZM)H (18)

w=0; G (b)<<b'<<l
sadac: N-po Baronebis koncentraciaa.

naTeBia, rom Dm® _sidide, romelic warmoadgens temperatu-

rull Sesworebas poBRaronis Dm)GF _daball temperaturull Zvradobaze,

warmoadgens mcire sidides TviT am ZvradobasTan SedarebiT.

amave $34 Si agreTve ganxiBulia da gaanallizebulia sakiTxi
po Baronis daball temperaturulli Zvradobis yofagcevis Sesaxeb elle-
gtron-Fononuri bmis a_mudmivas zRvrulli (susti da ZBieri) mniSvne-
B obebis dros. dadgenilBlia, rom 1 susti eleqtron-fononuri bmis

zRvrull SemTxvevaSi: (a<l, Mg<<l, Mc® 0), rodesac po Baronis Fgm
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gadadis poBlaronis frolixis modell Si, polaronis daball temperatu-

rulli ZvradobisTvis gvagvs:

n§™ P m):geb; DM b Dm:%eabze'b;(a <l b>>1) (19)
romeBic emTxveva daball temperaturulllt Zvradobis mniSvne l obas
poBaronis Frollixis mode lSi.

2. Zhieri elleqgtron-fononuri bmis zRvrull SemTxvevaSi: (a>>1, Mg=>>1,

Mc® 8), rodesac Fgm aRadgens pekaris Teorias, poBaronis dabal te-

mperaturu i1 Zvradobis yofagceva aRiwereba TanafardobiT:
e’ ~%exp(b)a B (@ >>1b >>1) (20)

sadisertacio naSromSi avtoris mier ganviTarebulli Fforma-
Biznmi da meTodebi, miRebuli1 ganzogadoebu Bi kvanturi Kinetikuri
ganto Bebebi wonasworulli koreBaciuri FfungciebisTvis da mesame Ta-
vis $3.1 $34 ebSi ganxi Bull mode Bebze dayrdnobiT miRebuBi Sedegebi
(gamoyvani 11 Formu B ebi: rogorc zogadi, aseve miax BoebiTi) SesaZlle-
bBobas i1iZBeva gadaugvarebel, farTozonian, erTgvarovan (poBarull)
naxevargamtarebSi, ionur da kovallentur kristallebSi elleqtronuli
da polaronulli gantarobisa da daball temperaturulli dreifulli Zvra-
dobis wrFfivi kvanturi Teoriis agebas_kvanturi dinamiuri sistemebis
sxva mode B TaTvisac, romBebic urTierTgnedeben FononebTan (e Beqtro-
nebis gabneva arapoBlarull optikur Fononebze, piezoeBeqtu i gabneva,
poBaronis fm da sxva)._elBeqtronebisTvis erTi zonis miax I oebaSi,
dispersiis rogorc zogadi, aseve paraboBuri kanonis dros da

fononebis dispersiis izotropulli kanonis SemTxvevaSi.
daskvnebi

1. sxvadasxva midgomebis-mowesrigebull operatorTa da Riuvillis
superoperatorulli formalizmisa da proeqciulli operatoris meTodis
gamoyenebiT, sawyisi koreBaciebis gaTvall iswinebiT_gamoyvani Bia axa-
i, zusti, ganzogadoebu i kvanturi evo RBuciuri (kinetikuri) ganto-
Bebebi drois ormomentiani wonasworulli koreBaciuri TFunqgcie-
bisTvis, dinaniuri qvesistemisTvis romelic urTierTgnedebs bozonur
vel Tan (TermostatTan). miRebull ganto BebaTa dagaxebiTi integrallebi
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Seicaven rogorc wevrebs, romBebic aRweren namdviBi koreBlaciebis
evo Bucias droSi, aseve sawisi korelaciebis evoluciur wevrebs,
romBebic ganpirobebu B ia qvesistemis urTierTgmedebiT bozonur Ter-
mostatTan drois sawyis momentSi.

2. SeSToTebis Teoriis meore miax B oebaSi — qvesistemis Termo-
statTan urTierTgmedebis hami B tonianis mixedviT - napovnia ganzoga-
doebulli kvanturi kinetikuri gantoBebebi gamoricxulli bozonuri
amp B 1tudebiT koreBaciuri TunqgciebisTvis, rogorc markoviseuli,
ise aramarkoviseuli saxiT, romBebic Seicaven cxadad gamoyoTil
sawyisi koreBaciebis evo Bluciur wevrebs.

3. eleqgtron-fononuri sistemisTvis, Frolixisa da akustikuri
poBaronis model TaTvis, SeSFoTebis Teoriis meore miaxl oebaSi,
susti eleqtron-Fononuri urTierTgmedebis SemTxvevaSi da erTi zonis
miax B oebaSi el eqtronisaTvis gamoyvani Bia da gamokv B eu l ia markovis
saxis kinetikuri gantoBlebebi eleqtronis siCgaris operatoris
komponentebis saSuallo mniSvne B obebis diagonaBluri matriculli elle-
mentebisaTvis, romBebic warmoadgenen bo B cmanis tipis ganto I ebebs,
saidanac gamoricxullia Fononuri ampBitudebi. Gganxi Bullia elle-
gtronis aradrekadi gabnevis procesebi Ffononebze da dadgeni Bia, rom
ganxi Bull mode BebSi adgili agqvs relagsaciur process korelaciuri
fungciebis oscilaciebiT. Nnapovnia eleqtronis impullsis (siCgaris)
relBagsaciis sixSireebis analizuri gamosaxu Bebebi kristallis daba-
Bi temperaturebis SemTxvevaSi. gamoTvBilia eleqgtronis “siCgare-
siCgareze” korelBaciuri Tunqciebis milevis dekrementebi da osci-
I irebadi Fagtorebi.

4. gamokvBeulia da dadgenilia rom elegtronis siCgaris (im-
pull sis) mcire mniSvne BobebisaTvis, siCgaris relagsaciis droebi
(sixSireebi) ganxiBull modelebSi ar aris damokidebulli1 impullsis
sidideze. mcire siCgareebiTYmoZravi e BeqtronebisTvis Zallian daballi
temperaturebis dros napovnia dabalsixSirulli eleqtrogamtarobisa
da elegtronis dreifullil Zvradobis gamosaTvlel1 Formu Bebi.

5. Frolixis polaronis mode B Si miRebu Bi gamosaxu Bebebi el eg-
tronis daball temperaturulli dreifulll Zvradobisa da dinaniuri
gantarobiTvis warmoadgens osakas mier napovni Sedegis ganzogadoebas
mcire intensivobis mgqone dabalsixSirull gareSe eleqtrull velSi,
rac fagtiurad SesaZBebelia ganxiBulli ignas, rogorc drudes for-
mula kuTri eleqtrogamntarobisTvis. napovnia agreTve statikuri
(w=0) elegtrogamtarobisa da dabaltemperaturulli dreifulli Zvra-
dobis analizuri gamosaxu Bebebi, rogorc frolixis, aseve akustikuri
po Baronis mode B ebSi.

6. rogorc gamoTvBebi gviCvenebs, elBeqtronebis gabnevisas po-
Barull optikur Tononebze, daball temperaturulli dreifulll Zvra-
dobisTvis (dcmobility w=0) miRebuli mniSvne Bloba 3-jer aRemateba
Zvradobis im mniSvne Bobas, romelBic miiReba bo B cmanis kinetikuri
ganto Bebis gamoyenebiT da amoxsniT reBlagsaciis drois miax I oebaSi.
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KgT

miRebu 01 Sedegi warmoadgens - «3 prob B emis” — nawi Bobriv gada-

WO
wyvetas FTrolixis polaronis daball temperaturulli Zvradobis Teo-
riasi.

7. eleqtronebis gabnevisas akustikur Tononebze (akustikuri
poBaronis modeli) miRebuli daball temperaturulli dreifulli Zvra-
dobis (w=0) mniSvne Boba 2-jer nakBebia Zvradobis im mniSvne I obaze,
romelic aseve miiReba bo B cmanis kinetikuri ganto Bebis amoxsnisas
re B agsaciis drois miax B oebaSi.

8 ganxi Bull mode 0 ebSi napovnia agreTve eleqtronis dreiful
Zvradobaze +temperaturulli Sesworebebi, romBebic ganpirobebull ia sa-
wyisi koreBlaciebis evoluciuri wevrebis arsebobiT gamoyvanilli
kinetikuri ganto Bebebis dagaxebiT integrallebSi da naCvenebia, rom
es Sesworebebi warmoadgenen mcire sidideebs ganxiBulll Teoriis
farg  ebSi.

9. polaronis Tgm-sTvis miRebuli1 kvanturi kinetikuri ganto-
Bebebi elegtrulli denis operatoris komponentebis (poBRaronis
impu Bsis) drois ormomentiani wonasworulli koreBaciuri Ffun-
gqciebisTvis gamoyenebullia poBaronis dreifulll Zvradobisa da
e leqtrogantarobis tenzoris gamosaTvBelad. Gganxi Bull erTzonian
izotropull SemTxvevaSi, markoviseull miax 0 oebaSi poBaronis dina-
mikisTvis, napovnia miax BoebiTi gamosaxu B ebebi koreBaciuri fungci-
ebisTvis.

10. kristalis Zalian daballi temperaturebis SemTxvevaSi gamo-
yvani Bia bo B cmanis tipis kinetikuri gantoBeba koreBaciuri Tun-
qciis diagonalluri matriculli elementisTvis, romelic Seesabameba
poBaronis ZiriTad mdgomareobas. gamokvBeullia poBaronis aradre-
kadi gabnevis procesebi Fononebze. napovnia impullsis relagsaciis
sixSiris (drois) analizuri gamosaxu leba da dadgeni Bia, rom mcire
siCgariT moZravi poBaronisTvis impullsis relagsaciis sixSire (dro)
ar aris damokidebu 1 1impullsis sidideze.

11. kubos wrFivi reagciis Teoriis gamoyenebiT miRebu N ia daball-
sixSirullt elegtrogantarobis tenzoris analizuri gamosaxulleba
e legtron-Fononuri sistemisaTvis erTzonian miaxB oebaSi da Tono-
nebis dispersiis zogadi (izotropu 1) kanonis SemTxvevaSi. gamoTvli-
Bia polRaronis daball temperaturulli dreifulli Zvradoba ¥gm-Si. am
mode B Si napovnia agreTve temperaturulli Sesworeba poBaronis drei-
full Zvradobaze, romeBic ganpirobebullia sawisi korelaciebis
evoBuciuri wevrebis arsebobiT miRebul1 kinetikuri ganto Bebebis
dajaxebiT integrallebSi, da dasabuTebulia, rom es temperaturulli
Sesworeba warmoadgens mcire sidides.

12. ganxilulia da gaanalizebulia polaronis dabal tempera-
turulli dreifulli Zvradobis yofagceva susti (a<l) da ZHieri
(a>>1) elegtron-fononuri urTierTgnedebis zRvrull SemTxvevebSi.

susti eleqtron-Fononuri urTierTgmedebis SemTxvevaSt (M, ® 0), ro-
desac poBlaronis fgm gadadis poBaronis Frolixis modelSi, polla-
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ronis daball temperaturulli dreifulli ZvradobisTvis (g>>1; w=0)
vRebu B obT 1iseTive miSvne Bobas, rogoric napovnia poBaronis fro-
Bixis modelSi. Zhieri ellegtron-Fononuri urTierTgmedebis SemTxve-

vaSi (Mg ® ¥), rodesac poBaronis fgm aRadgens po Baronis pekaris
naxevradk Basikur Teorias, daball temperaturulli dreifull1 Zvradobis

yofaqceva moicema Semdegi TanafardobiT:. my ~ge.exp(g)a Bi(h=m=w, =1,

g=b >>1, w=0); anu po Baronis daball temperaturulli Zvradoba ZHlieri
e Beqgtron-Fononuri urTierTgmedebis SemTxvevaSi (a >>1) izrdeba a -
bmis mudmivas mecamete rigis proporciullad am mudmivas didi mniSvne-
I obebis dros, maSin rodesac po Baronis pekaris TeoriaSi daball tem-
peraturulli Zvradoba izrdeba misi mexuTe rigis proporciullad-
m, ~a®°; rodesac a >>1 (A=m=w,=1 b>>Lw=0),

13. sadisertacio naSromSi Catarebuli gamokv Bevebi gviCvenebs,
rom ganviTarebull meTodebs, romBebic dafuZnebulia kinetikuri gan-
to Bebebis miRebaze wonasworu i koreBaciuri FfunqciebisTvis da maT
gamoTv B aze, gansxvavebiT sxva midgomebisgan, ar mivyavarT ganSHBadi
wevrebisagan Sedgeni Bi1 usasrullo mwkrivebis agamvis auci Bebll obas-
Tan kvazinawi Bakis (elBegtronis, po Baronis) urTierTgmedebis mixed-
viT FononebTan, kristall ze modebulli gareSe elleqtrulli velis daba-
Bi (W® 0) sixSireebis SemTxvevaSi.

naSromSi dasabuTebuli1a, rom arsebulli sawyisi korelaciebis
evolucia da koreBaciuri Tungciebis oscilaciebi drois mixedviT,
romB ebic ganpirobebu Bia kvazinawi Bakis (zogad SemTxvevaSi kvanturi
dinaniuri qvesistemis) urTierTgmedebiT Tononur (bozonur) vell Tan
drois sawyis momentSi, gavBenas ar axdenen reBagsaciur procesebze
da 1isini warmoadgenen Zvradobebze temperaturulli Sesworebebis Zi-
riTad mizezs (wyaros) ganxi Bull mode 1 ebSi.

SUMMARY

In modern conditions a subject to research is a subject of electron and polaron
transport phenomena study in solid states and condensed matter physics. Making electron and
polaron mobility and electrical conductivity quantum theory and quasi-particle kinetic
features calculation remains one of the actual problem in modern theory of electron and
polaron. In the latest years a tendency of making materials of difficult molecular building
and studying polaron features gave stimuli to implement a lot of theoretical research for
describing autolocalized (polaron) matter. Polaron concepts, which represents a simple
example of nonlinear quasi-particle, has great importance and is highly used in solid states
and condensed matter physics and especially it is closely connected to the fundamental
problems of quantum dynamical systems theory and to the subjects of quantum theory of a
field. In the latest period it became actual to research subjects of e ectron-phonon system and
polaron kinetic on the base of Kubo linear response theory and to build correct quantum
theory of electron and polaron transfer phenomena and calculation of mechanical coefficients
(mobility, electrical conductivity) in semiconductors and ionic crystals.
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The aim of thesis work is to receive and research new, exact generalized quantum
kinetic equations for time correlation functions for some quantum dynamical systems of solid
physics, which interacts with phonon field (electron-phonon system, Frohlich and acoustical
polaron models, polaron generalized model of Feynman) and on the base of such models
building of consecutive, correct electron and polaron low frequency conductivity and low-
temperature drift mobility quantum theory for non degenerated wide-band semiconductors
and ionic crystals based on Kubo linear response and perturbation theory and calculation of
mechanical coefficients transport (mobility, electrical conductivity) for above mentioned
guantum subsystems models.

The thesis work discusses two method of approach for new, exact generalized
guantum kinetic equations for double-time equilibrium correlation functions for quantum
dynamical systems, which interacts with boson (phonon) field (thermostat).

The first method of approach is based on ordered operators formalism and
chronological and antichronological T-product method; and the second method of approach
which is based on Liouville superoperative formalism and projection operator method.

The first chapter of the work generally gives a short brief. In the first paragraph of this
chapter deals with model Hamiltonian kind of dynamical systems, which interact with boson
(phonon) thermostat and there are discussed some actual examples of quantum dissipative and
open nonequilibrium modeling systems and from different fields of modern physics, which
became the subject of intensive research and learn in the latest 30-40 years. The spectrum of
the wide research contained subjects of metals' electrical conductivity and superconductivity
theories, subjects of metal aloy and cold “metal glasses’ electronic theory; subjects of week
and strong localization and strong inhomogeneous substances electrical conductivity theory
in disordered systems physics; aspects of laser radiation and superradiation theory aspects in
guantum radiophysics, subjects of magnetic polaron and fluctuon (phason) and etc in
magnetic substances (environment) and others. The second paragraph deals with
dynamically disordered system - electronphonon system and electron interaction with
acoudtical and polar optical phonons and gives general introduction of Hamiltonian of
electronphonon system (Frohlich - Pekar type Hamiltonian), Hamiltonians of electron
acoustical and polar optical phonons interaction and short brief of deformation potential
method. The third part of the work deals with large radius polaron models. There are
reviewed polaron Frohlich and Pekary models and polaron Feynman oscillator and
generalized Feynman models there. The same paragraph deals with a new approach for
polaron systems thermodynamics and kinetic subjects, developed in latest years — ordered
operators formalism, T-product method and phonon operators elimination method from
equilibrium and nonequilibrium average value — physical quantity characteristic for electron
phonon system. The advantage of a new method of approach in some occasions to at studying
kinetic subjects of electron-phonon system. The fourth paragraph deals with several principal
subjects of physical kinetics of dynamical systems, which interact with phonon (boson) field.
Thereis given review of very important and principal subject such as opportunity of shorten
description at evolution (kinetic) equation for K-type dynamical systems (for classic and
guantum as well), which is not based of a hypothesis about usage of initial correlations
weakness and random phase approximation (RPA). There is described those basic schedules
and methods, which lead us to Boltzmann type kinetic equation and master equation there.
The chapter deals with such basic principal difficulties, which are arisen at calculation of
drift mobilities for above mentioned models, as according to Boltzmann kinetic equation and
Kubo linear response theory and also at using some methods of linear and nonlinear
conductivity theories (nonequilibrium density matrix and bal ance equation methods).
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The second chapter of thesis work deals with general question — to receive exact,
generalized, quantum evolutionary equations for equilibrium correlation and Green functions
of dynamical subsystems, which interacts with boson (phonon) thermostat. The first
paragraph deals with ordered operators formalism and T-product method. The second
paragraph deals with new and exact quantum evolutional (kinetic) initia correlations
weakness principles equations for without random phase approximation usage and double-
time equilibrium correlation and Green retarded functions, with eliminated boson amplitudes.
The fourth paragraph deals with new and exact generalized quantum kinetic equations for
double-time equilibrium correlation and Green functions been found by using Liouville
superoperative formalism and projection operator method. Unlike kinetic equations for
correlation functions, received by different authors in scientific literature, integrals of
evolutional equations presented in this work contain additiona members, which describe
initial correlations evolution in the period of time and which are caused by subsystem
interaction with boson thermostat in initial moment of time. The third and fifth paragraphs
discuss Markov method of approach for subsystem dynamics and accordingly by the help of
both formalism and methods there has been found approximately quantum kinetic equations
for correlation functions with eliminated boson amplitudes and initial correlation description
and additional members in collission integrals. Researches and results have been conducted in
this chapter of the work give opportunity for better and wider studying of kinetic phenomena,
which take place in dynamica systems and which interact with boson field.

Subjects of electron and polaron transport phenomena quantum theories in solid states
— in semiconductors and ionic crystals — have been researched in the third chapter of thesis
work. All four paragraphs of the same work are dedicated to electron and polaron low-
frequency conductivity and lowtemperature drift mobility quantum theory, which is based on
the above mentioned models of quantum dynamica systems, Kubo linear response and
perturbation theory and on quantum kinetic equations for equilibrium correlation functions
presented in the second chapter. The first paragraph researches Markovian type kinetic
equations for correlation functions of electron “velocity — on velocity” in relaxation time
approximation and there has been found decrements of damping correlation functions and
oscillation factors; for electron-phonon systems in the case of weak electron-phonon
interaction in one band approximation there has been received analyze image of low
frequency electrical conductivity tensor and low-temperature drift mobility of electron in the
case of anisotropy has been calculated there — conductivity band is of electron velocity. The
second and third paragraphs deals with several subjects of electronic transport phenomena in
Frohlich and acoustical polaron models. There have been found formulas for calculating drift
mobility and low-frequency conductivity at low-temperatures for electron in such models.
Generalization of Osaka result for electron low-temperature mobility and low-frequency
conductivity in eectric field are received in polaron Frohlich model. There is given partial

decision for g KeT

v problem” in Frohlich polaron low-temperature mobility theory and is
0
shown, that meaning of mobility given in this work excels three times those meaning of
mobility which is received by Boltzmann kinetic equation in relaxation time approximation.
In acoustical polaron model (at scattered electron on acoustical phonons) meaning of low-
temperature mobility is two times less than the meaning of mobility, which is aso received by
Boltzmann equation in relaxation time approximation. The fourth paragraph of the same
chapter deals researches several subjects of polaron kinetic in generalized Feynman model
and kinetic equations are solved for polaron “momentum-on momentum” equilibrium

30



correlation functions; there is calculated frequency of polaron momentum relaxation
(relaxation time) at low temperature crystal and analyze image of low-frequency electrical
conductivity tensor (dissipative part) isreceived; there is found polaron low-temperature drift
mobility meaning there. There is analyzed polaron lowtemperature mobility behavior in the
event of electron phonon interaction there and there is found mobility dependence on
coupling constant in the case of strong e ectronphonon interaction and different behavior of
low-temperature mobility according to the degree of coupling constant by polaron Pekar
model is established. The work also calculates temperature corrections on electron and
polaron lowtemperature mobilitys in the discussed models and there is shown, that these
corrections represent small quantities within discussed theory and approaches has been used

there.
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Ee Begtronebisa da po Baronebis Zvradobis kvanturi Teori-
IS ageba da kvazinawi Bakebis kinetikuri maxasiaTebBebis ganoT-
vla kvBav rCeba erT-erT agtualur amocanad myari sxeulebis
FizikaSi. ukanasknel periodSi did interss iwvevs kubos wrFivi
gamoZaxi B is meTodze dayrdnobiT eleqtronulli da polRaronulli
gadatanis mov Benebis koreqtulli kvanturi Teoriis ageba da
meganikuri koeFficientebisH(Zvradoba, e Begqtrogamtaroba) gamoTv-
I a naxevargamtarebsa da i1onur kristall ebSi.

sadisertacio naSromis mizans warmoadgens-e I eqgtron-fono-
nuri sistemisTvis kvazinawi Bakis susti (Frolixisa da akusti-
kuri poBaronis modellebi) da ZRieri (poBaronis feinmanis gan-
zogadoebuli modelBi (Fgm) urTirTgmedebis SemTxvevaSi Ffono-
nur ve Bl Tan - axal1,zusti, ganzogadoebu i kvanturi kinetikuri
ganto B ebebis miReba da gamokvBeva droiTi wonasworulli kore-
Baciuri FungciebisaTvis; amn ganto BebaTa gamoyenebiT, am mode-
B TaTvis Tanmimdevru i, koreqtu 1 ellegtronulli da po Baronu-
Bi dabaBtemperaturulli dreifulli Zvradobis kvanturi Teoriis
ageba naxevargamtarebsa da 1onur kristalebSi.

sadisertacio naSromSi ganxi Bullia axali, zusti ganzoga-
doebu 1 kvanturi kinetikuri ganto Bebebis miRebis ori midgoma
drois ormomentiani wonasworulli koreBaciuri FfungciebisTvis:
pirve 1 midgoma dafuZnebu ll 1a mowesrigebull operatorTa Fornma-
Biznze da gronoBogiur da antigrono Bogiur T-namravl Ta me-
Todze, da meore midgoma eyrdnoba Biuvillis superoperatorul
Tformalizmsa da proeqciull 1 operatoris meTods.

naSromis pirveli Tavis pirvel paragrafSi moyvanillia
mode Buri hami B tonianis saxe dinamiuri sistemebisa, romBebic
urTierTgmedeben bozonur (Fononur) TermostatTan da ganxi B u-
Bia zogierTi aqgtuaBuri magalBiTi kvanturi disipaciuri da Ria
arawonasworulli modeBuri sistemebisa Tanamedrove TFizikis
sxvadasxva dargidan, romBebic gaxdnen intensiuri kvBevisa da
Seswav B is sagani ukanasknelBi 30-40 wlis ganmavl obaSi. meore
paragrafSi ganxi Bullia dinamiurad mouwesrigebel1 sistema -
e leqtron-Fononuri sistema da eleqtronis urTierTgmedeba akus-
tikur da polarull optikur FfononebTan; moyvani Bia elBeqtron-
fononuri sistemis hami B tonianis zogadi saxe (Frol ix-pekaris
tipis hami B toniani), eleqtronis akustikur da polarull op
tikur TFfononebTan urTierTgmedebis hami BtonianTa saxeebi da
mokBed mimoxi Bulia agreTve deformaciis potenciallis meTodi.
didi radiusis mgone poBlaronTa modeBebi — poRaronis froli-
xisa da pekaris, Teinmanis erTosciBatoriani da fg modellebi -
mimoxi Bu B 1a mesame paragrafsSi.

amave paragrafSi ganxi Bulia agreTve ukanasknel wHBebSi
ganviTarebu 1 da gamoyenebulli axali midgoma poBaronulli sis-
temebis Termodinamikisa da kinetikis sakiTxebis gamokv B evebisas



— mowesrigebu l operatorTa Formalizmi, T-namravll Ta meTodi da
fononuri operatorebis gamoricxvis tegnika e Beqtron-fononuri
sistemis maxasiaTebeB1 Tizikuri sidideebis wonasworulli da
arawonasworulli saSuallo mniSvne B obebidan. aRniSnullia zogi-
erT SemTxvevaSi am axalli midgomis upiratesoba el eqtron-fono-
nuri sistemis kinetikis sakiTxebis SeswavBlisas, kontinualBuri
integrirebis meTodTan SedarebiT. meoTxe paragrafSi ganxillu-
Bia Fizikuri kinetikis zogierTi principull1 sakiTxi dinamiuri
sistemebisa, romBebic urTierTgmedeben Fononur (bozonur) vel-
Tan. mimoxi Bulia mniSvne Bovani da principulli sakiTxi K-tipis
dinamiur sistemebSi (rogorc kMlasikuris, aseve kvanturisTvis),
evoluciuri ganto Bebebis gamoyvanis dros SemokBebulli aRwe-
ris SesaZleb B obaze, romeBic ar eyrdnoba sawyisi kore Baciebis
Sesustebisa da SemTxveviTi Tazebis miax B oebis (S¥m) hipoTezas.
aRweri Bia ZiriTadi sgemebi da meTodebi, romBebsac mivyavarT
bo Bcmanis saxis kinetikuri ganto Bebisa da ZiriTadi kinetikuri
ganto Bebis povnande. ganxi Bullia is ZiriTadi principulli xasi-
aTis sirTulleebi, romBebic warmoiSvebian elegqtron-fononuri
sistemisa da poBaronis zemoTmoyvani I mode Bl TaTvis dreifulli
Zvradobebis gamoTv B isas, ganomdinare rogorc bo l cmanis kineti-
kuri ganto Bebidan da kubos wrFivi reaqciis Teoriidan, aseve
e Begtrogamtarobis wrFfivi da arawrfivi Teoriis zogierTi sxva
meTodis (arawonasworulli simkvrivis matricis meTodi, balansis
ganto Bebis meTodi) gamoyenebisas.

sadisertacio naSromis meore Tavi originaluri xasiaTisaa
an TavSi dasmu B ia zogadi amocana -dinamiuri qvesistemisTVis,
romelic urTierTgmedebs bozonur (Ffononur) TermostatTan-
axal'i, zusti, ganzogadoebu 1 kvanturi evo Buciuri ganto l ebe-
bis miReba wonasworulli koreBaciuri da grinis FfunqciebisTvis.
pirvel paragrafSi ganxi Bullia mowesrigebull operatorTa for-
malBizmi da T-namravlB Ta meTodi. meore da meoTxe paragrafebSi
gamoyvani Bia axalli, zusti ganzogadoebuli kvanturi evo Buci-
uri ganto Bebebi drois ormomentiani wonasworulli korelaciu-
ri da grinis dagvianebu i funqciebisTvis,Biuvi bis superopera-
torulli Formalizmisa da proeqciulli operatoris meTodisgamo-
yenebiT, sawyisi koreBaciebis Sesustebis principisa da Sfmn-s ga-
moyenebis gareSe. GgansxvavebiT samecniero HBiteraturaSi sxvada-
sxva avtorTa mier miRebulli kinetikuri ganto Bebebisagan kore-
Baciuri FungciebisTvis, naSromSi gamoyvani B1 evoBuciuri gan-
to Bebebis dajaxebiTi integrallebi Seicaven damatebiT wevrebs,
romBebic aRweren sawyisi koreBlaciebis evoBucias droSi, da
romBebic ganpirobebull ia gvesistemis urTierTgmedebiT bozonur
TermostatTan drois sawyis momentSi. mesame da mexuTe paragra-
TebSi ganxi Bullia markoviseu Bi miax B oeba qvesistemnis dinanikis-
Tvis da Sesabamisad orive Formall izmisa da meTodis daxmarebiT
napovnia SeSToTebis Teoriis meore miax B oebaSi kvanturi Kkineti-
kuri ganto Bebebi koreRaciuri FungqciebisTvis gamoricxulli bo-
zonuri anpBitudebiT da sawyisi koreBaciebis evoluciis aRm-
weri damatebiTi wevrebiT dajaxebiT integrall ebSi.



eleqtronulli da polaronulli gadatanis mov Benebis kvan-
turi Teoriis sakiTxebi — naxevargamtarebsa da ionur krista-
BebSi — ganxiBulia da gamokvBeullia sadisertacio naSronmis
mesame TavSi. am Tavis oTxive paragrafi eZRvneba eBeqtronuli
da poRaronulli dabalsixSirulli gantarobisa da daball tempera-
turulli dreifulll Zvradobis kvantur Teorias, romellic dafuZ-
nebu B 1a kubos wrFfivi reaqciis Teoriaze, kvantur dinamiuri sis-
temebis zemoTmiTiTebull modeBebze, da wina TavSi miRebull kva-
ntur kinetikur ganto Bebebze. pirvel paragrafSi gamokvBeullia
da amoxsni Bia relagsaciis drois miax B oebaSi markovis saxis
kinetikuri ganto Bebebi eleqtronis “siCgare-siCgareze” korela-
ciuri TungciebisTvis; miRebulia dabalsixSirull1 gamtarobis
tenzoris analizuri gamosaxu Beba da gamoTvhilia elegtronis
daba l temperaturulli dreifulll Zvradoba eleqtron-fononuri
sistemisTvis erTi zonis miaxB oebaSi 1zotropull SemTxvevaSi —
el eqtronis siCgarisa da Ffononebis dispersiis nebismieri zoga-
di, 1zotropull1 kanonis SemTxvevaSi. meore da mesame paragrafeb-
Si  napovnia dabaBsixSirulli elegqtrogantarobisa da daball tem-
peraturulli dreifulli Zvradobis gamosaTvBeli Fformulebi
frolixisa da akustikuri poBaronis modelebSi. poBaronis
frolixis modelSi miRebulia osakas Sedegis ganzogadoeba
eleqgtronis daball temperaturulli dreifulll ZvradobisTvis

daba B sixSirull gareSe elleqtrull velSi; moyvanilia “E};BT
W,

0
probBemis” nawi Bobrivi gadawyveta Ffrolixis polaronis da

ba l temperaturu i1 Zvradobis TeoriaSi da naCvenebia, rom naSro-
mSi miRebu B i1 Zvradobis mniSvne Boba 3 jer aRemateba Zvradobis
im mniSvne B obas, romeBic miiReba bo B cmanis kinetikuri ganto-
Bebis amoxsniT relBagsaciis drois miax B oebaSi. akustikuri po-
Baronis model Si naSromSi napovni e Beqtronis daball tempe-
raturulli dreifulli Zvradobis mniSvneBoba 2-jer nakBebia
Zvradobis 1m mniSvneB obaze, romeBic aseve miiReba bo B cmanis
ganto Bebis amoxsniT relagsaciis drois miaxll oebaSi. meoTxe pa-
ragrafsSi Ggamoyvani Bia da amoxsniBia (reBagsaciis drois
miax B oebaSi) kinetikuri gantoBebebi poBRaronis “impullsi-
impu Bsze” wonasworull'i koreBaciuri FfunqciebisTvis Fgm-Si. mi-
Rebu B ia dabalsixSirulli elegtrogamtarobis tenzoris anali-
zuri gamosaxu Beba da gamoTvRilBia poBRaronis daball temperatu-
rulli dreifulli Zvradoba. napovnia Zvradobis damokidebu ll eba
ellegtron-Fononuri urTierTgmedebis (bmis) mudmivaze ZHNieri
el eqgtron-Fononuri urTierTgmedebis SemTxvevaSi, da dadgeni B 1ia
daba B temperaturulli Zvradobis gansxvavebu Bi1 yofaqgceva (bmis
mudmivas rigis mixedviT) poBaronis pekaris modell Tan Seda
rebiT. naSromSi gamoTvlilBia aseve temperaturulli Sesworebebi
e legtronisa da po Baronis daball temperaturull dreifull Zvra
dobebze ganxi Bull mode 0 ebSi, da naCvenebia, rom es Sesworebebi
warmoadgenen mcire sidideebs ganxi Bulli Teoriisa da gamoyene-
bulli miax B oebebis FarglebSi.
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Abstract

In modern conditions a subject to research is a subject of electron and polaron
transport phenomena study in solid states and condensed matter physics. Making
electron and polaron mobility and electrical conductivity quantum theory and quas-
particle kinetic features calculation remains one of the actual problem in modern
theory of electron and polaron. In the latest years atendency of making materials of
difficult molecular building and studying polaron features gave stimuli to implement a
lot of theoretical research for describing autolocalized (polaron) matter. Polaron
concepts, which represents a simple example of nonlinear quas-particle, has great
importance and is highly used in solid states and condensed matter physics and
especidly it is closely connected to the fundamental problems of quantum dynamical
systems theory and to the subjects of quantum theory of a field. In the latest period it
became actual to research subjects of electron-phonon system and polaron kinetic on
the base of Kubo linear response theory and to build correct quantum theory of
electron and polaron transfer phenomena and calculation of mechanica coefficients
(mobility, electrical conductivity) in semiconductors and ionic crystals.

The am of thesis work is to receive and research new, exact generdized
guantum kinetic equations for time correlation functions for some quantum dynamical
systems of solid physics, which interacts with phonon field (electron-phonon system,
Frohlich and acoustical polaron models, polaron generalized model of Feynman) and
on the base of such models building of consecutive, correct electron and polaron low-
frequency conductivity and lowtemperature drift mobility quantum theory for non
degenerated wide-band semiconductors and ionic crystals based on Kubo linear
response and perturbation theory and calculation of mechanical coefficients transport
(mobility, electrical conductivity) for above mentioned quantum subsystems models.

The thesis work discusses two method of approach for new, exact generalized
guantum kinetic equations for double-time equilibrium correlation functions for
guantum dynamical systems, which interacts with boson (phonon) field (thermostat).

The first method of approach is based on ordered operators formalism and
chronological and antichronological T-product method; and the second method of
approach which is based on Liouville superoperative formalism and projection
operator method.

The first chapter of the work generally gives a short brief. In the first
paragraph of this chapter deals with model Hamiltonian kind of dynamical systems,
which interact with boson (phonon) thermostat and there are discussed some actual
examples of quantum dissipative and open nonequilibrium modeling systems and
from different fields of modern physics, which became the subject of intensive
research and learn in the latest 30-40 years. The spectrum of the wide research
contained subjects of metals'  electrical conductivity and superconductivity theories,
subjects of metal aloy and cold “metal glasses’ electronic theory; subjects of week
and strong localization and strong inhomogeneous substances electrical conductivity
theory in disordered systems physics; aspects of laser radiation and superradiation
theory aspects in quantum radiophysics; subjects of magnetic polaron and fluctuon
(phason) and etc in magnetic substances (environment) and others. The second
paragraph deals with dynamically disordered system - electronphonon system and
electron interaction with acoustical and polar optical phonons and gives general
introduction of Hamiltonian of electronphonon system (Frohlich - Pekar type
Hamiltonian), Hamiltonians of electron acoustica and polar optical phonons
interaction and short brief of deformation potential method. The third part of the work

vii



deals with large radius polaron models. There are reviewed polaron Frohlich and
Pekary models and polaron Feynman oscillator and generalized Feynman models
there. The same paragraph deals with a new approach for polaron systems
thermodynamics and kinetic subjects, developed in latest years — ordered operators
formalism, T-product method and phonon operators elimination method from
equilibrium and nonequilibrium average value — physical quantity characteristic for
electron-phonon system. The advantage of a new method of approach in some
occasions to at studying kinetic subjects of electronphonon system. The fourth
paragraph deals with severa principal subjects of physical kinetics of dynamical
systems, which interact with phonon (boson) field. There is given review of very
important and principal subject such as opportunity of shorten description at
evolution (kinetic) equation for K-type dynamical systems (for classic and quantum
as well), which is not based of a hypothesis about usage of initial correlations
weakness and random phase approximation (RPA). There is described those basic
schedules and methods, which lead us to Boltzmann type kinetic equation and master
equation there. The chapter deals with such basic principal difficulties, which are
arisen at calculation of drift mobilities for above mentioned models, as according to
Boltzmann kinetic equation and Kubo linear response theory and also at using some
methods of linear and nonlinear conductivity theories (nonequilibrium density matrix
and balance equation methods).

The second chapter of thesis work deals with general question — to receive
exact, generalized, quantum evolutionary equations for equilibrium correlation and
Green functions of dynamical subsystems, which interacts with boson (phonon)
thermostat. The first paragraph deals with ordered operators formalism and T-product
method. The second paragraph deals with new and exact quantum evolutional
(kinetic) initial correlations weakness principles equations for without random phase
approximation usage and double-time equilibrium correlation and Green retarded
functions, with eliminated boson amplitudes. The fourth paragraph deals with new and
exact generalized quantum Kinetic equations for double-time equilibrium correlation
and Green functions been found by using Liouville superoperative formalism and
projection operator method. Unlike kinetic equations for correlation functions,
received by different authors in scientific literature, integrals of evolutional equations
presented in this work contain additional members, which describe initial correlations
evolution in the period of time and which are caused by subsystem interaction with
boson thermostat in initial moment of time. The third and fifth paragraphs discuss
Markov method of approach for subsystem dynamics and accordingly by the help of
both formalism and methods there has been found approximately quantum kinetic
equations for correlation functions with eliminated boson amplitudes and initial
correlation description and additional members in collission integrals. Researches and
results have been conducted in this chapter of the work give opportunity for better and
wider studying of kinetic phenomena, which take place in dynamical systems and
which interact with boson field.

Subjects of electron and polaron transport phenomena quantum theories in
solid states — in semiconductors and ionic crystals — have been researched in the
third chapter of thesis work. All four paragraphs of the same work are dedicated to
electron and polaron low-frequency conductivity and low-temperature drift mobility
guantum theory, which is based on the above mentioned models of quantum
dynamical systems, Kubo linear response and perturbation theory and on quantum
kinetic equations for equilibrium correlation functions presented in the second
chapter. The first paragraph researches Markovian type kinetic equations for
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correlation functions of electron “velocity — on velocity” in relaxation time
approximation and there has been found decrements of damping correlation functions
and oscillation factors; for electronphonon systems in the case of weak electron
phonon interaction in one band approximation there has been received analyze image
of low-frequency electrical conductivity tensor and low-temperature drift mobility of
electron in the case of anisotropy has been calculated there — conductivity band is of
electron velocity. The second and third paragraphs deals with several subjects of
electronic transport phenomenain Frohlich and acoustical polaron models. There have
been found formulas for calculating drift mobility and low-frequency conductivity at
low-temperatures for electron in such models. Generalization of Osaka result for
electron low-temperature mobility and low-frequency conductivity in electric field are

received in polaron Frohlich model. There is given partial decision for “g:BT
WO

problem” in Frohlich polaron low-temperature mobility theory and is shown, that
meaning of mobility given in this work excels three times those meaning of mobility
which is received by Boltzmann kinetic equation in relaxation time approximation. In
acoustical polaron model (at scattered electron on acoustica phonons) meaning of
[ow-temperature mobility is two times less than the meaning of mobility, which is also
received by Boltzmann equation in relaxation time approximation. The fourth
paragraph of the same chapter deals researches several subjects of polaron kinetic in
generalized Feynman model and kinetic equations are solved for polaron “momentum-
on momentum” equilibrium correlation functions; there is calculated frequency of
polaron momentum relaxation (relaxation time) at low temperature crystal and analyze
image of low-frequency electrical conductivity tensor (dissipative part) is received,
there is found polaron low-temperature drift mobility meaning there. There is
analyzed polaron low-temperature mobility behavior in the event of electron phonon
interaction there and there is found mobility dependence on coupling constant in the
case of strong electronphonon interaction and different behavior of low-temperature
mobility according to the degree of coupling constant by polaron Pekar model is
established. The work also calculates temperature corrections on electron and polaron
low-temperature mobilitys in the discussed models and there is shown, that these
corrections represent small quantities within discussed theory and approaches has
been used there
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Sesaval i

ukanaskne B1 50-60 wlis ganmav B obaSi didi yuradReba eTmo-
boda denis (muxtis) gadamtanebis dinamiuri da kinetikuri Tvise-
bebis Seswav B as myar sxeu BebSi. zogadad denis aseT gadamtanebs
warmoadgens sxvadasxva saxis po Baronebi; TiToeulli maTgani mo-
Icavs gamtarobis elleqtrons (an xvrells) da maT mier gamoweu il
mesris struqturis deformacias. aseTi TvallsazrisiT gamtaro-
bis elegqtroni (an xvreli) TFfagtiurad warmoadgens po Barons
zRvrulli, susti deformaciis SemTxvevaSi. eleqtronebis da po-
0 aronebis dinamiuri da kinetikuri yofagcevis SeswavBla stimu-
Rirebulli iyo mravalli eqgsperimentulli masaliT, romelic exebo-
da gadatanis mov B enebis gamokv Bevas myar sxeullebSi, romel Ta
interpretacia mravall SemTxvevaSi standartulli zonuri Teoriis
CarCoebSi Zallze rTulll i1yo, gansakuTrebiT 1onur kristallebSi
da polRarull naxevargamtarebSi. garda amisa, gadatanis mov Hl ene-
bis zogadi debu B ebebi kristallebSi arsebiTad igna ganviTarebu-
Bi im FundamentaBuri gamokvBevebis safuzZvelze, romelic
asaxavs disipaciuri sistemebis dinaniur da kinetikur Tvisebebs
da romBebSic mimdinareobs Seugcevadi gadatanis mov Benebi. el -
eqtronu i gadatanis movBenebis Teoriis ganviTarebis aseTma
pirobebma gamoiwvia mniSvne B ovani zegavBena iseTi kvBevis aree-
bis Camoyall ibebaSi, rogoric aris — poBlaronulli gadatanis mov-
B enebi, eleqtronu B i gadatanis mov Benebi ZRier (kvantur) magni-
tur velSi, eleqgtronulli gadatanis mov Benebis Teoria magnitur
kristall ebSi da mouwesrigebe B garemoebSi (sistemebSi) da sxva.

rogorc cnobilia kristalebSi elleqgtronulli gadatanis
mov B enebis zonuri Teoria principSi dafuZnebulia sam ZiriTad
koncefciaze: 1) denis gadamtanebi warmoadgens kvazinawi 0 akebs
gansazRvru i kvaziimpuBsiT da dispersiis kanoniT. 2) denis
gadantanTa elegqtrogamtaroba da Zvradoba ganisazRvreba maTi
gabneviT kristalis idealluri mesris struqturis dinamiur da

statikur damaxinjebebze (defeqtebze). 3) denis gadamtanis Tavi-
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sufalli ganarbenis sigrZe warmoadgens sasrull sidides da is
bevrad aRemateba Sesabamisad kvazinawi Bakis de-broilis tallRis
sigrZes. am pirobebis gaTvaliswinebiT denis gadamtanTa gabneva
SeiZlBleba CaiTvalos rogorc “iSviaTi”. am debullebebidan
gamomdinare, denis gadamtanTa yofagceva kristallSi aRiwereba
albaTuri ganawi Bebis FungciiT kvaziimpu Bsebis mixedviT,
romelic ganisazRvreba, rogorc bolcman-bBoxis Kkinetikuri
ganto Bebis amoxsna. ukanaskneBi SeiZBeba ganxiBulll ignas,
rogorc balansis (uwyvetobis) gantoleba, romeBSic gaTva-
B iswinebu Bia denis gadantanTa ganawi Bebis Fungciis cvlileba
kristallSi, gamowveulli rogorc gareSe modebulli Zalebis
zegav BleniT, agreTve denis gadamtanTa kvaziimpu B sis gadanawi 0 e-
biT (cvBilebiT) gabnevis procesSi. aseTi gagebiT (Tu mxedvell o-
baSi ar miviRebT dispersiis kanonis kvantur-meganikur bunebas
da denis gadamtanebis gabnevis alBbaTurobas), gadatanis mov ll ene-
bis Teoria, romellsac xSirad uwodeben bo B cmaniseulls, arsebi-
Tad warmoadgens kBasikurs da i1gi ar moicavs specifiur kvan
tur efeqtebs. amrigad, kBasikur areebSi gadatanis kinetikuri
(meqanikuri) koeFicientebis (Zvradoba, e Beqtrogamtaroba) gamosa-
TvBelad gamoiyeneba denis gadamtanebis arawonasworulli gana-
wi Bebis FTunqciisaTvis kinetikuri gantoleba — boBcmanis gan-
tolleba — romelic iTvaliswinebs denis (muxtis) matarebell Ta
urTierTgmedebas (gabnevas) kristaBluri mesris rxevebze.
ukanaskne I w B ebSi, eleqtronu i gadatanis mov Benebis ga-
mokv BevebSi myari sxeu B ebis da raxevargamtarebis FizikaSi, Za-
lian farTo gamoyeneba hpova ufro zogadma, all ternatiullma mid-
gomam, rome B ic dafuzZnebull ia kubos wrTFivi reagciis Teoriaze.
an TeoriaSi - romell sac gadamwyveti mniSvne B oba aqvs wrfiv ara-
wonasworull TermodinamikaSi — gadatanis kinetikuri (meganikuri)
koeficientebi bunebrivad gamoisaxebian (aRiwerebian) droiTi ko-
reBaciuri FungciebiT. isini asaxaven sistemis reaqcias hami I to-
nianis SeSTtoTebisas, romBis tipiur magall iTs warmoadgens el eq-

trogamtaroba. kubo-grinis Formulebi gadatanis koeFficientebi-
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saTvis warmoadgenen kerZo SemTxvevas TanaFardobaTa +¥farTo
kB asisa, romelic cnobilia FRuqtuaciur-disipaciuri Teorene-
bis saxe BwodebiT. am Teoremebis amsaxve Bi maTematikuri Formu-
B ebi amyareben kavSirs mikroskopull da mkroskopull damzerad
sidideebs Soris. wrfivi gadatanis mov B enebis ganxi Bvisas kubos
Tformula “deni-denze” droiTi koreBaciuri FfunqciisaTvis war-
moadgens arsebiTad zust gamosaxu Bebas kvantur mravall nawi l a-
kovan formall 1zmSi, im gansxvavebiT bo B cmanis kinetikuri ganto-
B ebisagan, rom araviTari daSveba ar keTdeba gabnevis kveTis si-
didis Sesaxeb denis gadamtanebis (e Begtronebis) gabnevisas kris-
talur mesris rxevebze. unda aRiniSnos, rom tradiciullad eqvi-
vallentobas kubos FformulBasa da bo B cmanis gantolebas Soris
mkacrad ikvBeven mxoBod denis gadamtanebis susti gabnevis
zRvrull SemTxvevaSi kristaBuri mesris rxevebze. rogorc cno-
bilia, kubos Fformulla amyarebs kavSirs eleqtrogamtarobasa da
droiT wonasworull koreBaciur funqcia “deni-dens” Soris, ro-
meBlic aris ornawi Bakovani (oTxwertiBovani) grinis fungciis
msgavsi, maSin, rodesac bo B cmanis ganto B eba warmoadgens — Kine-
tikur gantolebas arawonasworulli ganawi Bebis TFungciisaTvis,
da romelic aris erTnawi Bakovani (orwerti Bl ovani) grinis Ffung-
Cclis saxis.

Teoriulli gamokvBevebis Zalian didi raodenoba samecnie-
ro BiteraturaSi miZRvniBi aris ellegqtronebisa da poBlarone-
bis eleqtrogantarobisa da Zvradobis gamoTv Bl aze naxevargamta-
rebsa da i1onur kristallebSi. es gamokv Bevebi dafuzZnebulli aris
sxvadasxva Teoriull meTodebze - grinis TFungciis tegnikaze,
bo Bcmanis kinetikuri ganto Bebis SeswavBaze, TviTSeTanxmebull
meTodebze da sxv. rezull tatebi miRebu B i sxvadasxva meTodebis
gamoyenebiT da Sesabamisad sxvadasxva miax B oebebze dayrdnobiT,
ZireuBlad gansxvavdeba erTmaneTisagan. miuxedavad 1imisa, rom
e legqtronebis da poRaronebis e leqtrogantarobisa da Zvradobis

gamoTv Ba warmoadgens erT-erT uZveles probBemas myari sxeu ll e-
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bis FizikaSi, is mainc rCeba erT-erT urTulles da Znel amocanad
Teoriulad amoxsnis TvallsazrisiT.

amgvarad, Tanamedrove pirobebSi kvBlav agtuaBurs warmoad-
gens sakiTxi eleqtronebis da poBaronebis eleqtrogamtarobis
da Zvradobis koreqtulli gamoTv l isa naxevargamtarebsa da ionur
kristall ebSi.

rogorc cnobi Bia, efeqtur meTods urTierTgmed nawi BakTa
sistemis kinetikuri maxasiaTeb Bebis gamoTv l isa warmoadgens wo-
nasworull koreBaciur FfungciaTa da grinis Ffungciebis meTodi.
kubos wrTfivi gamoZaxi Bis Teoriis upiratesoba arawonasworulli
statistikuri meganikis sxva midgomebTan SedarebiT mdgomareobs
imaSi, rom es Teoria saSuallebas 1ZBeva uSuall od gamoyenebu R i
ignas wonasworu i mrava B nawi Bakovani meTodebi gadatanis kine-
tikuri (meganikuri) koeFicientebis gamosaTvlelad myar sxeulleb-
Si. an midgomis dros ZiriTad probll emas warmoadgens wonasworu-
Bi koreBaciuri Fungciebis gamoTvla, romBebisTvisac iwereba
kvanturi evo Buciuri (kinetikuri) ganto 0 ebebi.

myari sxeu Bebis Fizikisa da arawonasworulli statistiku-
ri meganikis mravall1 amocanis ganxi Bvisas Seiswavleba mcire di-
namiuri qvesistemis evo Bucia droSi, romellic imyofeba kontagt-
Si didi TavisuflBebis ricxvis mgone, Termodinamikur wonaswo-
robaSi myoF¥ sistemasTan — TermostatTan.

eleqgtronulli da polaronulli gadatanis mov B enebis gamo-
kv Bevisas myar sxeuBebSi kubos wrFivi gamoZaxi Bis Teoriaze
dayrdnobiT, ZiriTad amocanas warmoadgens zusti ganzogadoebu-
Bi. kvanturi evoluciuri (kinetikuri) ganto Bebebis miReba dro-
Is ormomentiani wonasworulli koreBaciuri fungciebisTvis kva-
zinawi Bakebis aRmweri Sesabamisi dinamiuri sidideebisaTvis, ro-
desac xdeba am ukanasknel@ Ta urTierTgmedeba (gabneva) krista-
Buri mesris rxevebze (Fononebze), da rodesac fononuri (bozo-
nuri) veli ganixi Beba rogorc Termostati. samecniero HBitera-
turaSi, aseTi saxis ganto Bebebis misaRebad, rogorc wesi gamoi-

yeneba apriorulli hipoTeza - sawyisi koreBaciebis Sesustebis
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principi, an msgavsi debu Bebebi - mag. SemTxveviTi TFazebis mi-
axBoeba (STm) — rodesac drois sawyisi momentisaTvis mTeli
sistemis (quesistema pBus Termostati) statistikuri operatori
moicema Tagtorizebulli saxiT (mTeli sistemis statistikuri
operatori ganixi Beba rogorc gvesistemisa da Termostatis sta-
tistikur operatorTa pirdapiri namravli). naTelBlia, rom aseTi
daSvebebis Sedegad miRebuli ganzogadoebu Bi, kvanturi evoll u-
ciuri ganto Bebebi wonasworulli koreBaciuri FTungciebisaTvis
ar aris zusti. anitom cxadia, rom zogadad kvanturi disipaci-
uri sistemebis ganxi Bvisas da kinetikuri mov Benebis Seswavli-
sas mcire dinamiur sistemebSi, romBebic urTierTgmedeben bozo-
nur (Fononur) TermostatTan, kubos wrFfivi gamoZaxi Bis Teoriis
Tfarg B ebSi mkacri midgomis gansaviTarebBad saWiroa zusti, gan-
zogadoebu 1, kvanturi evo Buciuri ganto Bebebis gamoyvana qve-
sistemis dinamiuri sidideebis wonasworulli korelBaciuri fung-
ciebisTvis.

anrigad, elegtronulli da poRaronulli cgadatanis mov Bene-
bis koreqtulli Teoriis asagebad da meganikuri koeFficientebis
(mag. Zvradoba, el egtrogantaroba) gamosaTvBelad naxevargamta-
rebsa da 1onur kristallebSi da agreTve e Beqtron-Fononuri sis-
temis kinetikis sakiTxebis gamosakvBevad kubos wrFfivi reaqciis
Teoriis CarCoebSi, agtuaBurs warmoadgens amocana kvazinawi l a-
kebis dinamiuri sidideebisTvis drois ormomentiani wonaswo r u-
i koreBaciuri FfunqciebisTvis zusti, ganzogadoebull i, kvantu-
ri evoluciuri ganto Bebebis miReba - sawyisi korelBaciebis Se-

sustebis principisa da Sfm-is gamoyenebis gareSe.

sadisertacio naSromis mizans warmoadgens:

- myari sxeulebis Fizikis zogierTi kvanturi dinamiuri sis-
temisTvis, romelic urTierTgmedebs Fononur (bozonur) vell Tan
(e Begtron-Fononuri sistema, Frolixis polaronis modeli,

akustikuri poBRaronis model 1 susti elegtron-fononuri urTi-

erTgmedebis SemTxvevaSi, poBaronis fgm), mowesrigebull opera-
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torTa Formalizmsa da T-namravBTa tegnikaze dayrdnobiT, ag-
reTve Biuvilis superoperatorulli formalizmisa da proeqciu-
Bi operatoris meTodis gamoyenebiT  zusti, ganzogadoebulli
kvanturi evoluciuri (kinetikuri) ganto Bebebis miReba da gamo-
kvBleva drois ormomentiani wonasworulli koreBaciuri Fun-
gqciebisTvis STm-is gamoyenebis gareSe.

- Aam mode Bebze dayrdnobiT Tanmimdevrulli, srullyofili
eleqtronulli da polRaronulli gantarobisa da daball temperatu-
rulllt dreifulli Zvradobiskvanturi Teoriis ageba naxevargamta-
rebsa da ionur kristallebSi dafuZnebulli kubos wrFfivi gamo-
Zaxi Bisa da SeSFoTebis Teoriaze. gadatanis meganikuri (kineti-
kuri) koeFicientebis (elBegtrogamtaroba, Zvradoba) gamoTvla
kvanturi disipaciuri sistemebis zemoTmiTiTebull1 modele-

bisTvis.

ZiriTadi Sedegebi da mecnierulli siaxle
warmodgeni B sadisertacio naSromSi gadawyveti B ia Semdegi
amocanebi:

- mowesrigebull operatorTa Tormalizmisa da T-namravl Ta
tegnikis daxmarebiT, sawyisi koreBaciebis Sesustebis principisa
da STm-is gamoyenebis gareSe, gamoyvani B ia da gamokv Beull ia axa-
Bi, zusti, ganzogadoebu 1 kvanturi evoBuciuri (kinetikuri)
ganto Bebebi gamoricxuli bozonuri (Fononuri) amplitudebiT
drois ormomentiani wonasworulli koreBaciuri da grinis fun-
qciebisTvis dinamiuri qvesistemisTvis, romelic urTierTgmedebs
bozonur TermostatTan. aseTive saxis kvanturi Kkinetikuri gan-
to Bebebi koreBaciuri TFunqciebisaTvis miRebullia HRiuvillis
superoperatorulli formalizmisa da proeqciulli operatoris
meTodis daxmarebiT.

- dinamiuri qvesistemis bozonur (Fononur) TermostatTan
urTierTgmedebis hami Btonianis mixedviT, SeSFoTebis Teoriis
meore miax BoebaSi miRebulBia axalli, ganzogadoebull1 kvanturi

kinetikuri ganto Bebebi gamoricxulli bozonuri amp B itudebiT,
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gqvesistemis drois ormomentiani wonasworulli koreBaciuri fun-
gqciebisTvis — rogorc markoviseull1, ise aramarkoviseuli for-
miT — rome B Ta dagaxebiTi integrallebi Seicaven cxadad gamoyo-
Til sawyisi koreBaciebis evo Buciur wevrebs.

- kubos wrFivi reaqciisa da SeSfoTebis Teoriis FarglebSi,
naxevargamtarebisa da i1onuri kristallebisTvis agebullia elleqt-
ronulli da polaronulli dabalsixSirulli gamtarobisa da da-
ba B temperaturulli dreifulli Zvradobis Tanmimdevrulli, koreg-
tulli kvanturi Teoria, dafuZnebulli kvanturi disipaciuri sis-
temebis zemoTmiTiTebuli modelebisTvis ganzogadoebull kvan-
tur kinetikur ganto Bebebze koreBaciuri FfungciebisaTvis “de-
ni-denze” eleqtronisa da poBaronisaTvis, romBebic urTierT-
gmedeben FononebTan S¥m-is ganoyenebis gareSe.

- miRebulia da gamokvBeullia analizuri gamosaxu lebebi
eleqtronisa da poBRaronis relagsaciuri maxasiaTeb BebisTvis
(impu Bsis relagsaciis sixSire da sxv); ganoTvlilia wonaswo-
rulli koreBaciuri Ffungciebis - “deni-denze” — milevis dekre-
mentebi. napovnia elBegtrogamtarobis tenzoris anallizuri saxe
e legtron-fFononuri sistemisTvis kristallis daballi1 temperatu-
rebisa da dabalsixSirulli gareSe elleqtrulli vellebis Senm-
TxvevaSi da gamoTvBlilia gadatanis meganikuri koeFicientebi

(Zvradoba, el egtrogamtaroba) kvanturi disipaciuri sistemebis

aRniSnuli modelebisTvis, napovnia agreTve «3 :BT-prob Bemis”
WO

nawi Bobrivi gadawyveta Ffrolixis poBaronis daball temperatu-
rulli Zvradobis TeoriaSi.

- miRebu B ia temperaturulli Sesworebebi elegtronisa da po-
Baronis dreifull Zvradobebze, romBebic ganpirobebull ia saw
yisi koreBaciebis evoRBuciuri wevrebis arsebobiT kvantur Kine-
tikur ganto BebebSi wonasworulli koreBaciuri FfunqciebisTvis
“siCgare-siCgareze” (“impu B si-impu Bsze”) eleqtronisa da po Rlaro-

nisTvis. dadgeniBia, rom es Sesworebebi warmoadgenen mcire



sidideebs Sesrullebuli miax B oebebisa da ganxi Bulli Teoriis
Tfarg ebSi.
sadisertacio naSronmis pragtiku B i mniSvne I oba:

naSromSi dasmu Bi amocanebis gadawyvetam moiTxova arawo-
nasworulli statistikuri meganikis zogierTi meTodis Semdgomi
ganviTareba. miRebuli zusti, ganzogadoebu B i kvanturi
evo Buciuri ganto Bebebi wonasworulli koreBaciuri Fungciebi-
sTvis SesaZlBlebeBia gamoyenebu B i ignas gadatanis mov Benebis
gansaxi Bve Bad da gamosakvBevad - kubos wrFivi reagciis Teo-
riis FargBlebSi, sawyisi koreBaciebis Sesustebis principisa da
STm-is daSvebebis gareSe - myari sxeullebis da kondensirebul
garemoTa TFizikis dinamiur qvesistemaTa sxva modelB TaTvis
(kvanturi disipaciuri sistemebisTvis), romBebic urTierTgmede-
ben bozonur vell Tan (TermostatTan). (mag. brounis kvanturi nawi-
B akis moZraobis SesaswavBlad, romelBic ganixilleba rogorc
wrFivi, mi Bevadi harmoniulli oscillatori, da romBis dinamika
aRiwereba kalBdeira-Begetis mikroskopulli modeBuri hami Bto-
nianiT).

naSromSi ganviTarebuli FTormalizmi, meTodebi da miRe-
bulli1 Kkinetikuri ganto Bebebi martivad SesaZlBebelia ganvrco-
bi B 1 ignas kinetikuri mov Benebis SesaswavBlad da gadatanis mega-
nikuri koeficientebis (mag. Zvradoba, e Beqtrogamtaroba) gamosa-
Tvilelad: elegtronebis urTierTgmedebisas (gabnevisas) arapoll a-
rull optikur TFononebze, piezoeleqtrull Ffononebze, agreTve
sxva didi radiusis mgone po Baronis modell TaTvis (mag. akusti-
kuri poBlaronis modelisTvis - eleqtronis FfononebTan ZNlieri
urTierTgmedebis SemTxvevaSi). gamoyvani i1 ganzogadoebu Bi kvan-
turi kinetikuri ganto Bebebi koreBaciuri FungciebisTvis kvan-
turi dinamiuri gvesistemisTvis, romelic urTierTgnedebs fono-
nur ve Bl Tan, SesaZlBebell1a ganoyenebull ignas normaluri (araze-
gantari) metallebis elegqtrowinaRobis gamosaTvBelad eleqtro-
nebis gabnevisas akustikur fononebze. naSromSi warmodgeni Ri

Tformalizmis daxmarebiT SesaZBebelia temperaturulli Seswore-
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bebis povna metall Ta eBeqtrowinaRobisTvis (Sesworebebi bl ox-
grunaizenis TormulaSi), romBebic agreTve ganpirobebullia
elegqtronebis fononebTan urTierTgmedebisas sawyisi korelaci-
ebis gaTvall iswinebiT.

sadisertacio naSromSi miRebulli ZiriTadi Teoriulli Sede-
gebis pragtikuli mniSvneBoba (Rirebulleba) ganisazRvreba
agreTve imiT, rom ukanasknel wHBebSi samecniero HBiteraturaSi
gamogveynda mravalli Teoriulli naSromi, romelic Seexeba bozo-
nur velTan (TermostatTan) urTierTgmedebaSi myoFfi kvanturi
dinaniuri sistemis kinetikis sakiTxebs, sadac ganixi Beba msgavsi
formalizmi da meTodebi, romelic ganviTarebu lia avtoris mier

warmodgeni I naSromSi.
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Tavi |. dinamiuri sistemebi, romBebic urTierTqgmedeben
TermostatTan (hbozonur vel Tan)

ukanaskne 81 aTwHleullebis ganmav B obaSi arsebiTad gaizarda interesi
im  dinamiuri  sistemebis  Seswav B aSi, romflebic urTierTgmedebaSi
imyofebian TermostatTan (bozonur velTan) [l]. amasTan erTad didi yu
radReba eTmoboda im procesebis detaBlur SeswavBas, romBebic mindi-
nareobdnen iIm mcire sistemebSi, romBebic urTierTgmedebdnen rogorc
sustad, agreTve ZBierad Termodinamikur wonasworobaSi myof didi
TavisufBebis xarisxis mgone sistemasTan — TermostatTan. ZiriTadi me-
Todi, romBis saSuallebiTac xdeboda am procesebis gamokvBeva eyrd-
noboda midgomebs, romBebic ganviTarebulli 1yo arawonasworull sta-
tistikur meganikaSi da stohastikuri (SemTxveviTi) procesebis TeoriaSi [I-
2].

ukanaskne B periodSi, mkacri midgomebis ganviTarebam arawonasworull
statistikur meganikaSi SesaZllebeBi1 gaxada Camoyall ibebuBiyo sakmaod
srulli da nmkacri maTematikuri Teoria arawonasworulli modeluri
sistemebisa [3] Ria arawonasworulli modeBuri sistemebis (Ria sistema
warmoadgens mcire qvesistemas, romelBic urTierTgnedebs TermostatTan)
srullyofili maTematikuri Teoriis Segmna warmoadgens SedarebiT ufro
martiv da perspeqtiull probBemas (amocanas) arawonasworulli statisti-
kuri meganikisa [3-4].

arawonasworu i statistikuri meganikis da Fizikuri Kkinetikis pro-
bBemaTa FarTo wre dakavSirebulia im modeBuri hami Btonianebis Ses-
wav BasTan, rodesac dinamiuri gqvesistema s urTierTgmedebs S Termos-
tatTan, romelBic aRiwereba bozonuri veliT, Tanac, rogorc wesi, ur-
TierTgmedeba aiReba wrfivi Termostatis (boze) operatorebis (ampli-
tudebis) mixedviT. zogad SemTxvevaSi, mT Biani (s+S) sistemis hani Btoniani
SesaZzll ebe B i1a warmovadginoT Semdegi saxiT:

H(t,s,S) =Gts)+H,+H . t) (L1)

sadac: G(t,s) aris s gvesistemis sakuTari hami B toniani;

H, - Termostatis (bozonuri velis) hami B toniania, xollo

H., warmoadgens urTierTgmedebis hami B tonians s qvesistemisa S

int

TermostatTan.
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s qvesistemis urTierTgmedebisas bozonur vel Tan H, -s aqvs Semdegi

int

sSaxe.
Hin (1) = & &G, (t,S)b +Ci (t.S)a - (12)

operatorebi, romBebic TFfigurireben (11) da (12) gamosaxu BebebSi

arian Cveullebriv Sredingeriseul warmodgenaSi Cawerilli dinamiuri
cvBladebi. b, da b’ warmoadgenen Termostatis boze amplitudebs - gagro-
bisa da dabadebis operatorebs Caweri Bs meoradi dakvantvis warmodgenaSi.

bozonur vel Tan urTierTgnedebis SemTxvevaSi: Hg=g hw(k)b'b, warmoadgens
k

bozonuri velis sakuTar hami B tonians. k- aris im kvanturi ricxvebis er-
Tobl 10ba, romBebic aRweren s qvesistemis urTierTgmedebas S
TermostatTan da TviT Termostatis mdgomareobas. unda aRiniSnos, rom s
dinamiuri gvesistemis operatorebis cxadi saxe arsad ar konkretdeba.

gamokv BevaTa ZaBian didi raodenoba miZRvni Bia Kkinetikur movle-
nebisadmi da procesebisadmi, romBebic mimdinareoben kvantur dinaniur
sistemebSi, romBebic urTierTgmedeben TermostatTan (bozonur vel Tan) da
aRiwerebian (1.1-1.2) hami B tonianiT [1-21]

ganvixi BoT axBa Tanamedrove Tizikis TvalsazrisiT zogierTi ag
tualuri da mniSvne Bovani magall iTebi, romBebic FarTo Seswavlis sagani
gaxda statistikuri Fizikis, myari sxeullebisa da kondensirebull garemoTa
Fizikis, gamosxivebis Teoriis da sxv. - kvanturi dinaniuri sistenmebisa,

romBebic urTierTgmedeben TermostatTan.
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11. kvanturi disipaciuri da Ria arawonasworulli modeluri sistemebi
(zogierTi magaliTi)
111 Fermionuli sistema
gvesistema s warmoadgens araurTierTgned TFermionTa sistemas,
romBebic xasiaTdebian Fermi ampBitudebiT da adgilli agvs Semdeg

Tanafardobebs:

Gt,9=4 L(faa; ck(t,s)=%Lkéa:+kaf
(f) (f) (]"3)

. e Lo + e Lo 4
Ck(tis):WLkaafaf+k:WLkaaf-kaf’

(f) (f)

sadac L, L warmoadgenen “C-sidideebs”. vinaidan fermionebs gaaCniaT spini,
(1.3) gamosaxu BebebSt f° (f,s) da f miekuTvneba kvazidiskretull spegtrs
(s - warmoadgens spinis aRmniSvne I maCvenebel's). simboBo (f+k) waikiTxeba

rogorc (f +k) 0 ( f+k,s ); SesaZBebel1a agreTve ganxi Bull'l ignas SemTxveva,

rodesac Termionebi urTierTgmedeben erTmaneTTan. maSin G(t,s) hamill-
tonianSi gaTvaliswinebull1 wunda 1ignas agreTve damatebiTi wevrebi,
romBebic aRweren Fermionebs Soris urTierTgmedebas da maT urTierTgme-
debas gareSe vellebTan. unda aRiIniSnos, rom aseTi saxis dinamiuri
sistemebis ganxi Bvande mivyavarT amocanebs, romBebic moiTxoven metall Ta
e leqtrogantarobis gansazRvras, zegamtarobis movBenis axsnas da sxv. [l4-
15].

112. Txevadi metal is an Senadnobis model i
mrava B komponentiani Txevadi metallis an Senadnobis hami B toniani

SesaZ B ebe Blia CavweroT Semdegi saxiT [9]

M
H=G(t,s)+H,: H,=a

N, .
Ci(ts)=G ((ts): dry= Nl'ljé;le' - deo (14

ag s warmoadgens eleqtronu i sistemis maCvenebells, Gt,s) aris eleqtro-

nulli sistenis sakuTari hami B toniani, romelic zogad SemTxvevaSi Seicavs
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eleqgtronelleqgtronuli urTierTgmedebis wevrebsac; H warmoadgens

int

eleqgtronull da ionur sistemebs Soris urTierTgnedebis hami Btonians, |

aris ionuri sistenis maCvenebe Bi, 1£I£M; MM- komponentebis ricxvia, R
warmoadgens |-uri komponentis j-uri ionis koordinatas; dr . aris |-uri
komponentis ko Beqtiuri koordinati, xoBlo N, aris |l-uri komponentis ion-
Ta ricxvi: ajavva k simboBoTi xorcieldeba kvazidiskretuli speqtris

mixedviT. V-Ki warmoadgens sistenmis mocu B obas. magall iTad,

araurTierTgmedi e Beqtronebis model isTvis, romBebic imyofebian gareSe
eleqtronull velSi E() daZabuBobiT, erTelegtronian hami I tonians agvs

Semdegi saxe:

H :T(ﬁ)- eE(t)><f+V(F): V(F):g 5 U (F_ I:\1)1')’

T(r)):zp—, m - efeqturi masaa), r da p aris ellegqtronis koordinati da
m

impu B si. V(F) — elegtronis ionebTan urTierTgmedebis potenciallia, xollo
u, (F- QJ) warmoadgens e Beqtronis urTierTgmedebis psevdopotenciall s |-uri

komponentis j-ur ionTan. am SemTxvevaSi Cven gvegneba:

G(t,s) =e(p)- eE@)¥; e(Pp)=T(p)+V(F)

Vv(r) =§1qu.(0); g, (k) = ngyire “u, ()

N 3 . .
¢=N/: dc=1 vM=um: n=
1=1
C,(t.s) =€"Gu (k).
Txevadi metalis an Senadnobis model Si, romeBic aRiwereba (14)

hami B tonianiT, ionuri sistema ganixi Beba rogorc kBasikuri da aRiwereba

koBegtiuri cvladiT dr . Txevadi metallis modelisaTvis ionuri sistenis

konFiguraciebis mixedviT gasaSuall oeba dafuZnebu ll 1a f{reﬁ} ko Begtiuri

cviladebiT gausis ganawi Bebis TunqciiT gasaSuaBloebaze, romBisTvisac

samarTH iania Semdegi fFormulla
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é alr‘kamz<dr - odr mR>f§.
k

aqg  (.).°¢ CN)ddr,Rf({dr }) sadac a, warmoadgens lda k-s nebisnier

Ffunqgcias da adgi b1 agqvs Semdeg Tanafardobebs:

. 1 1 e s
(o0 o) =90 =g Eronge (6, )- 3

<dr I*IZ dr mlz>~ :%Sm(k) :%Gjr(g"ﬂ(r)' 1)e—iEr': | 1 m,

f

sadac g,,(r) warmoadgenen radiaBuri ganawi Bebis fungciebs:

(") =i (R - R}
xolo s,(k) sidideebi warmoadgenen ionuri sistemis strugturull fagto-
rebs: s.(k)=s,(k), s,.(k)=s,.(Kk). strugturulli fagtorebi iZBevian srull
informacias Txevadi metallis an Senadnobis 1onuri sistemis Sesaxeb,

romBebic aiReba egsperimentulli monacemebidan. unda aRiniSnos, rom

modelis srulli formulirebisaTvis aucillebelia ionebis R SemTxveviTi

koordinatebis ganawi Bebis Fungciis miTiTeba, romBis mixedviTac xdeba
gasaSua 0l oeba. Txevadi metalBlis an Senadnobis aRniSnulli modeli xSirad
gamoiyeneba metalebis, Senadnobebisa da gadacivebulli “metaBuri minebis”
kvantur eleqtronull TeoriaSi, romBebic dafuZnebulia am nivTierebaTa

atomur da struqturull Taviseburebebze [9].

1.1.3. nawi Baki, romelic urTierTgmedebs garemosTan
am mode B Si ganixi Beba qvesistema s (gamoyof¥i Bi nawi Baki), romellic

urTierTgmedebaSt imyofeba sxva nawi Bakebisagan Sedgenil garemosTan.

aseTi sistemis hami B tonians agvs saxe:

ag: m da p warmoadgens masasa da impullss gamoyofi Bi nawilakisa;, M, da

=

R arian masebi da impuBsebi garemos nawi lakebisa. T — garemos nawi Bl akTa

radius-veqtorebia, U warmoadgens mTeli sistemis nawilakTa ur-
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TierTgmedebis potenciur energias, xolo r - ganoyofili nawilakis
radius-veqtoria.

sawyisi hami B toniani SesaZlBebelBia warmovadginoT Semdegi formiT:

H =G(s) + Hg +H,

int?

sadac:
G(s)"HS ZE (eum 1)<U (r,r],fz...FN)>s
:%% (FF ) (15)
o= (€ ) () ()

hami B tonianis aseTi saxiT warmodgenisas igullisxmeba, rom gansa-
xi Bvel gamoyofill nawi Baks gaaCnia wonasworulli mdebareoba radius-

veqtoriT 1, raRac saSuallo velSi, romelic ganpirobebullia garemos

nawi BakebTan urTierTgmedebiT da U - potenciaBuri energia gaSHilia

usasrullo mwkrivad nawiBakis U wanacvBlebis mixedviT wonasworulli

ndebareobidan: F=r+d; U(F,f,h.R)= e (R h.5) (K- warmoadgens

gradientis operators gamoyofi b1 nawi Bakis koordinatebis mixedviT).
amrigad, gamoyofi Bi1 nawi Baki, romeBic imyofeba saSuallo veBSi (H,

hami B toniani), ganicdis am saSuallo velis THRuqtuaciebis zemogmedebas

(H... hami B toniani). simbollo <> (15) Formu B aSi aRniSnavs gasaSua l oebas

int

garemos mdgomareobaTa mixedviT. Tu gavSBIT G wanacvBebas normalluri

koordinatebis mixedviT: (=g a.a +a.,a; da gamoviyenebT Formulas:
C

N » N = (a a, +a.a )KI (rac Seesabameba nawi Bl akis mxoBod wrFivi

Cl

omo

urTierTgnedebis gaTvaliswinebas garemosTan, romelBic aRiwereba H, -

int

hami B tonianiT), da daviyvanT diagonaBlur saxeze H_ hami Btonianis im

S

nawi s, romelic kvadratull ia U wanacv B ebis mixedviT, maSin SesaZ B ebell ia

(15) hami B toniani warmovadginoT (11) FormiT. simboBoebi c¢ aRniSnavs

ganoyofil oscillatorebs, xolo a, da a, warmoadgenen gaqrobisa da
dabadebis operatorebs c¢ oscilatorebisa amrigad s gvesistemis rolSi

gvegneba osci Batorebis erTobBioba hami BtonianiT H =3 w,a’a , sadac
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w, aris c¢ oscillatoris sixSire. Tu gavSRiT U(f,f,f5..fy) potenciur

c

energias wanacvBebebis - 0,0,,..0, mixedviT mwkrivad, maSin garemos

hami B toniani Hg SesazBlebelia warmovadginoT  agreTve rogorc
osci latorebis erTobBioba (rasakvirveBlia, am SemTxvevaSic unda

gamoviyenoT  Sesabamisi miax B oebebi). garemos nawi BakTa radius-

veqtorebisTvis gvegneba: 1 =i, +4 (i=12..N), sadac, T, -warmoadgens

garemos nawi BakTa wonasworu B i mdebareobebis Sesabamis radius-veqtorebs.
samecniero BiteraturaSi xSirad ganixi Beba magaBi1Ti kvanturi os-
cillatorisa romelic urTierTgmedebs TermostatTan (bozonur vell Tan) [6].

aseTi1 sistemis hami B tonianisTvis gvagqvs gamosaxu B eba:
H=G(t,s)+ Hs +H

int?

sadac: 2(t,s) =hwa‘a+ i f (t)a+ f()a'], H=§ nw (k)bb, ;
k

Ho=a &C. (. s)b +C (t, )b B C(t.s)=nl,a" +hu,a

C, (t,;s)=nl ,a+iu,a” da kvanturi harmoniulli oscilatori imyofeba gareSe,
cviladi kBasikuri ZalBlis mogmedebis  qveS, romelic wr¥fivadaa
dakavSirebuli (urTierTgmedebs) TermostatTan - araurTierTgmedi Kkvan-

turi oscilatorebis sistemasTan. a,a’,b,,b; arian gagrobis da dabadebis

boze operatorebi, |l u,u, warmoadgenen urTierTgmedebis mudmivebs,

romBebic proporciulli arian sididisa, sadac: V - sistemis no-

1
W
cullobaa, k talRuri vegqtoria, romelic iRebs kvazidiskretull mniSv-
ne Bobebs, f(t) aris cvBadi kBasikuri gareSe Zalla, xolo w,w, - Os-
ci latorebis sixSireebia

aseTi saxis dinamiur sistemebs vxvdebiT zogierTi amocanebis gan-
xi Bvisas kvanturi radiofizikidan, myari sxeulebisa da kondensirebul
garemoTa Fizikidan da sxv. magalBliTebis saxiT SesaZlebelia moviyvanoT
sistemebi, romBebic Sedgebian atomebisa da mo Beku Bebisagan da imyofebian
Bazeris talRis velSi myar sxeulebSi an airebSi, romBebic TamaSoben

Termostatis rolls [7-8, 10-12].
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114. elegtron-minarevulli sistema
es mode 1 warmoadgens sistemas, romellic Sedgeba el eqtronebisagan,

romBebic urTierTgnedeben garemoSi SemTxveviT ganBagebull minarevulli

centrebTan da gareSe eleqtrull ve B Tan, romlis daZabull obaa - E(t). aseTi

saxis mode Bi aRiwereba Semdegi hami B tonianiT:

H=G(t,s)+H,; Gt,s)=H,- eE(t)¥;

-

=2 oo
Ho=—: H,=ai.’ai(7-1),

2m I=1 1=

(16)

sadac: e mT, p Sesabamisad warmoadgenen e Beqtronis muxts, masas, radius-

veqtors da impullss. | (F-ﬁ) aris elegtronis urTierTgnedebis energia
minarevu l centrTan, romelic imyofeba werti BSi, romlis radius-veqtoria
[, xoBlo N, - minarevulli centrebis ricxvia. xSirad ganixi Baven ufro

zogad modells elegtron-minarevulli sistemisa, romBis hami I toniani

Caiwereba Semdegi saxiT [22]:

H =G(s) +H, +Hg +H,,, (L7)
, _ _ _dproe o ]
sadac: H  =H_. +H, Hgs=g—+ a warmoadgens N e Beqtronebis

o

1 2m 8peo i,j:1|ﬁ- r]|

hami B tonians, romBebic urTierTgmedeben erTmaneTTan kuBonuri ZaliT, T

i
da p aris i-uri elegtronis koordinata da impullsi masaTa centris

mimarT da G(s),H,,Hs moicema Semdegi FormuBebiT:

ie?

R o
6(9 = NER H, =3 U(q)e"™

(1.8) FormullebSi H, da Hg - eleqtronis urTierTgmedebis hanill to-
nianebia minarevTan da Fononur velTan; G(s) warmoadgens eleqtronulli

sistemis masaTa centris hami B tonians (R da R — masaTa centris impullsi

N .
da koordinataa Sesabamisad), xolo r, =;5°1 e® aris elegtronebis
i=1

simkvrivis operatoris furie saxe (warmodgena); F, =b, +h’;, Fononuri
velis operatoria, b, b, - Fononebis gagrobis da dabadebis

operatorebia talRuri veqtoriT d, | warmoadgens fononuri speqtris
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Stos, M(q,l) - elegtron-fononuri urTierTgmedebis matriculli elle-
mentebia, U(4) - minarevTa potenciallis furie saxea, e, - dielBeqtrikulli

SeRwevadobaa, xollo Iia - auri minarevulli centris koordinatia (17) da

(1.8) Formu Bebi Fagtiurad warmoadgenen N-urTierTgmedi eBeqtronebisa da

N, - SemTxveviT ganBagebu i minarevu li centrebis mode Bur hami B tonians,

romBebic imyofebian E daZabull obis mgone gareSe elBeqtrull velSi da
urTierTgmedeben TermostatTan, romelBic aRiwereba Ffononuri (bozonuri)
ve B is Hg hami B tonianiT.

mode Buri hami B tonianebi (1.6)—(1.8) xSirad gamoiyeneba mouwesrigebe B i
sistemebis speqtralluri da kinetikuri maxasiaTebBebis SeswavBisas da
gamokv Bevisas. zemoTmiTiTebuli hami Btonianebis SeswavBaSi mivyavarT
eleqtronuli gadatanis movBenebis Teoriis mravall amocanas (rogorc
wrFivs, aseve arawrfivs) myar sxeullebSi; zogierT sakiTxs susti da
Zhlieri Bokalizaciis Teoriisa mouwesrigebe B1 sistemebis el eqtrogamta-

robis Teoriis sxvadasxva amocanebs da sxv. [22-23].

115 dikes mode Bebi gamosxivebis TeoriaSi
am sistemebSi umartivesi modeBuri hami B toniani aRwers qvesistenis

urTierTgmedebas  FfotonebTan (Fotonur  velTan). urTierTgmedebis
hami | toniani aiReba wrFivi Fotonebis (boze) operatorebis mixedviT. am
modeBis TFargBebSi ganixilBleba N raodenobis ori energetikulli donis
mgone (ordoniani) gamomsxivebBebi, romeBTa sixSirea O. uSveben, rom
gamomsxiveb Bebi urTierTgmedeben erTmaneTTan mxoBod velis saSuallebiT.
rogorc cnobiBia, aseTi saxis hami Btoniani pirvelad SemoRebulli iyo
atomTa spontanuri koherentu i gamosxivebis mov B enis aRsawerad.

Tu ugu Bvebe BvyoFT kinetikur efeqtebs, romBebic ganpirobebullia
gamomsxivebe 8 Ta moZraobiT, gacvBiTi da eleqtrostatikuri urTi-
erTgnedebebiT da aRvwerT gamomsxivebeB@Ta dipoBur urTierTgnedebas
elegromagnitur velTan “mbrunavi talBRis” miax B oebaSi, maSin miviRebT

modells, rome B ic aRiwereba hami BtonianiT [10-11]:
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H(t,sS)=G(s)+Hs+H,,(t,sS),

sadac: G(s)=nWS: Hg haw (k)bZ b, (L9)

I
~ Q)o

eet

zé}gg%hﬁwéﬁgﬁq

H..(t,sS)=

da gamomsxivebe Bi sistemis spinuri operatorebi S dakavSirebullia paullis

matricebTan standartulli TanaFfardobebiT:
S(i - é S;_Leiierj; S(Z - é szeiiIer;
j i

. 1
S =S +is’; s¥? = S (.2

aq: 1, aris j-uri gamomsxivebBis radius-veqtori, b da h! - warmoa-
dgenen Fotonebis gaqrobis da dabadebis boze operatorebs (amp B itudebs)

talRuri veqtoriT Kk, urTierTqgmedebis (bmis) mudmiva g, dakavSirebullia

d, gadasvlis denis dadebiT-sixSiriani operatoris Turie-komponentasTan

9; :\/ZMTBW(R)‘L (&%)

sadac: u warmoadgens nivTierebis kuTr mocullobas, 7% - pBankis mudmivaa,

Semdegi TanafardobiT:

xollo W(IZ) — Totonis sixSirea. aq S Termostatis rolls TamaSobs

fotonuri veli, romelSic “moTavsebullia” gamomsxivebel Ta s sistema
callke aRebulli, erTeulovani urTierTqgmedebis agtis Sedegad, romelic
xorcielldeba eleqtromagnitur vellsa da gamomsxivebels Soris, adgili
agvs TFotonuri vellis kvantis gamosxivebas (STanTgmas), ris gamocC
gamomsxivebe B 1 gadadis ori SesaZBlo energetikull mdgomareobidan erT-
erTSi. unda aRiniSnos, rom mocemu Bi1 mode B isTvis SesaZlebelia agreTve
sxva midgoma, romBis drosac Termostatis rolls TanaSobs gamomsxive-
bell Ta sistema, xoBo dinamiuri qvesistemis saxiT gvevlineba bozonuri
vel1 [10]. sakiTxi Termostatisa da dinamiuri sistemis SerCevis Sesaxeb
wydeba imisda mixedviT, Tu rogori procesebi ganixi Beba ase magall iTad,
midgoma romelBic ganxiBulia [7]-Si Seesabameba e Beqtromagnituri velis
reBagsaciis procesebis SeswavBas rezonatorSi, xol o midgoma, romelic

gaSugebu Bia [8]-S1 aRwers Tavisufall sivrceSi gamosxivebisas spinuri sis-
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temis relagsaciis procesebs, rombis drosac sivrce ganixileba
Termostatis rolSi. xSirad ganixi Baven dikes iseT modelebs, romBebic
aRiwerebian ufro zogadi hami B tonianiT da romBebic Seicaven agreTve
ordoniani obieqtebis kinetikuri energiis operators [ix. mag. [11,24]].
SeswavliBi iyo agreTve dikes mode B ebi, rodesac dinamiuri gvesistema s
(gamosxiveba) urTierTgnedebda erTdroullad S atomur da S +Ffononur
sistemebTan [12].

agve unda aRiIniSnos, rom aseTi tipis dinamiur sistemebamnde (dikes
mode Bebamde) mivyavarT mravali probBemis ganxi Bvas kvanturi radi-
ofizikidan da WBazerulli gamosxivebis TFizikidan, =zegamosxivebis Te-
oriidan da sxv. amitom dikes tipis modeBuri sistemebis SeswavBla da
gamokv Beva, rogorc Ria arawonasworulli kvanturi dinamiuri sistemebisa,
warmoadgens did samecniero interess. cxadia, rom dikes modelebis
aRmweri hami B tonianebi miekuTvnebian (11) da (1.2) formuBebiT gamoxatull

hami B tonianTa k l ass.

116. eleqgtronebi magnetikSi, rombBebic urTierTgmedeben kristall is magnitur
gvesistemasTan

aseTi saxis dinamiur sistemebSi ganixi Beba eBeqtronebis urTier-
Tgmedeba magnetikis atomTa spinebTan Sd modelBis FarglebSi [25-26]. er-
Tzonian miax B oebaSi sistemis hami B tonians agvs Semdegi saxe:
H=H,+H,+H,

2 * . 2A + (& ' i(c-¢)R
He:a. E:asa:; Ha =Wé A (SeSm)Ss afse( )Ra (1.10)

(/70‘
w o

aqg H, — gamtarobis eBegtronebis hami I toniania, H, - warmoadgens hamill -

tonians, romelic aRwers eleqtronebis urTierTgmedebas magnetikis Ho-

kaBizebull spinebTan (A— spin-eBeqtronulli urTierTgmedebis mudmiva, N —
magnitur atomTa ricxvia, §e - zonuri elegtronis spinis operatoria, éﬁ -
warmoadgens magnituri atomis spinis operators, romelic moTavsebullia
kvanzSi, romlis radius-veqtoria R_; n - kvanZis nomeria, a - qvemesris
nomeri). H, — magnituri qvesistemis hami B toniania (Cveulebriv, rogorc

wesi  iReben haizenbergis gacvBiTi urTierTgmedebis hami B tonians
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Bokalizebul1i spinebisaTvis). H, — hami B tonianSi e Beqtronis spinis (SB>

saSuallo spinebTan urTierTgmedebis ganca I kevebis Semdeg, (1.10)

hami B toniani SesaZ Bebe B 1a Caiweros Semdegi saxiT:

H = Hy+ H, +H,

sadac:  H,= 3 E.aja, +2WA a a.(8) a.(8)e™ (L11)
2A + (& = = i(c-c)R
Hl:W 6%‘ s (Se)ss Acs (Sm i <Sa >)e( %
s s\

*., a,, operator-

Cs ! Ccs

Tu CavatarebT kanonikur gardagmnas da gadaval T a

ebidan axal Cg,

C, operatorebze kristallis mocemuli gansazRvruli
magnituri strugturis dros, maSin SesaZBebeli1a H, hami B tonianis dayvana
diagonallur saxeze (magal1Tad: Teromagnetiki-ormesriani an-
tiferomagnetiki da aS). magnituri mowesrigebisas magnituri strugturis
warmogmnas mivyavarT elBeqtronulli zonis gaxBeCande or zonad (qvezonad)

[26], i1se rom axal'i Cé” da C, eleqtronulli operatorebi xasiaTdebian kvan-

turi ricxvebis erTobliobiT:. g =(6,s ,u) da energetikulli speqtriT g
eleqtronebisTvis (u warmoadgens qvezonis nomers). magaliTad, aseT
SemTxvevas aqvs adgili callRerZa helikoidaluri struqturebis
SemTxvevaSi, romelBTa kerZo SemTxvevas warmoadgenen +¥Teromagnetiki da
antiferomagnetiki). ho B stein-primakovis gardagmnis gamoyenebiT

SesaZllebelia S, spinuri operatorebidan gadavideT spinuri tallRebis

operatorebze da miviRoT hami Btoniani, romelBic aRwers elegtronebis
urTierTgmedebas magnonebTan da rome B ic zogadad Seicavs mrava Bmagnonian
(erTmagnoniani, ormagnoniani da aS.) wevrebs. (holstein-primakovis
gardagmnis samarT N ianoba SesaZlebel ia martivad davasabuToT
magnetikebisaTvis, romBebic imyoFfebian mowesrigebull FazaSi Zalian
daballi  temperaturebis dros: T<T, (T, warmoadgens Kkritikul
temperaturas) da didi spinebis mgone atomTa matricis SemTXxvevaSi,
rodesac2S>>1). zogierT SemTxvevebSi, rogorc wesi, SesaZlebelia

SemovisazRvroT mxoBlod wrTfivi operatorulli wevrebiT magnonebis



mixedviT. aseT  SemTxvevebSi (110)-(111) hami B tonianebi erTmagnoniani
procesebisaTvis miiReben Semdeg saxes:

H=H+H+H,
H,=34 e(g)C;C,; Hs=a nWd;d, (112)
g k

] 1 o
H =9 & d +B (9d p = .C'C .,
int ak- gBk(S) k k(s) kH Bk(s) ,N EEJIAQ,gk g g

sadac: W, - k magnonuri modis sixSireag; (k:(lz,j)), ] - magnonuri Stos no-

meria, d. d; - magnonebis gagrobis da dabadebis boze operatorebia, xollo
Ay« Warmoadgens “C-sidides”.

maga B iTad, antiferomagnetikebSi, sadac eleqtronebis energetikulli
doneebi gadagvarebu Bl ia spinis mixedviT, SesaZlebeBia SemovisazRvroT
erTmagnoniani  procesebis ganxiBviT daballi temperaturebis dros.

(ormagnoniani procesebi, romBebic aRiwereba H;, wevriT (111) hami-

I tonianSi, romelic Seicavs Srfa-<S§> wevrebs, warmoadgenen mcire si-

dideebs, rodesac 2S>>1 da temperatura aris dabali.(S- <§> <<S). (qveme-

serTa damagniteba mimarTull 1a z RerZis paralle Burad, el
(st)=-(s); (S.)=(SL)=0). SewiSnoT, rom magnitur naxevargamtarebSi Sd

urTierTgmedebis As parametri principSi ar warmoadgens mcire sidides
elegtronulli energetikulli zonis DEsiganesTan SedarebiT, ase rom adgi li
aqvs ZHBieri urTierTgnedebis (bmis) SemTxvevas. amitom, an urTierTgmedebam
SesaZlebelBia migviyvanos magnituri TFTHRugtuonebis da poBlaronebis
warmogmnamde, rac arsebiT gavBenas axdens kristallis optikur, magnitur
da kinetikur Tvisebebze [27-28].

amrigad, Cvens mier ganxiBulli1 (112) hami Btoniani Formalurad
miekuTvneba (1.1)-(1.2) saxis hami B tonianTa k lass.

am mokBe ganxi Bvis Semdeg dinamiuri sistemebisa, romBebic urTi-
erTgmedeben TermostatTan (bozonur vell Tan), an ufro zogadad — kvanturi,
disipaciuri da Ria arawonasworulli modeBuri sistemebis zogierTi
maga B iTisa Tanamedrove Fizikis sxvadasxva dargidan, gadavideT uSuall od
im dinamiuri sistemebis mimoxi Bvasa, SeswavBlasa da ganokvllevaze,

romBebic Seadgenen mocemu B i sadisertacio naSromis ZiriTad Sinaars -
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e Begtron-Fononur sistemaze da didi radiusis mgone po Baronis mode-

i ebze.

12. elegtron-fononuri sistema elegtronis urTierTgmedeba akustikur da
polarull optikur fononebTan

kristallur myar sxeullebSi, magaBliTad +¥farTozonian naxevargamta-
rebSi, el eqtronis Fizikuri Tvisebebi, romelic gadaadgi Bdeba kristal Si,
ZiriTadad ganisazRvreba periodulli potencialiT, romellsac gmnian
kristaBuri mesris kvanZebSi ganBagebu B 1 10nebi.

ionTa rxevebs wonasworulli1 mdebareobebis max B ob B obaSi mivyavarT
e Beqtronebis energiebis pragtiku l ad myisier cv i Bebande da
kristalisaTvis Sredingeris adiabaturi gantoBebis hami B tonianSi, ro-
melBic aRwers eleqtronebis mdgomareobebs, damatebiTi wevris - H,  -is
warmogmnamde. es damatebiTi wevri aRwers eleqtronebis urTierTgmedebas
fononebTan. ionebis mcire ampBitudebiT rxevebisSemTxvevaSi, Fononuri
(bozonuri) sistema S warmoadgens araurTierTgmedi harmoniulli oscilla-

torebis erToblBiobas. am sistemis energias aqvs Semdegi  saxe:

Hszéhw(k)b.fbk, da 1igi warmoadgens Fononuri velis sakuTriv ha
k

mi B tonians meoradi dakvantvis  warmodgenaSi (nu B ovani rxevebi

mxedve B obaSi ar miiReba). rac Seexeba urTierTgmedebis energias — H,, — igi

wrfivad aris damokidebulli calkeulli, aRebulli harmoniulli oscilatoris
normaBur koordinatebze.

im sistemis Tvisebebis SeswavBla, romelic Sedgeba kvazinawi Bakisagan
(e Begtronisagan) da TFTononuri (bozonuri) velisagan, romelTa Soris
urTierTgmedeba aris wrFivi Fononuri operatorebis mixedviT, warmoadgens
myari sxeu Bebis da kondensirebull garemoTa TFizikis da agreTve velis
kvanturi Teoriis metad mniSvne B ovan amocanas.

amgvarad, elBegtron-fononuri sistema warmoadgens magaliTs eleg-
tronis urTierTgmedebisa dakvantull Ffononur velTan kristallSi. am Se-
mTxvevaSi qvesistema S Sedgeba erTi kvazinawi Bakisagan (e Begqtronisagan),
xoBlo S Termostatis rolSi gvevllineba fononuri veli.

cnobi Bi gamartivebebis Semdeg, arareBlativisturi kvazinawi laki

(eBegtroni), romelic urTierTgmedebs kristaBuri mesris rxevebis dakva-



ntull skaBlarull velTan, aRiwereba Ffrolix-pekaris tipis hami BtonianiT
[29-31]:

b +é Q/‘eiﬁr‘ +er'"zr‘bk+|:<|

“ % ¢ %V u (113)
W(E)>O,

sadac 1 — elegtronis radius-veqtoria, R- kvaziimpu Bsis operatori, b, bE

- Fononebis gagrobis da dabadebis operatorebia talRuri veqtoriT k, m

- eleqtronis efeqturi masaa kristaluri mesris periodull potenciallur

veBSi, xollo W(R) — warmoadgens TFononuri velis kvantis sixSires,

romelic aris k-talRuri veqtoris radiallurad simetriulli Funqcia
W(-E)=W(E).

121 elegtronis urTierTgmedeba kristaluri mesris akustikur rxevebTan.
deformaciis potencialis meTodi

rogorc cnobilia, eleqtronebis gabnevisas akustikur +Ffononebze

grZeltalRovan miax BoebaSi ka«l (a - mesris mudmivaa) Fononebis dis-

persiis miaxB oebiT kanons aqvs Semdegi saxe [32-33]: W(R)zv

S

E|, sadac V, -

bgeris siCgarea kristall Si, xolo (113) Formulis V. — mudmivebi, romBebic

warmoadgenen e Beqtronis FfononebTan urTierTgmedebis energiis Furie-kom-

ponentebs, moicemian Semdegi TanafardobiT:

_adpa 921 3

- , 114
V g m ( )

K
D’m?

8pr 71V,

sadac: V — kristalis mocullobaa, xolo a-=

— warmoadgens

e Begtron-Fononuri urTierTgmedebis uganzomi Bebo mudmivas; D aris de-
Fformaciis potenciallis mudmiva da r - kristallis masuri simkvrive. unda
aRiniSnos, rom zemoTmoyvani Bi gamosaxuBebebi samarT Biania A"BY da

A'BY naxevargamtarebisaTvis, romeBTaTvisac adgilli agvs dispersiis
izotropull kanons da romBebSic zonis egstremumi imyofeba bri Buenis

Zonis centrSi.
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mok Bed SevexoT deformaciis potenciallis meTods. an meTodis idea
mdgomareobs SemdegSi: rodesac kristallSi vrceBldeba drekadi tallRa
elementarulli ujredi ganicdis deformacias, icvBeba misi mocull oba
(icvleba kristaluri mesris mudmiva), rac Tavis mxriv iwvevs gamtarobis
zonis Tskerisa da savallento zonis Weris mdebareobis cvlliBebas, vinaidan
zonis sigane mgrZnobiarea mesris mudmivas sididis cvililebis mimarT. gam-
tarobis zonis Tskeris cvBlilleba ki Ffagtiurad warmoadgens gamtarobis

eleqtronis urTierTgmedebis energias kristalluri mesris rxevebTan.
akustikuri rxevebis SemTxvevaSi, rodesac k® 0 yveBa atomi elementarul
ujredSi irxeva sinfazurad. rogorc cnobilia rwertilis U(T)

wanacv Beba kristallSi grZel talRovan miax BoebaSi (ka«l) SesaZBebelia

CavweroT Semdegi saxiT [32]

d, (F)= —53 & (kg e +bre™ i (L15)

/N & € ik Jk
sadac éﬁ(IZ) aris polarizaciis veqtori, romlis absoButuri mniSvne I oba

akustikuri rxevebisaTvis grZe l tall Rovan miax B oebaSi erTis tolia xollo
NN—- elBementarull ujredTa raodenobaa kristal Si.

vinaidan grZel talRovan miax B oebaSi akustikuri rxevebisas irxeva
mxoBod elementarulli ujredis masaTa centri da TviT ujredi ki ar

ganicdis deformacias, amitom urTierTgmedebis energia warmoadgens

mxoBod U, (r) wanacvBebis koordinatebis mixedviT pirveli warmo-

ebuBebis wrfiv Ffungcias da ar aris damokidebuli1 TviT wanacvBlebis

sidideze. anitom urTierTgmedebis energia Caiwereba Semdegi saxiT:
H,, =DdivU,, (r). (116)

H.. sidides uwodeben deformaciis potencialls, xolo D propor-

int
ciulobis koeficients deformaciis potencialis mnudmivas, romelic
ZiriTadad ganisazRvreba eqgsperimentidan. (115) da (116) +¥Formullebis
daxmarebiT martivad miviRebT:
= T + - ik
H.. Nka]‘l(k (k))Ebj-ké 'bjge H (1.17)
ukanaskne 1 Fformulidan Cans, rom im SemTxvevaSi, rodesac gvaqvs

izotropu i gabneva gamtarobis eleqtroni urTierTgmedebs mxoBod grZiv
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grZzeBtalRovan akustikur FononebTan (k/ éH(IZ)). zogad SemTxvevaSi,
rodesac gabneva anizotropullia da deformaciis potenciallis mudmiva

warmoadgens tenzorull sidides D, . (a,b:lZ,S) - deformaciis po-

3
- ) S ‘
tenciallisTvis gvegneba gamosaxuleba: H,_ =3 D)UY, sadac U} warmoad-
=1

gens deformaciis tenzors. am SemTxvevaSi urTierTgmedebis procesSi

monawi B eobas Rebu B oben agreTve ganivi Fononebic [32-33].

122. eleqtronis urTierTgmedeba polarull optikur fononebTan
poBarull nivTierebebSi (poBarull naxevargamtarebsa da i1onur Kkris-

tallebSi) ionTa rxevebisas warmoigmneba ara marto deformaciis po-
tencialli, aramed garda amisa, adgilli aqvs Sorsmgmedi makroskopuli
eleqtrulli velis warmoSobas da amitom elBeqtronis urTierTgmedebas am
vel Tan mivyavarT damatebiTi gabnevis meganizmis warmoSobamde. es
urTierTgmedeba, romelsac uwodeben eBeqtronis gabnevas poBarull op-
tikur Fononebze, bevr kristallebSi ufro arsebiTia, vidre denis (nuxtis)
gadantanis gabneva akustikur fononebze. am saxis gabnevac grZe ltall Rovan

miax BoebaSi  aRiwereba (113) saxis hamiBtonianiT. V. - sidideebs

elegtronis gabnevisas polarull optikur fononebze agvs Semdegi saxe [29-
31]:

v i W) apad _a@mw(k) 8"
e 5 Usg——"=
128 V g h
|k| U e [} (118)
_leel 106 €U

28e, e phw(k)
ag V aris sistenis (kristallis) moculloba, e da m — elleqtronis mux-
ti da efeqturi masaa, Sesabamisad; a - eleqtron-fononuri urTi-
erTqgmedebis Frolixis uganzomi Bebo bmis mudmivaa, xoBlo ¢, da e, - war-
moadgenen mocemu Bi nivTierebis statikuri da optikuri dielleqtrikulli
SeRwevadobis mudmivebs. eleqtronis urTierTgmedebisas grZiv optikur
fononebTan: maxw(IZ)°W0 - warmoadgens dispersiis armgone, kristalis

grZivi optikuri rxevebis sixSires. zogierT SemTxvevaSi, elegtron-
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p'Z
2m

fononuri sistemisTvis: H_=

S

gamosaxu Bebis nacvBad aucillebelia

gamoyenebu 01 ignas ufro zogadi saxe eleqgtronis energiisa gamtarobis

zonidan-H,=T(p). 1seve rogorc (12) TFormulaSi, ajgamva k-talRuri

veqtoriT (113). FformulBaSi xorcielldeba kvazidiskretullli speqtris
mixedviT:
(=, P
gL

sadac h, h, h, — mTel 1 ricxvebia (rogorc dadebiTi, aseve uaryofiTi).

hz,zf rg+; =V, (1.19)

anrigad, e leqgtron-fononuri sistemisaTvis (11), (1.2), (113) Formull ebis
Tanaxmad, C,(s) da C;(s) operatorebs aqvs Semdegi saxe:
C(9=V.e; Ci(s)=V,e™ (1.20)
(simbo B o * aRniSnavs komp Beqsurad SeuR Bebulls).
rodesac elegqtron-fFononuri sistema imyofeba gareSe, erTgvarovan
eleqtrull velSi, romBis daZabuBoba E(t), maSin elegtronis gareSe
eleqtrull vel Tan urTierTgnedebis hami B tonians aqvs saxe:
Heo =- €E(L). (121)
im SemTxvevaSi, rodesac gareSe elleqtrulli velli icvleba harmoniulli
kanoniT eleqtrulli velis daZabu B obisTvis gvaqgvs:

E(t) = E,e ! cosit), (122)

—

sadac: w warmoadgens cvBadi eleqtrulli velis sixSires, xolo E; - aris

vellis amplituda e ‘I Tanamamravli  aRwers gareSe urTierTgmedebis

adiabatur CarTvas (gamorTvas), rodesac t® ¥¥ da e® 0'(e >0).

eleqtronis polarull optikur Fononebze gabnevisas, eleqtron-
fononuri urTierTgmedebis (uFro zogadad po Baronis amocanis) specifika
mdgomareobs imaSi, rom saerTod, uganzomi Bebo parametri a, romelic
aRwers eleqtron-fononuri urTierTgmedebis siZBieres, ar SeiZlleba
CaiTvallos rogorc mcire sidide. IlI-V jgufis naxevargamtarebSi e Begtron-
fononuri urTierTgnedeba SesaZzBebeBia i1yos susti (a<1); II-VI jgufis
poBarull naxevargamtarebsa da dieleqtrikebSi saSuallo siZBieris (a »l)
da 1ionur KkristallebSi ZHBieri (a>>1). amitom, zogad SemTxvevaSi,

uaryofili unda 1ignas daSveba imis Sesaxeb, rom muxtis gadamtanTa
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(e Begtronebis) energetikull i speqtri ganisazRvreba maTi susti
urTierTgmedebiT ideaBluri kristalluri mesris potenciallur velTan da
kristaluri mesris rxevebis roli mdgomareobs imaSi, rom maT mivyavarT
SedarebiT iSviaT gadasvBebTan e Begqtronis mdgomareobebs Soris ideallur
kristall Si. polarull kristallebSi elleqtron-fononuri urTierTgmedeba iw-
vevs elleqgtronulli speqtris arsebiT cvBlillebas (poBaronulli efeqti),
denis gadamtanebis SedarebiT ZBier gabnevas optikur +¥Tononebze da am
ukanaskne B Ta dispersiis kanonis cviBlillebas. yvelBlafFeri es ki arTullebs
polBarulli Kkristallebis eleqtrulli da agreTve optikuri Tvisebebis
Seswav B as [29-31, 36-39].

anrigad, ZHBieri (arasusti) elegtron-fononuri urTierTgmedebis
SemTxvevaSi, zogadad elegqtron-fononuri sistemnis Termodinamikis sa-
kiTxebis ganxi Bvisas da kinetikuri mov Benebis Seswavl isas Cven buneb-

rivad davdivarT poBaronis anocanis ganxi Bvamde [29-30, 37-39].

13. poBaronis amocana. didi radiusis mqone
po Baronis mode Bebi
ukanasknel  wlBebSi agqtuaBluri gaxda sakiTxi struqturullad

Sedgeni B1 nawi Bakebis dinamiuri modeBebis agebisa. warmodgenebi nawi-
Bakis rTulli struqgturisa da am nawi Bakis agznebuli mdgomareobebis
arsebobis Sesaxeb yove B Tvis warmoadgenda ZBieri urTierTgmedebis (bmis)
Teoriis ZiriTad sakiTxs. unda aRiniSnos rom ZBieri bmis Teoriebis
siZneBeebi Tavidanve ganpirobebuli 1yo 1iseTi cnebebis SemoRebasa da
operirebasTan, romBebic arsebiTad gansxvavebodnen Tavisufalli velebis
Teoriis warmodgenebisagan. n.n. bogo Bubovis SromebSi ganxiBulli da
gamokvBeuli iyo amocana ararelBativisturi nawi Bakis urTierTgmedebisa
dakvantull skalarull vell Tan adiabaturi miax B oebis zRvrull SemTxvevaSi
[35,40].
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131 polaronis frolixisa da pekaris mode I ebi
pirvelad amocana arareBativisturi nawiBakis urTierTgmedebisa

dakvantull skallarull velTan dasmulli iyo Frolixis mier egreTwodebulli
po Baronebis prob B emis gamosakv B evad. po Baronebis prob lema mdgomareobs
gantarobis eleqtronebis yofaqcevis SeswavBaSi poBarull kristallebSi.
eleqtroni, romelic imyofeba kristall Si, Tavisi kulonuri veBiIT waanacv-
Bebs ionebs TavianTi wonasworulli mdebareobebidan; Tavis mxriv warmog-
mni B 1 Tonuri polarizacia mogmedebs eBegtronze da i1wevs misi energiis
Semcirebas. kristallSi gadaadgi B ebisas, elegtrons Tan gadaagvs
kristaBluri mesris damaxingebis are. eleqtroni da masTan erTad aRebulli
TviTSeTanxmebu i1 polRarizaciulli veli SesaZllebeBlia ganxiBulli ignes
rogorc kvazinawi Baki, romellsac uwodeben poBarons [29,38] unda
aRiniSnos, rom TviT poBaronis koncepcia SemoRebulli igna pekaris mier,
romelic ganixiBlavda zRvrull SemTxvevas eleqtronisa da kristaluri
mesris rxevebis ZBieri urTierTgmedebisa da mis aRsawerad iyenebda
adiabatur miaxl oebas, rome l ic warmoadgens naxevradk Basikur meTods [29-
30].

istoriullad pirveli da yvelaze gavrcellebulli midgoma poRaronulli
amocanis amoxsnisaTvis dafuZnebulli 1yo or ZiriTad miaxl oebaze,
romBebic arsebiTad gansazRvraven poBaronulli mdgomareobebis Tvisebebs:
1) efeqturi masis  miax B oeba, romBlis Tanaxmadac eleqtronis
urTierTgnedeba xisti kristaluri mesris periodull potenciallTan

gaTvaliswinebulia m efeqturi masiT, rogorc parametriT. aseT SemTxve-

vaSi eleqtronis kinetikuri energia T(To):zK gantarobis zonaSi da TviT
m

zonis sigane TFormaBurad warmoadgenen SemousazRvrell sidideebs da
amitom ar TamaSoben parametrebis rolls poBaronis amocanisaTvis; 2)
kontinuaBuri miax Boeba, romblis drosac ar gaiTvaliswineba kristalluri
mesris diskretulll strugtura. am miaxBoebaTa CarCoebSi, poBRaronis
amocana warmoadgens velis kvanturi Teoriis tipiur magaliTs TFernmi-
nawi Bakis urTierTgmedebisa dakvantull fononur vellTan, da amitonm,
rogorc aseTi, igi gaxda erT-erTi magaBiTi velis Teoriis meTodebis

gamoyenebisa myari sxeu Bebis FizikaSi.
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poBaronis ZiriTadi mdgomareobis Tvisebebis SeswavBa arsebiTad
martivdeba susti da ZHBieri elegtron-fononuri urTierTgmedebis zRvrull
SemTxvevebSi. susti elleqtron-fononuri urTierTgmedebis SemTxvevaSi
poBaronis Fizikuri maxasiaTebBebi kargad aRiwereba Cveullebrivi
SeSToTebis Teoriis gamoyenebiT, xoBo ZRieri eleqtron-fFononuri
urTierTgnedebis SemTxvevaSi polaronulli mdgomareoba aR1iwe reba
TviTSeTanxmebu Bi midgomiT, romeBic pirveBlad ganxiBulli i1yo pekaris
mier da romelic eyrdnoboda adiabatur miax B oebas [30-31, 39].

velis Teoriis Bagrandiseuli formulirebisa da standartulli da-
kvantvis proceduris gamoyenebiT, Frolixisa da pekaris mier miRebulli da
ganxi Bull'i iyo poRaronulli sistemis hami B toniani (1.13-1.18) saxiT. vinaidan
Sredingeris ganto B ebis zusti amoxsna (113) saxis hami BtonianiT ver igna
napovni, amitom sxvadasxva dros mravalli avtoris mier gamoyenebulli iyo
miax B oebiTi meTodebi, romfll ebsac susti e Beqtron-fononuri
urTierTgmedebis SemTxvevaSi mivyavarT an standartulli tipis SeSFoTebis
TeoriasTan, an sxvadasxva saxis variaciull midgomebTan, romBebic
Ffagtiurad warmoadgenen hartri-fFokis miax Boebis ama Tu im modiFfikacias
[30, 37-38]. am gamokv Bevebis Sedegebi gviCvenebs, rom uZravi eleqtronis
energia mcirdeba sididiT: DE=-7iwa, romelic SesaZlBebelBia ganxillul
ignas, rogorc polaronis sakuTari energia. garda amisa 1icvleba
eBegtronis efeqturi masa m =m(l-a/6) "

susti elegtron-fononuri urTierTgmedebis SemTxvevaSi po Baroni
pirve I miax BoebaSi SesaZlBlebelia warmovidginoT rogorc kvazinawi Baki
(eBeqgtroni), romelic garemocullia Ffononuri velis arakorelBirebuli
kvantebis RrubBiT, romeBTa saSuallo ricxvi proporciullia bmis
mudmivasi (po Baronis Frollixis modeli) [29]
Tizikis TvalsazrisiT bevrad ufro saintereso da aqtuaBuria ZHBier
urTierTgmedebis SemTxveva rawi Bakisa Fononur vel Tan. ZRier eleqtron-
Tononur urTierTgmedebas mivyavarT Fononuri vakumis po Barizaciaze, rac
iwevs saboBood Sedgenilli kvazinawi Bakis strugturis Camoyal ibebas.
cxadia, rom nebismier gamoTvBiT sgemas

(aBlgoriTms) unda Seswevdes unari am Camoyalibebull1 strugturis

mode B irebisa ukve pirvel miax B oebaSi [38-40].



pekaris Tanaxmad, ZBieri elegqtron-fononuri urTierTgmedebis
SemTxvevaSi, kristalluri nmesris deformacias, romelic gamowveulia
gantarobis eleqtroniT, mivyavarT efeqturi potencialluri ormos
Camoya 0 ibebamde da e Beqtronis CaWeramde diskretull energetikull doneze,
rome Bsac Seesabameba ukanaskneBis TFinituri moZraoba. GaerTianebulli
sistema (e Begtroni pRlus deformaciis are), rogorc mT Biani gadaadgi Beba
kristal Si efeqturi masiT, romelBic sagrZnobBad aRemateba eleqtronis
masas (efeqturs) gamtarobis zonaSi [30,37,39].

amgvarad, ZBieri eleqtron-fononuri urTierTgmedebis SemTxvevaSi
pekaris mier ganviTarebulli Teoria 1iTvaliswinebs 1onuri kristalis
dieleqtrikull po larizacias gamowveu B s gamtarobis eleqtronis
elegtrulllt veliT. warmogmni Bi BokaBuri polarizacia dakavSirebullia
ionTa wanacv B ebasTan da amitom is aris inerciulli; mas ar SeuZlblia “mxari
aubas” SedarebiT ufro swrafad moZrav elBeqtrons da anmitom es Bokaluri
inerciulli polarizacia, rogorc ukve 1iTqva, elegqtronisTvis gmnis
potencialur ormos. sakmarisad Rrma ormoSi xdeba eleqtronis
avtoBokalizacia da am warmogmili potencialuri ormos siRrme
sakmarisia, raTa masSi arsebobdes diskretulli energetikulli doneebi
eleqtronisTvis. kristalTa didi umravBesobisTvis ormos siRrme 0,51
eleqgtronvol tis rigisaa. eleqtroni, romellic imyofeba
avtoBlokalizebul mdgomareobaSi erT-erT aseT energetikull doneze
Tavisi eleqtrulli  veliT “iWers” kristaluri nmesris Bokallur
po Barizacias. 1onebi TavianTi inerciullobis gamo “aRiqgvamen” e Beqtronis
ara nmyisier, aramed saSuallo elleqtrull vells. elegtronis aseTi
avtolokalizebuli mdgomareoba anu Kkristalis aseTi mdgomareobebi
polarizaciulli potencialluri ormoTi, romelBSiac HBokalize-bullia
elegtroni, 1i1wodeba poBaronull mdgomareobebad (poBaronis pekaris
mode B 1) [30,39-40].

erT-erT mniSvneBovan da ZiriTad parametrs, romeBic axasiaTebs
poBaronull mdgomareobas, warmoadgens poBaronis radiusi, romelic
aRwers maxasiaTebel =zomebs kristaBuri garemos deformaciis arisa. Tu
e Begtron-Fononuri urTierTgmedeba aris susti, maSin po Baronis radiusi

SesaZlebelia Sefasebuli ignas ganusazRvre Bl obis Tanafardobidan:

rg » h]/z/(m/vo)j/2 , rogorc maxasiaTebeBi zoma eleqtronis THRugtuaciebisa
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sivrceSi, romelic ganpirobebulia virtualuri fononebis gamosxivebisa
da STanTgmis procesebiT. ZBieri eleqtron-Fononuri urTierTgmedebis
SemTxvevaSi poBaronis radiusis sidide arsebiTadaa damokidebuli1 am
urTierTgmedebis xasiaTze. Frolix-pekaris poBaronis modell Si, rodesac
a >>1, martivi Tvisobrivi Sefaseba poBaronis radiusisaTvis iZleva
Semdeg mniSvne Bobas: r, » #¥?/(mw,)"?a, rac Seesabameba po Baronis radiusis
Semcirebas bmis mudmivas zrdasTan erTad [37,41].

didi radiusis mgone po Baronis adiabatur TeoriaSi poBaronis zoma
ganisazRvreba optimaluri balansis pirobidan gamomdinare eBegqtronis
kinetikuri energiis dadebiTi wvBilisa, romelic HBokalizebulia
SemosazRvru i1 sivrceSi, dadebiTi wlilisa deformirebulli kristalluri
mesris energiisa da uaryofiTi wililisa e Begtron-fononuri
urTierTgmedebis energiisa yvela es wvBlilli erTi da igive rigisaa
sididis nmixedviT, rac jamSi iZBeva mogebas po Baronis energiisaTvis,
SedarebiT Tavisufalli eleqtronis mdgomareobisaTvis aradeformirebulli
kristalluri nmesrisaTvis (poBaronulli wanacvleba) [37,42-43]. unda

aRiniSnos, rom principSi poBaronull i mdgomareobebis Tvisebebi arsebiTad

ganisazRvreba sami masStaburi energetikulli parametriT: D, iw, E;, sadac

E. warmoadgens po Baronull wanacvBebas — energiis Semcirebas elegtron-
fononuri sistemisaTvis polarizaciulli saxis urTierTgmedebis gamo da
warmoadgens im energetikull masStabs, romellic axasiaTebs am
urTierTgmedebis intensivobas. D aris eleqtronebis gadaunomrvi zonis
sigane, xo 1o w warmoadgens Fononebis maxasiaTebel rxevebis saSuall o six-
Sires. didi radiusis mgone poBaronis piroba moicema Semdegi Tana-
FfardobiT: ry;>a, sadac a aris kristalluri mesris mudmiva. SesaZlebellia
naCveneb ignas, rom didi radiusis mgone po BaronisaTvis adgili agvs
utoBobas: E;/D<1, romelic Ffagtiurad ekvivalenturia zemoT moyvani li
uto Bl obisa [37,41].

poBaronulli mdgomareobebis mdgradobisTvis aucillebelia, ron
e Begtronis bmis energia potenciallur ormoSi aRematebodes i1onTa siThuri
moZraobis saSuallo energias kristallSi. variaciulli meTodis daxmarebiT

pekarma ganaviTara mkacri Teoria elleqtronis ZBieri urTierTgmedebisa



izotropull ionur diellegtrikTan, rodesac kristali1 ganixileboda
rogorc uwyveti garemo.

pekaris Tanaxmad elBeqtronis energia polarizebull kristalSi
(dieBeqtrikSi), romBis polarizaciis veqtoria - R{), warmoidgineba
Semdegi saxiT [29-30] (huBovan adiabatur miaxBoebaSi, rodesac ar

gaiTvall iswineba 1onTa moZraobis kinetikuri energia).

EQY . Ry=- %@Y*(F)Dv(r)dr +2pe” R (F)dF - J(F)D (F)dF, (1.23)

=~

|

sadac: D(7)=egY ()| —~—5d, warmoadgens eleqtrulli velis indugciis
-

=
L=~

veqtors diellegtrikis wertillSi, rombis radius-veqtoria r, xollo
e '=¢e'-€' aris polarizebuli garemos efeqturi dieleqtrikulli

SeRwevadoba (ix. (1.18) Formula). (1.23) Formulis pirveli ori wevri aRwers
elegtronisa da polarizaciulli vellis energiebs, xol o ukanaskne B1 wevri

- maT Soris urTierTgmedebis energias. (1.23) gamosaxu Beba ganixi Beba
rogorc Fungcionalli — Y (r) da R() Fungciebis mimarT. rodesac kristalli
imyofeba ZiriTad mdgomareobaSi, maSin am +Fungcionalls unda gaaCndes
abso Buturi minimumi,Y (r) da R(F) Fungciebis damoukidebe Bi variaciebis
dros, im pirobiT rom adgili egneba taBRuri Funqciis normirebis
Senaxvis pirobas:
g (n[dr =1 (1.24)
Tu gavutolebT nulls (123) Fungcionalis variacias, romelic gan-

pirobebulia R[f) polarizaciis cvBillebiT, rodesac Y (r) talRuri

fungcia Figsirebulia, maSin martivad davadgenT kavSirs R({f) da D(r)

sidideebs Soris:
. 1
F)=———D(F), 1.25
R(F) e () (1.25)

sadac: D(r) - induqcia (123) FformuBis Tanaxmad ganisazRvreba Y (1)

talRuri Ffungciis saSuallebiT. (1.25) gamosaxu Bebis daxmarebiT, martivad
vpou B obT (1.23) Fungcionall is saxes, rome 1 ic damokidebu B ia mxoBod Y (F)

tal Rur fungciaze:

AlY]= %dﬂv (F)|2dF- éc‘ﬁz(r)dr. (1.26)



A[Y] fungcionalli gansazRvravs polarizebulli kristallis (dieleqtrikis)
energias, romBisTvisac po Barizacia SeTanxmebull ia eleqtronis
mdgomareobasTan, romelBic aRiwereba Y (F)-FunqciiT. poBRarizebuli
kristalis aseTi mdgomareobisaTvis, elBeqtronisTvis ufro “xelsayrelia”
energetikulli TvalsazrisiT imyofebodes ara gamtarobis =zonaSi, aramed
mdgomareobaSi, romeBic Seesabameba eBeqtronis moZraobas kristalis
SemosazRvrull (Finitur) areSi da romelic ganisazRvreba - Y (r) taBRuri
FfungciiT. eleqtronisTvis es energetikullad ufro xellsayreli mdgo-
mareoba SesaZllebeBia ganisazRvros (1.26) Fungcionalis minimumis
pirobidan, (1.24) TanaFfardobis gaTvaBiswinebiT, Y (f) Funqciis mixedviT.
(1.26) Fungcionalis minimizaciisaTvis pekarma gamoiyena pirdapiri
variaciulli meTodi [29-30]. ZiriTadi mdgomareobis (poRaronuli
mdgomareobis) FTungciis - Y () =Y ,(). aprogsimacia xdeboda ramodenime
parametris saSuallebiT. an Fungcias hgonda Semdegi saxe:
Y,[)=Al+a¢ +brie?* (1.27)

sadac: A mudmiva ganisazRvreboda normirebis pirobidan (talBRuri

TfungciisTvis) da igi toli iyo sididis:

A2: 2a3 .

p (14+1689 + 72092) ’

_ b . — 1 2 '%x. _
9= @ YO(X)—A(1+§X+9><)e , Xx=2aQg , (1.28)

sadac x warmoadgenda uganzomi Bebo cvBads. variaciulli gaTvlebi at da

me*

hze* 1

g parametrebisaTvis iZBeoda Semdeg mniSvneBobebs: a¢=0,6585

g =0,1129; (1.28) Formu Bebis daxmarebiT po Baronis ZiriTadi mdgomareobis

energiisaTvis miRebu i1 iyo Semdegi gamosaxu leba [30]:

22 2 274
E.(a,g)=~PIA PEA (10,494 + 209,889 +
ma ea (1.29)

+1884g? +8507,8¢° +16727g"*).

(1+4g +249?)

SedarebiT ufro uxeSi gaTvlebisTvis, pekaris mier gamoyenebu i 1yo
agreTve taBlRuri TFfunqcia, romelic Seicavda erT variaciull parametrs.
saerTod polaronis ZiriTadi mdgomareobis energia ar 1iyo Zalian

“mgZnobiare” SerCeuli1 variaciulli parametrebis raodenobis mimarT.
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magaBliTad, erTi damoukidebeli meore parametris damateba talRur
FfungciaSi saSuallebas i1ZBeoda ZiriTadi mdgomareobis energiis mxolod
2%-1T Semcirebas. erTi variaciulli parametris mgone normirebull talRur

Ffungcias hgonda Semdegi saxe:

Y, () =2 Lrar)e™ (130)
r» - +a lr. e—a r, .
RN
sadac a'°® £=2r;fz*, at parametris (130) mniSvne B oba ganisazRvreboda (1.23),
r e

(126) da (1.30) Formulebis daxmarebiT - (1.26) Fungcionalis minimumis
pirobidan. TviT (1.30) taBRur Tunqcias Seesabameboda (1.26) fungcionalis

Semdegi mniSvne B oba:

4

A[Y ] =- 0,0547[;62 0

- 2>0,054hwa °, (1.31)

sadac: a - aris eleqgtron-Fononuri urTierTgmedebis TFfrolixis
uganzomi Bebo mudmiva (ix. (1.18) Formula). (1.31) gamosaxu Beba Tagtiurad
gansazRvravs polarizebulli kristallis srull energias. (123) da (1.25)
gamosaxu Bebebis daxmarebiT  SesaZzBebeBia ganisazRvros kristalis

po Barizacia, romell ic Seesabameba (1.30) mdgomareobas.

r
r|

Ro(F) = Y o) -

dr;, 132
4p (132)

“l —11

xolo (132) Formulisa da Vy(r)=- Owdr Tanafardobis daxmarebiT

vipoviT sferulli polarizaciulli potencialluri ormos Tormas (saxes),
rome B Siac moZraobs eleqtroni (ix. naxl). elegtronis talRuri fungcia
(1x. 1.28) napovni at variaciulli parametris saSuallebiT Caiwereba Semdegi

saxiT;

Y ,(r)=0,1229a ¥ (1+ar +0,4516>azr2)e'ar
TviT V,(r) potencialls agvs Semdegi analizuri saxe:
2a€’ é1 &l

Vo(r) = - S g € ¢ +0.7605+0,2605x 40, 050872 +
e & (133)

+0,005703x3 + 0,0003024x* )H,

sadac, x ganisazRvreba (1.28) formulBiT. rodesac x>>1, maSin egsponen-

cialluri TanamamravBi aris Zalian mcire da V,(r) potenciall is saxe aris
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2
kulonurti: Vo(r)®-ee*—r;(r >>1); xolo r=0 wertillSi potencialls gaaCnia
parabo Buri tipis minimumi. po Baronis ZiriTadi mdgomareobis energia (1.33)
Figsirebull potencialur ormoSi gamoiTvBeba (1.23), (1.30) da (132

formulebis daxmarebiT. gamoTvlebi iZBeva eleqtronis energiis Semdeg

4

mniSvnel obas: E;=- 0,163% =-2x0,163mwa’*; Tu polarizaciulli poten-
e

cialluri ormo aris sakmaod Rrma, maSin masSi SesaZBebel ia agreTve sxva

diskretu i energetiku i doneebis arseboba e BegtronisaTvis (ix. nax.l).

A ‘Jﬁefxz
L 0139942
O * + >
2 4 6 3 10

—_— Xl

L'
E,,=- 00935 e
tp t*r.iasi

4
- e
Eo=-0,163 *:12*1

(.(
V(o)== 0,315 %f;z

nax.l. potencialuri ormo, energetiku i doneebi da eBeqtronis Y -
tal Ruri Funqgcia pekaris po Baronis model Si

anrigad, pekaris poBaronulli mdgomareobebi SesaZBebelia ganxi-
Bulli ignes rogorc elleqgtronisa da kristallis Bokaluri polarizaciis
bmul i1 (avto B okall izebu Bi) mdgomareobebi. es mdgomareobebi xasiaTdebian
erTi an ramodenime diskretulli Sinagani energetiku B i doneebis arsebobiT
avtoBokalizebulli eleqtronisTvis. gansxvavebiT poBaronis fTrolixis
mode N isagan, romellic aRiwereba susti e Beqtron-fFononuri
urTierTgmedebis a mudmivaTi (a <1), pekaris poBaronulli mdgomareobebi
xorcielldeba mxoBlod a bmis mudmivas didi mniSvne B obebis dros (a >>1).

aseTi avtoBlokalizebullit mdgomareobebi - poBaronebi SesaZBebellia
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gadaadgi Bdnen  kristall Si, rogorc erTiani mT B iani strugtura
(kvazinawi B aki), raRac efeqturi masiT — polaronis masiT.

pekaris mier ganoTvRiBi 1yo agreTve poBaronis masa, rodesac pola-
roni asrullebda gadataniT moZraobas kristallSi mcire siCgareebiT:

V <<w,r,, sadac r, ganisazRvreba (130) toBobiT. miRebull1 poBRaronis

efeqturi masis mniSvne B oba pekaris TeoriaSi SesaZlebell ia warmovadginoT
Semdegi saxiT [30]:

, .3 3
M =58x40° 2 0 2c —g08a0°80 0 L (134)
e’y &m ge’ ’

1 .
sadac C,=—— da m, warmoadgens e Beqtronis masas.

0

zogadad, poBaronis efeqturi masa M bevrad aRemateba e Beqtronis
efeqtur masas gamtarobis zonidan. ase magaliTad, NaCl ionuri
kristalisTvis, gamoTv Bebi gviCvenebs, rom M »391Im.

pekaris model Si, poBaronis Zvradobisa da eleqtrogamntarobis
gamosaTvBlelad gamoiyeneboda bo B cmanis kinetikuri gantoleba ionebi
ganixi Bleboda rogorc siTbhur wonasworobaSi myofi. am ganto Bebis
daxmarebiT gamoTvRili1 iyo poBRaronis daball temperaturulli (KT <<7w,)
Zvradoba, rodesac xdeboda eleqtronis gabneva poBarull optikur
Tononebze da gabnevis procesSi monawi Beobas iRebda fononis erTi kvanti
(erTFfononiani procesebi). poBaronis daball temperaturulli ZvradobisTvis
miRebul i 1yo Tanafardoba:

e
m=—-t, 135
Y (1.35)

sadac: Tavisufali ganarbenis saSuallo drot toli iyo sididis:

1

t=6n .4 . (1.36)
ag: WIZ,IZ' - warmoadgens poBaronis k-dan k' mdgomareobaSi gadasvlis

allbaTobas drois erTeu I Si (gadasvl is sixSires) da ganisazRvreba Semdegi

TanaFardobiT (k da k'-taBRuri vegtorebia):



W, ., = 2 N;
Yt (1ez) (L37)
1 _ 12
GG i [R-K
=éet -1 ; = T
8 g “a
sadac: a' - sidide moicema (1.30) FormuliT. mcire siCgareebiT moZravi

21,2

po BaronisTvis, rodesac <<hw, (134) Formulis gaTvaliswinebiT

gveqgneba:

4
Z» MW 60116 .
2 nw,e

12
(1.35) - (1.37) Tanafardobebis daxmarebiT martivad miviRebT poRaronis

(1.38)

ZvradobisaTvis Semdeg gamosaxu Bebas kristallis daballi temperaturebis

dros:

W (1+z)

m=mN; = . (1.39)
m) rr& M 3/2e\/2N0 ﬁ_'_lzgz
€ 775

xolo, Tu visargebBebT poBaronis M masis (1.34) mniSvne BobiT, maSin
daba I temperaturu i Zvradoba warmoidgineba Semdegi saxiT [30]:
wy? (1+Z)e”

. _.2 "
pallls FEF 2
7 g

em, @g

agve unda aRiniSnos po Baronis M masisa da m dabal temperaturulli

m =5,840*

(1.40)

Zvradobis damokidebu Beba a -bmis mudmivaze po Baronis pekaris TeoriaSi.
rogorc (1.18) da (1.34) FormuBebi gviCveneben po Baronis masis yofagceva
moicema TanafardobiT: M ~a“‘(a >>1), xolo (1.18), (1.34) da (1.39)-is Tanaxmad
daball temperaturulli Zvradobis yofagceva aisaxeba damokidebulebiT:
m ~a°(@ >>1) (rodesac ganixi-Beba mxoBod erTFfononiani procesebi
po Baronis gabnevisas optikur Tononebze). amrigad, pekaris poBaronis
mode BSi miRebulli yveBla Fizikuri sididis (po Baronis masa, Zvradoba da
sxv.) mniSvneB oba, gansxvavebiT poBaronis TFTrolixis modelisagan,
samarT Biania mxoBod ZHRieri elegtron-Fononuri urTierTgmedebis

SemTxvevaSi (a >>1).
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ganvixi BoT axBa dinamiuri modeli1 struqturullad Sedgenili
kvazinawi B akis—po Baronis, romelic aRiwereba e Beqgtron-Fononuri bmis a -

mudmivas nebismieri mniSvne B obis dros, ew. po Baronis Ffeinmanis model 1.

132. polaronis Ffeinmanis model i
el eqgtron-Fononuri sistemisTvis da polaronis amocanaSi TarTo

gamoyeneba hpova Feinmanis kontinuaBuri integrebis meTodma (integrallebi
traeqtoriebis gaswvriv) [44-45]. am meTodis warmateba po Baronis Termodina-
mikis sakiTxebis ganxiBvisas dakavSirebullia Semdeg mTavar tegnikur
momentebTan: 1) es meTodi SesaZBebels xdis, raTa moxdes zusti gamoricxva
Tfononuri amp B i1tudebisa poBaronis amocanidan (probBemidan), ris Sedega-
dac mravalnawi Bakovani amocana daiyvaneba erTnawi Bakovani amocanis
ganxi Bvande, rome B ic aRiwereba aralokaBuri FfunqgcionaliT da romelic
damokidebu B ia mxoBod elegtronis traeqtoriebze. poBlaronis feinmanis
mode R is Tformullirebisas Tfononuri operatorebi (amp B 1tudebi)
ganoiricxeba zustad elegtron-fononuri sistemis gmedebidan. amgvarad,
miRebu Bi gmedeba, romeBic ar aris BokaBuri fTononuri operatorebis
gamoricxvis Semdeg eleqtron-fFononuri sistemidan, aRwers elegqtronis
iseT moZraobas, rodesac amocana erTi nawi Bakis urTierTgmedebisa nawi-
BakTa usasrullo ricxvTan, daiyvaneba erTi nawi Bakis (eBegqtronis) ur-
TierTgmedebaze Tavis TavTan (TviTgmedebaze). 2) amocanis aseTi arsebiTi
gamartivebis Sedegad advilBi xdeba amoxsnebisTvis variaciulli meTodebis
formulireba, dafuZnebulli iensenis utoBlobaze, romelic warmoadgens
Ffunqcionalur anallogs n.n. bogo RBubovis variaciull1 principisa kvantur-
statistikuri sistemebis Tavisufali energiisTvis [25] 3) miRebull Fung-
cionall Ta daxmarebiT, SesaZlebel1 xdeba zustad amoxsnad model Ta kN a-
sis ageba, romBebic Seesabamebian kvadratull Funqgcionallebs da romlebic
gamoiyenebian rogorc miaxBoebiTi modelBebi variaciulli gamoTvHebi-
saTvis.

Teinmanis modelis (miaxBoebis) arsi polaronis amocanisTvis
mdgomareobs imaSi, rom ganixi Beba zusti, aralokaBluri gmedebis apro-
simireba aralokaluri kvadratullt gmedebiT. aralokaBurobis gaTva-
Biswineba anu “maxsovrobis” efeqtis CarTva gmedebaSi, aZBevs Teinma-nis

midgomas po Baronis amocanisadmi unikaBobis Tvisebas, poBaronis sxva
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Teoriebisagan gansxvavebiT [46]. Feinmanis sacdeli gmedeba aRwers
eleqtrons, romelic urTierTgmnedebs meore Fiqtiur nawi BakTan, romlis
koordinatebis gamoricxva xdeba gmedebidan-mas Semdeg, rac ganixi Beba
eleqtronis moZraoba ionur kristalSi da kristaluri mesris rxevebis
(Fononebis) gavBena eleqtronze modelirdeba meore nawi BakiT-romBis
masaa Mr da romeBic urTierTgmedebs kvadratulad, k-urTierTgmedebis
mudmivaTi eBeqtronTan. aseTi saxis sistemas, romelic aRwers eleqtronis
urTierTgmedebas poBarull optikur FTononebTan, urTierTgmedebis (bmis) a
mudmivas nebismieri mniSvneB obis dros, uwodeben poBaronis TFTeinmanis
(erTosci Batorian) modells, romelic aris transBaciurad invariantulli

[44,46] (iXx. nax. 2).

m K MF
(76) (F7 B)
JQASC‘\U,‘"MG“ C_\‘ég'nqv.aﬁn

nax.2. po Baronis Ffeinmanis modeli. e Beqtroni, romelic dakavSirebull ia
“zambaris” meSveobiT meore nawi BakTan masiT Mg

anrigad, poBaronis Teinmanis modelSi eleqtronisa da masTan
dakavSirebullt virtualluri, korelirebulli fononebis “Rrub Bis” moZraoba
aRiwereba eleqtronis urTierTgmedebiT Figtiur nawi BakTan. am modelis

hami B tonians aqvs Semdegi saxe [44,46]

HF :2K+2F'\f +%k(r- r)?, (L41)
m F

sadac: R da R. - warmoadgenen eleqtronisa da TFigtiuri nawillakis
impu B sis operatorebs, Sesabamisad; xolo r da . arian elleqtronisa da

Figtiuri nawi Bakis radius-veqtorebi, m aris eleqtronis efeqturi masa
gamtarobis zonidan, xoBlo Mg — Fiqtiuri nawi Bakis masa. (141) poBaronis
Tfeinmanis mode Buri hami B toniani aRwers nu B ovan miax B oebaSi po Baronis
aradisipaciur yofagcevas elegqtron-fFononuri urTierTgnedebis (bmis) a
mudmivas nebismieri mniSvne Bobis dros. Tu SemoviRebT axall kanonikur
cv B adebs, (141) hami B toniani SesaZlBebe lia daviyvanoT diagonaBur saxeze.

marT Bac gvegneba:
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He=— P Metmg  Keo (142)
2(m+M.) 2mM. 2

aq. P =R+R. - warmoadgens mT Biani impu B sis operators sistenisa, romellic
kanonikurad SeuR Bebu ll 1a masaTa centris radius-veqtorTan:

m+McT; |
m+ M,

R=

xollo 1

(6}

.=r- 1. - warmoadgens fardobiT koordinatas.

-~ _M.R-mR.

Ry Y aris r, koordinatis kanonikurad SeuRBebull't impull si. (142)
m+M;

hami B tonianis energetikull speqtrs agvs Semdegi saxe:

___P? .
ol _2(m+|V|F)+hn(h‘+m+hz+3/2)' (L43)
(h..h.h =01,2,..),

M_+m , . . i, s
xolo n=_[k rrFi\/I warmoadgens harmoniulli oscilatoris sixSires da

F

Y F_ aris sistenis dayvani Bi masa. M. +m - sidide mocemul mode B Si war-
+m
F

moadgens po Baronis efeqtur masas.
Zhlieri elegtron-fononuri urTierTgmedebis SemTxvevaSi, rodesac

a>>1, adgillt agvs utoBobebs: M. >>mda n>>w, Feinmanis mier Se-

moRebu B 1 1yo uganzomi Bebo parametrebiV da W, romBebic dakavSirebull ia

A0/ 2 0

Mr da n sidideebTan Semdegi to BobebiT: M, =m93éi2 -1g; n =Vw,; V da W
EW5 g

parametrebi ganisazRvrebodnen po Baronis Tavisufali energiis

minimizaciiT [44,46]. modelis yveBla sxva danarCeni parametri, rogorebic

mM -

arian: k, Mg + m,
m+ M.

da sxv. SesaZlBebel 1a ganisazRvron (m,w,) da (VW)

parametrebis daxmarebiT. susti da saSuallo siZbieris (intensivobis) elleg-

tron-fononuri urTierTgmedebis SemTxvevaSi (a <1): V>>W;M: ® On 3 w,;
V31V »1+%2[47]. (V da W variaciull1 parametrebis yofagcevis Sesaxeb

po Baronis Ffeinmanis mode B Si ix. nax. 3).
po Baronis prob Bemisadmi variaciull1 meTodis gamoyenebiT, Feinmanis

mier napovni iyo polaronis ZiriTadi mdgomareobis energiis zeda
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sazRvari, kristalluri mesris (Fononebis) nuBovani temperaturis ([ = 0)

dros:
3 av ¥ dueV
EEN(V-W)Z-\/_ — ‘ 7
P olwu +4v? - w?) i i(1- e'UV)La} (144)
(h=w,= m=1)

Ffononuri operatorebis (amp B itudebis) gamoricxvis Sedegad miRebu
zust (gmedebas hgonda Semdegi saxe (gamoiyeneboda Feinmanis meTodi
integrallebi  traeqtoriebis gaswvriv kristaluri nmesris nullovani

temperaturis pirobebSi):

oL el 62d a vy, el dtdS (145)
- —(r—-=dat- —— tds. :
2%dty - BFO-T)

nax3. V da W — variaciulli parametrebis yofagceva,rogorc a-urTierTqgnedebis
(bmis) mudmivas Fungciebi, po Baronis feinmanis TeoriaSi

(144) da (145) Tanafardobebis ganzogadoeba kristaluri mesris
nebismieri temperaturebis dros Sesrullebulli iyo [48] naSromSi. V da W
parametrebis varirebis Sedegad (144) Fformulidan miiReboda po Baronis
ZiriTadi mdgomareobis energiis yvelaze saukeTeso umciresi zeda

sazRvris SeFfaseba a -bmis mudmivas sxvadasxva mniSvne B obebis dros:



1) a-s mcire mniSvne Bobebis dros (a<l), V da Ws saukeTeso
mniSvne B obebia: V =3[1+2a (1- R/3W], sadac R:V%g(l- W)¥*- 1§ da W= 3.V da

W-s am mniSvne B obebisaTvis poBaronis E-energiisaTvis gveqgneba Semdegi
Sefaseba:

Ef-a- 8ila2 +0@?) =-a-0.0123a%+0(a?). (1.46)

xo B o SeSFoTebis Teoriis Sedegad miRebulli rezull tati tolia sididis
E=-a-00126a%+... (147)
2) a-s didi mniSvne B obebis SemTxvevaSi, rodesac (@ >>1), V da W-s
saukeTeso mniSvne B obebisTvis gvaqvs: V =%a 24§n2+%g+1, sadac C- eiller-
maskeronis mudmivaa: C=0,5772... da W=1 am SemTxvevaSi poBaronis

energiisTvis gveqneba Sefaseba:

2 L.
Eg-2 . §(2|n2+ C)- §+oaei22+... (148)
Pp 2 4 &a’y

rogorc me-3 nax. naT Bad Cans, V da W variaciulli parametrebi,
po Baronis TFeinmanis mode B Si, warmoadgenen bmis a -mudmivas uwyvet
fungciebs. ricxviTi gamoTvBlebis Sedegad miRebulli 1iyo poBlaronis
ZiriTadi mdgomareobis energiis damokidebuBeba bmis mudmivaze. Gga-
moTvBebma aCvena, rom polaronis ZiriTadi mdgomareobis energiis

mniSvne B oba pekaris TeoriaSi: E,=-0.326a° (7w,-erTeulebSi) — ufro mcire

sididisaa, vidre polaronis Teinmanis TeoriaSi, rodesac a >34.29.
saerTod ki wunda aRiniSnos, rom poBaronis ZiriTadi mdgomareobis
energiis Sefaseba Teinmanis TeoriaSi bevrad ufro mcirea yvela sxva
SefasebebTan SedarebiT, romBebic miiReba po Baronis sxva Teoriebis saSu-
allebiT; garda amisa, unda aRiniSnos agreTve is garemoebac, rom Feinmanis
meTods gaaCnia didi upiratesoba sxva meTodebTan SedarebiT poBaronis
TeoriebSi, vinaidan es meTodi (integrallebi +traeqtoriebis gaswvriv)
iZBeva saSuallebas rom vipovoT poBaronis energiis Sefasebebi bmis a -
mudmivas rogorc mcire, aseve saSualledo da didi mniSvne I obebis dros;
Tanac es meTodi iZBeva erTaderT saimedo Sedegebs a -bmis mudmivas saSua-
Bedo (5<a <10) mniSvne B obebisaTvis [46,49].
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Tunqcionalur-variaciulli meTodis daxmarebiT Feinmanis mier gamoT-
vEili iyo agreTve polaronis efeqturi masis sidide [44,46]. integrallebiT
traeqtoriebis gaswvriv miaxBoebiT gamoTvBas - poBaronis Teinmanis
mode Bis qmedebisTvis _ mivyavarT poBaronis efeqturi masis Semdeg

gamosaxu 0 ebamde:

3 ¥ é 2 _ U y2
;\//p_c‘ﬁt e't ’d +VVW1(1- e™ )y (m=1). (149)
0 e u

me =1+

(1.49) FormulaSi V da W variaciulli parametrebis optimaluri mni-
Svne B obebis CasmiT SesaZBebelia Sefasebulli ignas m. efeqturi masa a -
bmis parametris mniSvne BobaTa mTel intervall Si. mcire siCgareebiT moZravi
Teinmanis poBaronis efeqturi masis (149) mniSvneB oba susti da ZHBieri
e Begtron-Fononuri urTierTgmedebis zRvrull SemTxvevebSi warmoidgineba

Semdegi saxiT:

2

mF*:1+a;+2a;; a<<l1l
6 81
(m=1) (1.50)
#a26 4a’
m . :g T - (1+2In2+C); a >>1.
Py P

rasakvirve B i1a, (149-150) gamosaxu Bebebi samarT Biania Kkristalis
nulovani temperaturis (T=0) SemTxvevaSi. (1.50) gamosaxu Bebebi eFeqturi
masisaTvis ZiriTadi rigiT a-parametris mixedviT emTxveva, Sedegebs
gamomdinare rogorc SeSfoTebis Teoriidan (a<<1), aseve adiabaturi
miax B oebidan (a >>1).

sainteresoa aRiniSnos is garemoeba, rom m_ efeqturi masis mniSvne-

0 obebi, romBebic napovnia (149) gamosaxu Bebidan mxoBod umniSvnell od

(ramodenime procentiT) gansxvavdeba sacdeli modelis srulli masis

2
mniSvne B obisagan: M, +1-a€v 0 (m - elegtronis efeqturi nmasis

R
erTeullebSi). sasrulli temperaturebis dros, poBaronis feinmanis Teoriis
Fformulirebisas gamoiTvBeboda gibsis operatoris kvali, traeqtoriebis
gaswvriv integrallebis meTodis gamoyenebiT, ZBieri eleqtron-fononuri
urTierTgmedebis SemTxvevaSi [48]. eleqtron-Fononuri sistenis mndgo-

mareobaTa erTobBioba dakavSirebulia he@mhoBcis Tavisufali energiis
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mniSvne BobebTan, romBis minimizacia xdeboda V da W parametrebis
mixedviT mocemuli, TFigsirebulll temperaturis pirobebSi; amgvarad
ganisazRvreboda poBRaronis saSuallo energia, rogorc temperaturis
fungcia. temperaturis zrdasTan erTad (a-parametris Figsirebuli
mniSvne B obis dros), polaronis saSuallo energiisa da misi efeqtur masis
mniSvne B obebi mcirdeba. poBaronis saSuallo energiisa da efeqturi masis

aseTi yofagceva, rodesac T® ¥, E® 0 da m- ® O [48] naSromSi aixsneba

imiT, rom vinaidan ZalBlian daballi temperaturebis dros +Ffononebi arian
“Tavisufali”, maTi entropia 1izrdeba im +Ffononebis entropiasTan
SedarebiT, romBebic dakavSirebu i1 arian ellegtronTan.

eleqgtronulli da polBaronulli gadatanis movBenebis TeoriaSi
arsebull im mravall ricxovan gamokvBevaTa Soris, romelBic miZRvnilia
po Baronis Teinmanis modelis kinetikis sakiTxebisadmi, gansakuTrebulli
mniSvne Boba eniWeba naSromebs, romBebSiac gamokvBeullia poBlaronis
Zvradoba da elegtrogamtaroba. es gamokv Bevebi damyarebullia grinis
FfunqciaTa meTodze [50] bo B cmanis kinetikuri ganto Bebis SeswavBaze [5l-
52], TviTSeTanxmebuli da TFeinmanis kontinuaBuri integrebis meTodebis
gamoyenebaze [53-54], kubos wrFivi gamoZaxi Bis Teoriaze [55-56] da sxv.
rogorc wesi, rezull tatebi miRebul1 am sxvadasxva meTodebis daxmarebiT,
rom B ebSiac gamoiyeneba sxvadasxva miax B oebebi, aris sxvadasxva (zogjer
arsebiTadac gansxvavdeba erTmaneTisagan). unda aRiniSnos, rom zogadad
poBaronis Kkinetikis ganxiBvisas yvela zemoT CamoTvRili nmeTodi
iTvall iswinebs ZiriTadi mdgomareobis energiis Semcirebas da
kvazinawi Bakis maxis gazrdas TFononebTan wurTierTgmedebis Sedegad,
rome Bic gamowveu Bia eBegqtron-fononuri urTierTgmedebis didi nawi Bis
gaTval iswinebiT. darCeni i eleqtron-Fononuri urTierTgmedeba (ew. “nar-
Ceni” wurTierTgmedeba) aRwers polaronis gabnevas reallur (siTbur)
fononebze da 1iZBeva Sesworebebs poBaronis ZiriTadi mdgomareobis
energiisaTvis da efeqturi masisTvis.

amgvarad, TviT sakuTriv poBaronis feinmanis modelSi, eleqtronis
urTierTgmedebas poBRarizaciul veBl Tan mivyavarT arsebiTad or,
erTmaneTisagan gansxvavebu I mov B enasTan (efeqtTan):

1) eleqtroni garSemortymulia virtualluri TFfononebis “RrubBiT”.

sakmarisad ZBieri eleqtron-Fononuri urTierTgmedebis SemTxvevaSi,
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struqgturullad Sedgenil kvazinawi Baks - poBarons gaaCnia Sinagani
mdgomareoba. es “Cacmis” efeqti, romelBic aris Sedegi virtualuri
Tfononebis gamosxivebisa da STanTgmisa, nuBovan miax B oebaSi aRiwereba
Tfeinmanis mode Buri hami B tonianiT (141).

2) disipaciis efeqti. es efeqti, romelic arsebiTad gansxvavdeba pir-
ve B isagan, aRwers poBaronis disipaciis movlenas;, elleqtroni, fononur
ve I Tan urTierTgmedebis Sedegad - asxivebs da STanTgavs realur (siTbur)
Ffononebs, ris gamoc gadadis erTi stacionarulli mdgomareobidan meoreSi,
magaliTad gareSe vellis zemogmedebis Sedegad. TviT poBRaronis

urTierTgmedeba reaBlur +TononebTan am mode B Si moicema Frolix-pekaris
(113) urTierTgmedebis hami B tonianiT, sadac V, sidideebi ganisazRvreba

(1.18) TanaFardobebiT.

amgvarad, TFeinmanis kontinualuri integrebis TFformalizmisa da
Tunqcionalurivariaciulli meTodis gamoyenebiT SesaZBebeBi xdeba er-
Tiani midgomis TargBebSi aRwerill ignas poBaronis amocana a -bmis
mudmivas nebismieri mniSvne Bobis dros, Tanac a -mudmivas mniSvne B obaTa
farTo intervall Si vRebuBobT poBRaronis ZiriTadi mdgomareobis energiis
Sefasebas bevrad ufro zusts, vidre sxva cnobilli meTodebis da
miax B oebebis gamoyenebisas; am TFormalizmis daxmarebiT SesaZzBlebelia
gamoTvli 0l ignas TiTgmis yvella statikuri (Termodinanikuri) da dinamiuri
sidide, romeBic ki warmoadgens interess po Baronis amocanisTvis didi
radiusis mgone po Baronis TeoriaSi. rasakvirveblia, ar arsebobs winaswar
garantia imisa, rom kargi miaxBoeba poBaronis Tavisufal1 energiisTvis
aseve kargad aRwers poBaronis sxva Fizikur maxasiaTebBebs (zogierT
SemTxvevaSi, marTBac es ase ar aris), magram zogadad unda i1Tgvas, rom
Ffunqcionallur-variaciulli midgoma  SesaZBebels xdis polRaronuli
sistemis yoFfaqcevis erTiani suraTis Camoyall ibebas a -bmis parametris mniS-
vne BobaTa farTo intervallSi, kristallis sxvadasxva temperaturis dros,
gareSe ve Bebis sxvadasxva daZabu B obebisa da sixSireebis SemTxvevaSi da
SXV.

magram miuxedavad po Baronis Feinmanis mode B is unikall obisa, am mo-
delsac gaaCnia erTgvari SemosazRvruBloba. rogorc ukve i1yo aRniSnulli,
feinmanis polBaronis TeoriaSi xdeba zusti, aralokaBuri gmedebis

miax Boeba araBlokaBuri kvadratulli gmedebiT, rac adebs erTgvarad Sez-
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Rudvas urTierTgnedebis potenciallis Tormas, romeBic Semoifargleba
mxo Bod harmoniulli urTierTgmedebiT. Ggarda amisa, ZBieri elegqtron-
Tononuri urTierTgmedebis SemTxvevaSi naT Bad ar Cans kavSiri poBRaronis
Ffeinmanis Teoriasa da po Baronis pekaris modells Soris.

po Baronis feinmanis mode B is ganzogadoeba Sesrullebulli i1yo [57-58]
naSromebSi. gansxvavebiT po Baronis Ffeinmanis mode N isagan, ganzogadoebu i
mode B Si ar xdeboda qmedebis aprogsimireba aralokaBuri kvadratulli
gnedebiT, anu urTierTgmedebis potencialli Figtiur nawi BakTan ar iyo
harmoniu B 1 tipis; ufro metic, eleqtronis urTierTgmedebis potenciali
Tfigtiur nawi BakTan ar 1yo Tigsi-rebulli saxis - am potenciallis povna
xdeboda variaciulli nmeTodis gamoyenebiT [57-58]. mimovixi BoT axla
SedarebiT ufro dawvrillebiT poBlaronis Teinmanis ganzogadoebuli
mode B 1 (Fgm).

133. polaronis feinmanis ganzogadoebulli model i
(Hatinjer-Rus modeli)
po Baronis Teinmanis mode Bisagan gansxvavebiT ¥gm-Si, eBeqtronisa

da masTan dakavSirebulli virtualluri, korelirebulli, optikuri fononebis

“RrubBi1s” moZraobis aprogsimireba xdeba eleqtronis traeqtoriiT,
romBis drosac elegtroni urTierTgmedebs M, masis mgone Figtiur nawi-
BakTan V,. potencialis meSveobiT. SedarebiT yveBlaze ufro martiv

SemTxvevaSi aseTi sistemis (eBeqtroni+Figtiuri nawilBaki) hami I toniani
aiReba Semdegi saxiT [57]

S _ﬁz ?élz P
e = g Y (T e -

sadac: R,, R, da M, warmoadgenen impullsis operators, radius-veqtors
da masas TFiqtiuri nawi Bakisa, Sesabamisad. gamoTvBebis gamartivebis
mizniT, Cven SemovisazRvrebiT erTeull Ta sistemiT, romel Siac: 7=m=w, =1..

(151) FormuBaSi, daSvebulia, rom ellegqtroni urTierTgnedebs TFigqtiur
nawi BakTan VGF(F- R;F) - centralluri, Zaluri potencialiT. Tu SemoviRebT

axall kanonikur cvBadebs, SesaZlebelBia (151) hami Btonianis dayvana

diagonalur saxeze da misi warmodgena Semdegi FormiT:.



s —
HGF_

p2 Mg +1= -
D) e Ver (x). (L52)

aq: 52?+F§GF aris sistemis srulli impullsis operatori, romelic kanoni-

kurad SeuRBebullia masaTa centris radius-veqtorTan: ﬁ:%'
+
GF
=7- R i i D = MGF_R- QGF ;
X =7- Ry warmoadgens fardobiT koordinatas, xolo R, STV 11 aris
GF

Sesabamisi  impulsi. unda aRiniSnos, rom sidide Mg +1 mocenull

miax B oebaSi warmoadgens po Baronis efeqtur masas Fgm-Si; TviT V. poten-
ciali zogadad ar aris TFigsirebulli, nmisi Fforma (saxe) moiZebneba
variaciulli principidan mocemull modeB Si (SevniSnavT, rom poBaronis
Teinmanis mode B Si Teoriis variaciull parametrebs warmoadgenen k da M.
sidideebi).

[57-58] naSromebSi ganzogadoebu Bi igna Feinmanis kontinua Buri in-
tegrebis meTodi (Feinmanis TormalBlizmi - integrallebi traeqtoriebis
gaswvriv), rombBis daxmarebiTac da iensenis uto B obis gaTvaliswinebiT,

miRebuli iyo optikuri poBaronisTvis energiis mniSvnel oba E", rogorc

gveda sazRvari variaciulli energiisa EJ°, ise rom ar iyo Figsirebuli

forma (saxe) Vg variaciulli potenciall isTvis.

RfGF| a g A A A 17
u, )- Qopix dx
2m| 0 «/Ema

n=0

ESF £ EF = <uo

T S NV VIV
- Ul Mo €y )} 1 ©XPE 20+ De - X g .
K-x] 1+ e, v |
f b
sadac: m= Mee ; De, =e,-e, C:L da: u (x) da e, warmoadgenen

Mge +1 ‘\,2(MGF +1)

sakuTar TFunqciebs da sakuTar mniSvne Bobebs Sredingeris ganto Bebisa,

arafigsirebu 1 (ganusazRvrel i) variaciulli potencialiT V..

1
m

D>Z +VGF ()Z)Hun ()Z) = enun ()Z),
u

(DD (D~

(1.54)
(n=0,1,2,...).
(1.52) hami B tonianis cxadi saxe gviCvenebs, rom Sredingeris ganto leba
sistemnisaTvis (eBeqgtroni+Figtiuri nawi Baki) SesaZllebell 1a ganvaca Bl kevoT
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da CavweroT rogorc (154) Sredingeris ganto Bleba V (x) potencialliT, da

agreTve  Semdegi saxis Sredingeris ganto leba YP-(Ii) talRuri

TfunqciisTvis:

e1 1 u. o~ _
A — D.iYs(R)=E,Y . (R), (1.55)
é
ey
sadac: sistenis srulli energia EST1 moicema TanafardobiT
ESF =E, +e © L+e , xolo Y_(R :ie‘ﬁ warmoadgens brtyell talRas,
Pr TP (Mg +1) P W

rome lic normirebull ia sistenis V mocu l obaze.

vinaidan (153) ganto Bebis yvela wevri, romelic Figurirebs agamvis
simbo B os qveS, warmoadgens dadebiT sidides, amitom cxadia, rom Tu Cven
SemovisazRvrebiT mxoBlod ZiriTadi wevriT (h=0) (153) ganto Bebis mar jvena
nawi BSi, maSin am gantoBebis marjvena mxare gaxdeba zeda sazRvari

po Baronis energiisTvis. ZiriTadi mdgomareobis miax B oebaSi Cven gvegneba:

EOGFEESF:@)ZU;(Q)%; uo(f)-%nc‘x‘plidf'x
oK 1| ET=RT 056
0 0 7 - — |~

|>Z>Z1 {1- exp8-2C|x-x H

vinaidan (156) TFunqcionalli Seicavs m da uo(i) sidideebs, Sesaz-
BebeBia am sidideebis varireba, imisaTvis, rom vipovoT EXF(mu,) energiis

minimaBuri mniSvne Bloba. Tu gamoviyenebT ritcis variaciull princips
(meTods) pekaris tipis sacdeli1 talRuri TungciebiT, romelsac aqvs

Semdegi saxe:

(L57)

3
Up(X) = N(1+bnx+ab2n$X2)e-brm;Nz: 2b’m? |
p (14 + 42a + 45a%)

sadac a da b warmoadgenen variaciull parametrebs, maSin SesaZBebe lia ga-
moTvElil ignas E*"(mab) - polBaronis ZiriTadi mdgomareobis energiis
minimaBuri mniSvneBoba. SesaZBebelBia agreTve gamoyenebuli ignas

variaciulli meTodi pirdapiri integrirebisa vinaidan E)*" warmoadgens m
(dayvani Bi masis) parametris Ffungcias da uo(i) Ffungciis Fungcionalls, da

Seicavs damatebiTi pirobis saxiT mxoBod u,(x) Fungciis normirebas:
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- - 12
(‘jjx|u0(x)| =1, amitom moTxovna saukeTeso (optimaBuri) urTierTgmedebis
potenciallis SerCevisa (romellic ganapirobebs poBaronis ZiriTadi mdgo-
mareobis - EX (mab) energiis minimaBuri mniSvne Bobis miRebas)

ekvivaBenturia Semdeg ganto BebaTa sistemisa:

du(:(i){ ES - 1 ¢ up(X ')|2} _

d _oer
—E =0.
dm

(158)

anrigad, amocana TFfagtiurad daiyvaneba m sididis TiToeulli

mniSvne B obisaTvis, hartris saxis TviTSeTanxmebu B i Sredingeris

ganto B ebis amoxsnamde:

g , x)
EUOX a\/—Oj | 0 | el exp(- 20|x X |)LI
2m |x | (159)
" Up(X) = €y (X).
amitom, aseTi miaxBoebis dros V., TviTSeTanxmebulli variaciulli

potencial isTvis gvegneba Semdegi saxis gamosaxu N eba:

2 ot

Ver (X) = TS |g1 exp(-2C|K - X Pl (160)

(156-157) da (1.59) ganto Bebebis daxmarebiT SesaZBebelBia aRdgenili
(miRebu B 1) 1ignas pekaris naxevradkBasikuri Teoria [3058]. ZHKieri

eleqtron-Fononuri urTierTgmedebis SemTxvevaSi (a >>1), rodesac
Mg >>1, (g, >>hw,) da C® ¥. (160) gantoBebis Tanaxmad V< (X)
potenciall isTvis gvegneba gamosaxu l eba:

e

(161)
PRRT

VGOF ()Z) =-

susti elegtron-fononuri urTierTgmedebis SemTxvevaSi (a <l), ro-
desac M, ® 0, m® 0, C® 0, Tu (156), (1.60) Formulebis, integralqveSa
gamosaxu BebebSi gavSHiIT egsponentas mwkrivad, maSin martivad dav-
rwmundebiT, rom am zRvrull SemTxvevaSi po Baronis energia fgm-Si Semosaz-

Rvrulia mniSvneBobiT: -a, anu E,£-a. zogad SemTxvevaSi, poBaronis



EX"(mab) energiis mniSvneBloba SesaZlebeBia gamoTvRil ignas

analizurad Tu gamoviyenebT Semdeg cnobi | Formull ebs:

exp(ik|>?- >Z|) X ) se o
———=ika l.kx QN (kx >) Q Y. @ V@ );

4p |x - X | 1= me-1
pA n | Zk

egt=_t gzt £ . 1.62
06 bn+1 k:Ok! bn— k+1 ( )
¥ ¥ | Zk

egt=e®y XL
Zd ka:lo kl bn—k+1

poBaronis energiis EX (mab) mniSvneBoba gamoTvBilli iyo [58]
naSromSi. ZRhieri elegtron-Fononuri urTierTgmedebis SemTxvevaSi (a >>1)
po Baronis energiis zeda sazRvris mniSvneB oba to lia sididis: - 0,108504a *
[57-58).

ricxviTi meTodebis gamoyenebiT, TviTSeTanxmebuli (1.60) potenciali

rogorc sawyisi potencialli, saSuallebas iZBeva rom gamovTvaloT un(i)
aRgznebu 1 talRuri FTungciebi, Sredingeris (159) ganto Bebis daxmarebiT.
po Baronis Fgm-Si, TviTSeTanxmebul potenciallis yoFfaqceva did manZi l ze
aris kulBonuri tipis, xoblo mcire manZi B ze (areSi, sadac elegtronis
talRuri Tfungcia aris didi) potencialli aris paraboluri saxis
(harmoniuli oscillatoris potenciallis tipis) [30,57-58]. gansxvavebiT pola
ronis Teinmanis mode B isagan, am mode BSi martivad xerxdeba miRebulli
Sedegebis (magaBliTad: polaronis ZiriTadi mdgomareobis energiis)
dakavSireba SedegebTan, romBebic gamomdinareoben poBaronis pekaris
Teoriidan, ZRhieri eleqtron-fononuri urTierTgmedebis SemTxvevaSi. [58]
naSromSi naCvenebia, rom midgoma, romelBic eyrdnoba variaciulli meTodis
gamoyenebas optimaBuri, TviTSeTanxmebu Bi potenciallis sapovne Bad, uke-
Tes Sedegs i1ZBeva poBlaronis ZiriTadi mdgomareobis energiis gamoT-
vl isas, vidre harmoniu i aprogsimacia urTierTgmedebis potenciall isTvis.
iseve rogorc poBaronis feinmanis mode B Si, poBaronis Fgm-Si (1.51)
modeBuri hami Btoniani aRwers nullovan miaxBoebaSi poBaronis
aradisipaciur yofaqcevas, a-parametris nebismieri mniSvne Bobis dros.
anrigad, poBaronis Tgm-Sic, elegqtronis urTierTgmedebas polarul
optikur FononebTan mivyavarT or gansxvavebull efeqtTan. erTi efeqti

ganapirobebs poBaronis - rogorc kvazinawi Bakis strugturis Camoya-
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Bibebas, romelBic aris Sedegi virtualuri Tononebis gamosxivebisa da
STanTgnisa da romelsac adgilli agvs ZRBieri eleqtron-Fononuri urTi-
erTgmedebis dros da meore efeqti, romell ic gansxvavdeba pirvell isagan da
romelic aRwers poBaronis disipaciis movBenas, ganpirobebulls elleg-
tronis urTierTgnedebiT siTbhur poBarull optikur +FfononebTan. es
ukanaskne B 1 efeqti, iseve rogorc po Baronis feinmanis mode BSi, aRiwereba
Trolix-pekaris tipis - (113) urTierTqgmedebis hani B tonianiT.

miuxedavad kontinuaBuri integrirebis (integrallebi traeqtoriebis
gaswvriv) meTodis upiratesobisa sxva meTodebTan SedarebiT da +¥Fun-
qgcionalur-variaciulli midgomis dadebiTi mxareebisa, romBebsac Cven
SevexeT polaronis Teinmanis modelisa da TFgm-is ganxillvis dros,
wonasworull da arawonasworull statistikur meganikaSi da, kerZod
poBaronulli sistemebis Termodinamikisa da kinetikis sakiTxebis Ses-
wav B isas FarTo gamoyeneba hpova mowesrigebul operatorTa Formall izmma
da T-namravll Ta meTodma, rome Bic agreTve emyareba Fononuri amp B itudebis
gamoricxvis tegnikas [59-62]. ufro metic, SeiZBleba iTqgvas, rom zogierTi
Sedegi poBaronis TeoriaSi pirvelad miRebull igna swored am midgonmis
gamoyenebiT. garda amisa, mowesrigebull operatorTa formaBlizmsa da T-
namravl Ta meTods eniWeba upiratesoba zogierTi sakiTxis ganxiBvisas,
gansakuTrebiT maSin, rodesac saWiroa rezul tatebis marTebull obis
safuZv B 1anobisa da zogierTi Teoremebis damtkiceba statistikur mega-
nikaSi, da kerZod, po Blaronis TeoriaSi [60-62].

gasu Bi1 saukunis 80-itan wBebSi n.n. bogo B ubovisa da nn. bogo I ubov
(umc.) mier ganviTarebul igna axalli midgoma eleqtron-fFononuri
sistemisaTvis da polBaronis wonasworull TeoriaSi (ganixi Beboda
eleqtronis urTierTgmedeba poBarull optikur FfononebTan), romelic
samarT B 1ania nebismieri temperaturebisa da e Begtron-fononuri
urTierTgmedebis a-parametris nebismieri mniSvnelB obis dros. am midgomas
safuzvlad edo T-namravll Ta tegnikis gamoyeneba ¥ononebis Tavisuflebis
xarisxis gamosaricxad eleqtron-fononuri sistemidan, da Sesabamisad
e Beqgtron-Fononuri sistemis maxasiaTebeBi Fizikuri sidideebis wonaswo-
rulli saSuallo mniSvne B obebis gamoTvBa [62] T-namravBTa tegnika
saSuallebas 1ZBeva mkacri maTematikuri sizustiT da SedarebiT martiv

doneze daasabuTos kontinuaBuri integrebis meTodis safuzvl ianobis idea
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[14-15]. zustad amoxsnadi hami Btonianisa da agreTve variaciull1 principis
gamoyenebam po Baronis TeoriaSi, SesaZllebeli gaxada poBaronis Tavisu-
Tali energiis zeda sazRvris Sefaseba sasrull1 temperaturebisa da a-bmis
mudmivas nebismieri mniSvneB obis dros [40,62]. unda aRiIniSnos, ronm
mowesrigebull operatorTa TFformalizmi da T-namravBTa tegnika gan-
sakuTrebiT  efeqturi aRmoCnda poBaronis  Tavisufali energiis
ganosaTvBlelad SeSToTebis Teoriis meTodebis gamoyenebisas sasrulli
temperaturebis SemTxvevaSi da agreTve elegqtron-fononuri sistenis
(po Baronis) kinetikis sakiTxebis ganxi Bvisas [5,14-16,62].

axBa gadavideT Tizikuri Kkinetikis zogierTi principulll sakiTxis
mimoxi Bvaze dinamiuri sistemebisa, romBebic urTierTgmedeben bozonur

(Fononur) TermostatTan.

14. Fizikuri kinetikis zogierTi sakiTxi dinamiuri sistemebisa, romlebic
urTierTgmedeben Fononur
(hbozonur) vell Tan

rogorc cnobilia, kinetikuri ganto lebebis miRebis Cveullebrivi
procedura dakavSirebullia koreBaciebis Sesustebis hipoTezasTan an
ekvivalentur daSvebebTan, magaBliTad S¥m-Tan. es hipoTeza an miaxll oeba
saSuallebas i1ZBeva rom moxdes sistemis SemokBebulli1 aRwera kinetikuri
ganto Bebis saxiT. magram, rogorc cnobi Bia, dinamiur sistemebSi mimdinare
stohastikuri procesebis Teoriidan, Tu dinaniuri sistema warmoadgens K
tipis sistemas (an. ko Bmogorovis saxis sistemebi) [20,63], maSin araviTari
hipoTeza ar aris saWiro kinetikuri ganto Bebis misaRebad, SemokBebulli
aRwera warmoigmneba avtomaturad dinamiuri sistemis evo Buciis procesSi
fazur sivrceSi Serevis procesebis arsebobis gamo erT-erTi an ramdenime
dinaniuri cvBadis mixedviT. swored am cvBadis an cvBadebis mixedviT
xdeba koreBaciebis swrafi Sesusteba anaBlogiuri debu Beba samarT Biania
agreTve kvanturi - K sistemebisaTvis. tradiciullad, rogorc wesi,
kinetikuri ganto Bebis gamoyvanas Tan ax Bavs specifiuri tipis apriorulli
hipoTeza. kargad aris cnobilli, rom kinetikuri ganto Bebis forma da
strugtura ganisazRvreba im procesebis allbaTuri bunebiT da TvisebebiT,
romllebsac aRwers TviT es gantoleba. Tu gamovalT HRiuvillis

ganto Bebidan ganawi Bebis +FTungciisTvis (kvantur-meganikuri midgomisas
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Ton-neimanis ganto Bebidan statistikuri operatorisTvis), Cven SegviZlia
vipovoT Kkinetikuri ganto Bebis saxe, Tu ugullvebe BvyoFT wevrebs romel-
Ta gamo moZraobis dinamiuri xasiaTi arsebiTad gansxvavdeba SemTxveviTi
procesebisagan. amis gamo kinetikuri ganto Bebis miRebas ama Tu im FormiT
Tan axBavs raime principis an apriorulli hipoTezis Formulireba, da
anitom aseTi hipoTezis arsi (datvirTva) mdgomareobs imaSi, rom mocemu i
dinamiuri sistemisTvis SemoaqvT SemTxveviTobis (gaosis) esa Tu is elle-
menti [3,20].

im meTodebs Soris, romBebsac mivyavarT Kkinetikuri ganto Bebis
miRebamde, yve laze ufro srullyofi i ganviTareba da gamoyeneba hpova n.n.
bogo Bubovis meTodma, romeBic gadabmulli ganto Bebebis 1ierarqiulli
JaWwis daxmarebiT saSuallebas i1ZBeva ganawi Bebis TFTungciis agebisa, da
rome lic gamomdinareobs HRiuvillis gantolebidan. es meTodi cnobilia,
rogorc - bbgki-is (bogo B ubovi-borni-grini-kirkvudi-ivoni) saxe BwodebiT.
bbgki-is gaWvi sabo B ood mTavrdeba bo B cmanis tipis ganto Bebis miRebiT.
an meTodSi gamoiyeneba sivrculli korelBaciebis Sesustebis principi,
rome B ic mdgomareobs imaSi, rom nawi Bakebi romBebic sakmao manZi BiT
arian dacillebulli erTmaneTisagan sivrceSi, asrulleben arakorel irebad
moZraobas [4,34,64-65].

unda aRiniSnos, rom TFTundamenturi miRwevebi bo B cmanis tipis
kKinetikuri gantolBebis (rogorc kHBasikuris, aseve kvanturis) da ZiriTadi
kKinetikuri ganto Bebis gamoyvanaSi, miuZRvis nn. bogo Bubovs. bo B cmanis
saxis kvantur-kinetikuri gantoleba mkacri saxiT miRebulli1 1igna nn.
bogo Bubovis nmier, romelic eyrdnoboda koreBlaciebis Sesustebis
hipoTezas [36,66]. mis mier damuSavebuli1 iyo FformaBuri sgemebi zogadad
kinetikuri gantoBebebis miRebisa da TFformulirebulli 1iyo nkacri
maTematikuri FformiT 1is daSvebebi, romBebic avseben damatebiT am
gamoyvanebis meTodebs. kvanturi Kkinetikuri gantolebis sxva Fformac -
ZiriTadi kinetikuri ganto Beba (master equation), rome B ic pirve lad SemoTava-
zebulli iyo paullis mier — gamoyvani Bi iyo nn. bogo Bubovis mier S¥m-Si,
romnlis miRebis drosac gamoyenebulli i1yo SeSTfoTebis operatoris
speqtraluri Tvisebebi [36,66]

K-tipis dinamiuri sistemebisaTvis (rogorc kHRasikuris, aseve

kvanturisTvis), SesaZllebelia paulis saxis kvanturi kinetikuri ganto lle-
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bis miReba ST¥m-is gamoyenebis gareSe. aseTi saxis ganto Bebis miReba de-
monstrirebulli iyo [20] naSromSi, kvanturi arawrFfivi oscilatoris
magal iTze, romell zedac mogmedebda gareSe periodulli ZalBla nmeTodis
ZiriTadi 1idea, romelic gamoyenebulli iyo [20] naSromSi mdgomareobda
imaSi, rom kvanturi K sistemebis ergodiull Tvisebebs kBasikur zRvrull
SemTxvevaSi mivyavarT statistikuri operatoris aradiagonall uri
matriculli el ementebis swraf mi Bevande. Sedegi miRebu B 1 iyo kvaziklasi-
kur miaxBoebaSi, romellsac mivyavarT kvanturi dinaniuri sistenis
Semok Bebu B'i aRweris SesaZleb B obaze (Fazur sivrceSi) da rogorc Sedegi
- napovni 1yo pau B is saxis kinetikuri ganto 0 eba.

ukanaskne I wHBebSi, dinamiuri sistemebis TeoriaSi, farTo gan-
viTareba hpova mkacrma meTodebma kvanturi dinamiuri gqvesistemis dinamikis
aRwerisa, romelic urTierTgmedebs dakvantul bozonur velTan
(TermostatTan). es meTodebi gamoirCeva im TaviseburebiT, rom saSuall ebas
iZBeva, raTa miRebull'i ignas Tanafardobebi, romBebic aRweren gvesistenis
dinamikas, romeBic samarT Biania bozonur vel Tan urTierTgmedebis (bmis)
mudmivas nebismieri mniSvne B obebis dros, nebismieri temperaturebisa da ne-
bismieri gareSe mogmedi ZalBebis SemTxvevaSi. am midgomebis dros ar
gamoiyeneba daSveba mTelBi1 dinamiuri sistemis statistikuri operatoris

gamartivebis Sesaxeb didi droebis SemTxvevaSi: t>>t, (sadac: t,-

warmoadgens gqaotizaciis maxasiaTebel dros), rodesac am daSvebis
Tanaxmad, mTelBi kvanturi dinamiuri sistemis statistikuri operatori
xdeba qvesistemis dayvaniBi (reducirebulli) statistikuri operatoris
fungcional i.

pirveBlad aseTi saxis evoBuciuri gantoleba qvesistemis statisti-
kuri operatorisaTvis, rodesac qvesistema urTierTgnedebs bozonur
vel Tan (FononebTan), romBebic imyoFfebian statistikuri wonasworobis
mdgomareobaSi T temperaturiT, miRebuli iyo [15-16] naSromebSi, bozonuri
amp B itudebis  zusti gamoricxviT am evoRuciuri ganto Bebidan.
evoluciuri gantoBleba STm-is gamoyenebiT qvesistemis statistikuri
operatorisTvis, romelic urTierTgmedebs TermostatTan, miRebulli i1yo [67-
71 SromebSi, romeBic gansxvavebiT [5-6, 14-16] naSromebSi miRebulli
ganto Bebebisagan aris Caketilli. sivrculli erTgvarovnebis SemTxvevaSi,

gvesistemis (elegtronis) TermostatTan susti urTierTgmedebis dros
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SeSToTebis Teoriis meore miaxBoebaSi am evoBuciuri ganto Bebidan
gamomdinareobs bo B cmanis ganto B eba eleqtronisaTvis [57,69-71].
ganzogadoebu 1 kvanturi Kkinetikuri gantoBebebis mkacri gamoyvana
e Beqtron-Fononuri sistemisaTvis Sesrullebulli 1iyo [6,14-15] SromebSi,
sadac ganxiBulli 1yo agreTve am ganto Bebebis gamoyeneba sxvadasxva
mode B isTvis. Segnmni i 1yo meTodi kinetikuri ganto Bebebis miRebisa,
rome lic eyrdnoboda ganviTarebull specifiur tegnikas — velis kvanturi
Teoriisa da T-namravBTa TFformalBizmis daxmarebiT, - bozonuri amphli-
tudebis gamoricxvisa Sesabamisi kinetikuri ganto Bebebidan [5-6]. Sesabamisi
miax B oebebis  SesrullebiT, gamoyvani B'i kinetikuri ganto B ebebidan
miRebuli iyo konkretulli Fizikuri Sedegebi, romBebic aRweren eleqtro-
nisa da poBaronis kinetikas [27,29-31,38]. amrigad, Ffundamenturi midgoma,
romelic ganviTarebulli da gamoyenebu Bi iyo [14-15] SromebSi, saSuall ebas
iZleoda STm-Si ganzogadoebuli1 kvanturi evolBuciuri gantolebebis
miRebas sistemis statistikuri operatorisTvis, gamoricxulli bozonuri
amp B 1tudebiT.

ukanaskne I periodSi, arawonasworulli da Seuqcevadi procesebis
aRsawerad da Sesabamisi adekvaturi Teoriis Sesagmne Bad, myari sxeu Bebis
TizikaSi farTo gamoyeneba da ganviTareba hpova arawonasworulli statis-
tikuri meganikis sxvadasxva meTodebma. arawonasworull  sistemebSi
re lagsaciuri procesebis SesaswavBlad didi mniSvne Boba  eniWeba
koreBlaciuri da grinis Tunqciebis meTods [4,34,64-65,72-73]. ukanaskne il
w B ebSi, arawonasworulli movBenebis gamosakvBevad xSirad gamoiyeneba
agreTve proeqciulli operatoris meTodi [74]. Gganzogadoebu Bi kvanturi
kinetikuri gantoleba statistikuri operatorisaTvis qvesistenmisa,
romelic urTierTgnedebs bozonur TermostatTan, SesaZlBebelBia miRebul
ignas aseve arawonasworulli statistikuri operatoris meTodis gamoyenebiT
[4,34].

[68] naSromSi, proeqciull1 operatorisa da grinis superoperatoris
meTodi gamoiyeneboda Caketilli evolBuciuri gantolebis misaRebad
gvesistemis statistikuri operatorisaTvis, romelic urTierTgmedebda
bozonur vellTan, saidanac gamoricxulli iyo bozonuri operatorebi. am
naSromSi, Biuvilis superoperatorullt fTormalizmisa da proeqciulli

operatoris meTodis daxmarebiT, gamoyvanilli iyo moZraobis ganzo-
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gadoebu B 1, kvanturi ganto Beba grinis dagvianebu 1 superoperatorisTvis.
grinis superoperatorebis meTodi gamoiyeneboda agreTve [75-76] naSromebSi,
sadac miRebuli iyo kvanturi evolBuciuri gantoBebebi qvesistenis
operatorebis drois ormomentiani wonasworu i korelaciuri
TfungciebisTvis. Sesabamisi miax B oebebis ganxi Bvisas gvesistemnis
(e Begtronis) dinamikisTvis, am ganto Bebebidan martivad miiReboda
cnobi 01 Sedegebi elBegtron-fononuri sistemisTvis da, kerZzod po Baronis
kinetikaSi [29,77]; magram, miuxedavad amisa, xazi unda gaesvas im garemoebas,
rom yve Ba zemoT moyvani B naSromSi, gvesistemis statistikuri operatoris-
Tvis ganzogadoebuli kvanturi evoBuciuri ganto Bebis gamoyvanisas, da
grinis superoperatorebisTvis moZraobis ganto Bebebis miRebisas, gamoiye-
neboda aprogsimacia — S¥m, da amitom am naSromebSi yveBla miRebulli
gantolleba - rogorc qvesistemis statistikuri operatorisTvis, Iise
gvesistemis operatorebis wonasworulli koreBaciuri FfungciebisTvis - ar
aris zusti.

rogorc cnobilia, wrfivi gadatanis movBenebis SesaswavBlad myar
sxeuBebSi, erT-erT efeqtur xerxs warmoadgens meTodi, romelic
damyarebulia bo B cmanis kinetikuri ganto Bebis gamoyenebaze. Ggadatanis
mov Benebis kvanturi Teoria, rombBis aRsawerad gamoiyeneba bo B cmanis
ganto Beba, Tagtiurad warmoadgens kvazikBasikur Teorias, romelic
dafuZnebu lia adiabatur miaxBoebasa da  SeSFoTebis Teoriaze.
eleqtronuli da poBaronulli gadatanis movBenebis kvantur TeoriaSi
bo B cmaniseu B 1 midgomisas igu B isxmeba, rom gamtarobis elBegtronebi (an
po Baronebi) imyofebian stacionarull da TiTgnis “Tavisufall” mdgo-
mareobebSi kvaziimpu B sebis gansazRvru 1 mniSvne BobebiT. kristaBluri mes-
ris periodullobis darRveva ganpirobebulli, magall iTad FfononebiT, i1wvevs
e Begtronebis mdgomareobaTa arastacionarobas. e leqtronebis +Tononebze
gabnevisas igu lisxmeba, rom gabnevis procesebis agtebi kargad aris gan-
callkevebulli sivrcesa da droSi, da amitom, fagtiurad, adgilli ar aqvs
interferenciis movBenas eleqtronebis erTi mdgomareobidan meoreSi
gadasvl is dros. kristall ze modebull'i gareSe elleqtrulli veli ganixi Beba
rogorc susti intensivobisa (ncire amplitudebis mgone) da mdored cv-
Badi sivrcesa da droSi. rogorc Sedegi, aseTi gareSe elleqtrulli velis

mogmedeba i1wvevs mxo B od muxtis matarebe l Ta aCgarebas da maT gadasv ll ebs
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sxvadasxva mdgomareobebSi 1ise, rom ar xdeba TviT am mdgomareobebis
arsebiTi cvlBlilleba aseT SemTxvevebSi elBeqtronis gabnevis kveTebi ar
iReben did mniSvne B obebs. amgvarad, bo B cmaniseulli aRwera SeiZBeba CaiT-
vallos rogorc kvazikBasikuri, specifiuri kvantur-meganikuri efeqtebis
gareSe.

e leqtron-Fononuri sistemisaTvis bo N cnmanis ganzogadoebu B i
gantoBeba da polaronis frolixis modelisaTvis bo B cnanis ganto Beba
miRebu 1 i1yo susti elegtron-fononuri urTierTgmedebis SemTxvevaSi [14-
15] naSromebSi. boBcmanis gantoBebis miRebisa da  gamoyenebis
safuzvil 1anoba eleqtronebis drekadi gabnevis SemTxvevaSi minarevul
centrebze, rodesac es ukanasknelni ganBagebullni arian gaosurad
sivrceSi, ganxiBlulli 1i1yo [7879] naSromebSi. rogorc ukve aRvniSneT,
bo B cmanis gantoBeba SesaZBebeBia miRebuli ignas agreTve qvesistemis
(e Begtronis) simkvrivis matricis zusti, Caketi i kinetikuri
ganto Bebidan, rodesac adgilli agvs elleqtronis sust urTierTgmedebas
polarull optikur FfononebTan, romelBic ganxilulli iyo [67,69-71]
naSromebSi. magram miuxedavad amisa wunda aRiniSnos, rom gadatanis
mov Benebis wrfiv TeoriaSi, gadatanis meganikuri koeFficientebis
gamosaTvlelad boBcmanis Kkinetikuri gantoBlebis gamoyenebis are
SezRudu B i1a. ase magalliTad, el eqtron-fononuri sistemis SemTxvevaSi, Tu
e Begtronebis Fononebze gabnevis sxvadasxva aqtebi erTmaneTTan ganicdian
interferencias, maSin cxadia, rom bo B cmanis kinetikuri ganto Beba ukve
ar gamoiyeneba [80].

gasu b1 saukunis 70-ian wBebSi, gadatanis arawrfivi mov Benebis aRsa-
werad da meganikuri koeFficientebis (mag. Zvradoba) gamosaTviBelad,
tornbergisa da feinmanis mier ganviTarebuli iyo axali midgoma, romelic
Tavisufalli 1yo im SezRudvebisagan rasac moicavda gadatanis mov lenebis
bo B cmaniseuli1 aRwera gamoyenebull igna ra kontinuaBuri integrebis
meTodi, tornbergisa da TFeinmanis mier dadgenilli 1i1yo arawrTfivi
damokidebu Beba kristallze modebul gareSe elleqtrull vellsa da muxtis
matareb B is (eBegtronis) damyarebull saSua B o siCgares Soris polarul
nivTierebebSi [84]. tornberg-feinmanis Teoriis sgemaSi e Beqtron-fononuri
sistenis statistikuri operatorisTvis, romellic ganisazRvreboda Biuvill-

fon neimanis evo Buciuri ganto Bebidan, gamoyenebuli iyo Zalian rTulli
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maTematikuri Tformalizmi daftuZnebu B i Teinmanis integrallebze
traeqtoriebis gaswvriv [53,84]. unda  aRiniSnos, rom  Feinmanis
traeqtoriebiT integrallebis gamoTvla ar xerxdeboda zustad da amitom
zemoTmiTiTebuBi avtorebi 1iyenebdnen sxvadasxva miax Boebebs Fizikuri
Sedegebis misaRebad. am midgomis FargBebSi, elBegqtron-fononuri sistenmis
simkvrivis matricidan xdeboda fononuri operatorebis gamoricxva.

amgvarad, tornberg-feinmanis midgoma da meTodi amyarebda arawrFfiv
Tanafardobas gareSe sasrull (ZRier) elleqgtrull vellebsa da elegtronis
saSuallo siCgareebs Soris polarull kristalSi, rac Tfagtiurad
saSuallebas iZBeoda myar sxeullebSi gadatanis arawrfivi movHlenebis
Seswav B is SesaZBlebBobas [84-85]. xazi unda gaesvas iIm garemoebas, rom
tornberg-feinmanis mier miRebul i zemoTnaxsenebi Sedegebi samarT Hiania
rogorc ZHBieri, aseve susti eleqtron-fononuri urTierTgnmedebis
SemTxvevaSi. samecniero HBiteraturaSi tornberg-feinmanis midgoma cnobi-
Bia rogorc balansis gantoBebis meTodi. agve unda aRvniSnoT, rom
ba Bansis ganto Bebis meTodi awydeba siZneBeebs elegtronis (an poBRaro-
nis) Zvradobis gamoTvBisas poBarull nivTierebebSi ZalBlian dabali
temperaturebis dros. am meTodSi miCheulia, rom arc Tu ise ZHbieri
eleqtrulli vellebisas nmiiRweva stacionarulli mdgomareoba, rodesac
elegtroni moZraobs mudmivi siCgariT. [84] naSromSi daxatulli1 Fizikuri
suraTi, elegtronis damyarebulli siCgaris danokidebullebisa ZHNier
statikur elleqgtrull vell ze, principSi samarT Biania a, T da E-s nebismieri
mniSvne B obebisaTvis, magram avtorebi aRniSnaven or ZiriTad sirTulles,
romellic jer kidev ar aris gadallaxulli dRevande l dRemde:

1) impu B sis balBansis ganto Bebaze dayrdnobiT miRebu Bi1 Sedegebi ar
emTxveva Im Sedegebs, romBebic miiReba energiis balansis ganto Bebidan.

2) susti intesivobis elegqtrulll vellebis SemTxvevaSi, Zvradoba
ganoTvlili balBansis gantoBlebis daxmarebiT ar emTxveva Zvradobis im

mniSvne Bobas, romeBic miiReba bo B cmanis ganto Bebis amoxsniT (gansxva-

vdeba misgan 3KeT
2 fiwy

0

-FagtoriT).

rogorc mogvianebiT gairkva [15-16], tornbergisa da feinmanis Teoriis
Sedegi (mwxoBod susti elegqtron-fononuri urTierTgnedebis zRvrul

SemTxvevaSi) SeiZBeba miviROT boBcmanis gantoBebidan, Tu vivaraudebT,
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rom mis stacionarull amoxsnas aqvs kvazimagsve B is ganawi Bebis Ffungciis
saxe. marTHac, erTis mxriv eleqtron-fononuri sistemis gmedebis
aprogsimacias kvadratulli funqgcional iT (Feinmanis meTodSi — integralebi
traeqtoriebis gaswvriv) yovelBTvis mivyavarT kvazimagsve Bis tipis
impu B sis ganawi Bebis FTunqciasTan [53,85] da amave dros, meores mxriv
bo B cmanis ganto Bebis amonaxsnTa gamokv Bevebi [86] da elBeqtronis drei-
Tulli siCgaris gamoTvlis egsperimentaBuri monacemebi ZBier elleqtrul
ve BebSi daballi temperaturebisas [87] cxadad gviCveneben, rom impullsis
ganawi Bebis fungcia mkveT rad gansxvavdeba magsve B iseu B isagan.
Tvisobrivad es dakavSirebulia im FagtTan, rom dabali temperaturebisa
da ZHNBieri vellebis SemTxvevaSi, relagsaciis dominirebull meganizmad
gvevlineba polBarulli optikuri Tononebis gamosxiveba, romelBic aris
ZBlier aradrekadi da anizotropulli xasiaTis procesi da romellsac
mivyavarT denis matareb Bebis specifiur yofagcevamde, rome B ic cnobi lia,
rogorc “Streaming motior” mov Bena. miuxedavad zemoT aRniSnulli sir-
Tu B eebisa, [84-85] naSromebSi mocemulBi Teoria warmoadgens jerjgerobiT
erTaderT mikroskopull Teorias elegqtronisa, nebisnieri eleqtron-
Tononuri urTierTgmedebis SemTxvevaSi ZBier gareSe eleqgtrull vel Si.
imisaTvis, rom daeZBiaT elleqtronulli da polRaronulli gadatanis
mov Benebis siZne Beebi naxevargamtarebsa da ionur kristallebSi, romlebic
dafuZnebulli 1yo bo B cmanis ganto Bebis gamoyenebaze, da im mizniT, rom
aegoT impendansis erTiani wrFfivi Teoria poBRaronisTvis (e BegtronisTvis)
gareSe elleqtrulli velis nebismieri sixSireebis, kristalis nebismieri
temperaturebisa da elBegqtron-Fononuri bmis mudmivas nebismieri mniSvne-
Bl obis dros, feinmanis, xeBvorsis, idingsisa da pBatcmanis (Fxip) mier
ganviTarebu B 1 iyo midgoma, rome B ic dafuZnebull'i iyo e Beqtron-Fononuri
sistemisTvis arawonasworull1 simkvrivis matricis gamoTvBaze Teinmanis
meTodiT — integrallebi traeqtoriebis gaswvriv. Fxip-is mier miRebulli iyo
wrfivi gamoZaxi Bis Tunqciis zusti mniSvneBoba ormagi kontinualuri
integrallis saxiT traeqtoriebis gaswvriv, romelic Semdeg aprogsimi-
rebull1 1yo Feinmanis erTosci Batoriani modelis fargBebSi [88] Fxip-is
midgomam Semdgomi ganviTareba hpova [47,89-90] SromebSi. Fxip-is nier
miRebu B 1 impendansis zogadi gamosaxu Bebidan gamoyvani Bi i1yo poBaronis

efeqturi masisTvis zogadi Formula, napovni iyo polBaronis optikuri
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STanTqgmis koeficienti da sxv. miRebulli 1yo agreTve po Baronis Zvradobis
zogadi Fformula bmis mudmivas nebismieri mniSvne Bobisa da nebismieri
temperaturis dros. unda aRiniSnos, rom T¥xip-is mier miRebuli yvella
Sedegi samarTHl iania agreTve e BeqtronisTvisac, bmis mudmivas mcire (@ < 1)
mniSvne B obebisas. magram miuxedavad Fxip-is midgomis universall obisa, am
midgomasac gaaCnia sirTulleebi, romBebic dRemde ar aris gadawyvetili.
erT-erTi ZiriTadi sirTulle mdgomareobs imaSi, rom iseve rogorc
tornberg-feinmanis TeoriaSi, agac napovni dreifulli Zvradobis

mniSvne Boba kristallis daballi temperaturebis dros SKeT -TanamamravBiT

2 hw,

gansxvavdeba Zvradobis im mniSvne B obisagan, romeBic miiReba bo N cmanis
ganto Bebis amoxsniT daballi temperaturebisas da bmis mudmivas rogorc
mcire, aseve didi mniSvne Bobis dros. Aarawonasworu i simkvrivis matri-
cis meTodis sirTulle ndgomareobs agreTve imaSi, rom arsebobs garkveull'i
ganusazRvre B oba impendansis miaxB oebiTi mniSvne Bobis  SerCevaSi,
romelic aiReba maTematikurad aramkacri mosazrebebisa da TFizikis
TvalsazrisiT gonivrulli aprogsimaciis ganxi BvaSi. saerTo _jamSi unda
1Tqvas, rom Fxip-is mier napovni e leqtrogantarobis tenzoris
gamosaxu Beba ZiriTadad sworad da erTiani TvallsazrisiT misaRebad
aRwers polBaronull efeqtebs optikaSi, gallvanomagnitur movHBenebs da
cikBotronull rezonans myari sxeu Bebis FizikaSi da sxv.

rogorc ukve aRniSnulli i1yo sadisertacio naSromis SesavallSi,
eleqgtronulli da polaronulli gadatanis movBenebis gamosakvllevad
naxevargamtarebsa da i1onur kristallebSi, garda bo B cmanis Kinetikuri
ganto Bebisa da zemoTmoyvani Bi1 midgomebisa da meTodebisa, Sesazllebell ia
gamoyenebu 1 ignas srulliad gansxvavebulli (all ternatiulli) midgoma,
rome lic dafFuzZnebu Bia kubos wrFivi gamoZaxi Bis Teoriaze [4,64,72-73]. am
midgomis TF¥argBebSi araviTari SezRudva ar edeba elBegtronis gabnevis
agtebs  (gabnevis kveTebs) Ffononebze, gansxvavebiT  bo Bcmaniseulli
aRwerisagan. magram miuxedavad amisa, eBeqtrogamtarobis gamoTvHlisas
kubos meTodiT warmoiSveba sirTuleebi, romBebic dakavSirebulia ganS Il a-
dobebTan s(?)-elegtrogamtarobis gaSkisas mwkrivad e Begtronis
urTierTgmedebis hami B tonianis mixedviT FononebTan (gambnevebTan), gareSe

eleqtrulli velis daballi ?®0 — sixSireebis SemTxvevaSi. susti eleqtron-
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fononuri urTierTgmedebis SemTxvevaSic, s(?)-e leqtrogantarobisTvis swo-
ri Sedegis misaRebad, rodesac ?®0, aucilebelia ganSBadi wevrebisgan
Sedgeni b1 usasrull o mwkrivis agamva [80]. kubos wrFivi reaqciis Teoriam —
eleqtronulli da polaronulli gadatanis mov Bl enebis aRsawerad — Semdgomi
ganviTareba hpova [91,93-95] SromebSi. [91] naSromSi Hiuvi Bis ganto lebaze
dayrdnobiT da proeqciulli operatoris meTodis gamoyenebiT, eBegtron-
fononuri sistemisTvis miRebulli1 1yo elegtrowinaRobis zogadi formulla
SeSToTebis Teoriis gamoyenebiTa da Sesabamisi miax B oebebis ganxi BviT
(ew. kenkre-drezdenis aprogsimacia) an zogadi gamosaxu Bebidan napowni iyo
e BeqgtrowinaRobis (impendansis) miaxBoebiTi Fformula mogvianebiT [101]-
naSromSi naCvenebi i1yo, rom kenkre-drezdenis aprogsimacia impendansisTvis
da kubos FormulisTvis ekvivallenturia TFxip-is mier gamoyvanili
impendansis (e BegtrowinaRobis) miaxBoebiTi mniSvne Bobisa  susti
e Begtron-Fononuri urTierTgmedebis SemTxvevaSi. kubos wrFivi
ganoZaxi Bis Teoria da proeqciulli operatoris meTodi [94]-naSromSic
gamoyenebu i iyo eleqtrulli winaRobis Teoriis asagebad. miRebulli iyo
zogadi gamosaxu Beba eBegtrowinaRobisTvis da naCvenebi i1yo, rom iseve
rogorc eleqtrogantarobisTvis, eleqtrowinaRobis swori mniSvnell obis
misaRebad aucilebelia callkeuBi1 wevrebisgan Sedgenilli usasrullo
mwrivis agamva. zogadi saxiT dadgeni b1 iyo martivi kavSiri kompBeqsur
e Begtrogantarobasa da impendans Soris. [95]-naSromSi kubos Teoriisa, fon
neimanis ganto B ebisa da cvancigis tipis proeqciulli operatoris dax-
marebiT miRebuli iyo araerTgvarovani ZiriTadi Kkinetikuri ganto Beba,
rome lic saSuallebas 1ZBeoda gamoZaxi Bis Fungciis povnisa kubos Ffornma-
BiznSi. gamoyvanili iyo agreTve +Fformullebi ganzogadoebulli amT-
viseb Bobisa da eleqtrogamtarobisTvis. ZiriTadi Kkinetikuri ganto Bebis
daxmarebiT napovni iyo bo B cmanis tipis gantoBeba pirveli1 momentisTvis,
rome B ic Seicavda rogorc disipaciur, aseve nakadisebr wevrebs.

kubos Fformalizmi da grinis FungciaTa meTodi [83], [93] naSronmSi
gamoyenebu i iyo polBaronis daball temperaturulli Zvradobis gamo-
saTvlelad SeSfoTebis Teoriis meoTxe miaxB oebaSi. avtorTa mier am
naSromSi, e Beqtronis siCgaris drois ormomentiani koreBaciuri fungcia
gamosaxu Bi igna grinis ornawi Bakovani Funqciis saSuallebiT, xollo

grinis ornawi Bakovani fungcia warmodgeni B igna grinis erTnawi Bakovani
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Tunqciisa da eleqtron-fononuri urTierTgmedebis mixedviT mwkrivis
saxiT. saboBlood, maT mier napovni daballtemperaturulli Zvradobis mniS-
vne Boba iZBeoda karg miaxBoebas [55]-naSromSi miRebull po Baronis
daba l temperaturulli Zvradobis sididesTan, rodesac a<l. grinis
FfungciaTa meTodi da kubos wrFivi reaqciis Teoria poBaronis Zvradobis
gamosaTvlelad ganxiBull1 1yo agreTve [96] naSromSi. am naSromSi kubos
formalizmisa da ornawi Bakovani temperaturulli grinis Ffungciis
daxmarebiT, SeSFoTebis Teoriisa da Feinmanis diagramu Bi1 tegnikis wesebis
gamoyenebiT, napovni iyo e Begtronis daball temperaturulli Zvradobis mniSv-
ne B oba, am ukanaskne B is rogorc polarull optikur Ffononebze, aseve akus-
tikur TFononebze gabnevisas susti eleqtron-fononuri bmis SemTxvevaSi.
avtoris mier, elleqtronis dreifulli Zvradobis aRmwer dagaxebiT in-
tegrallebSi, nawi Bobriv aganulli 1yo mniSvneB ovani wevrebi SeSfoTebis
Teoriis miax B oebis yvela rigis mixedviT Feinmanis diagramis wverosaTVvis
(vertex terms, ladder diagrams). naCvenebi i1yo, rom am wevrTa wvBiBi mniSvne-
B ovania elegtronis gabnevisas akustikur (piezoeleqtrull) +Ffononebze.
dadgeni 11 1yo agreTve, rom elBeqtronis Zvradobis gamoTvlisas polarul
optikur Fononebze gabnevisas, es wevrebi ar TamaSoben mniSvneB ovan rolls
daba 1 temperaturebis dros. [96]-naSromSi Faqtiurad dadasturebull1 igna
[93]-naSromi miRebuBi  Sedegebis marTebuBoba elegtronis daball-
temperaturulli dreifulli Zvradobis yofagcevis Sesaxeb.

rogorc ukve iyo aRniSnulli, mravali gamokvBeva igna Catarebulli
bo B cmanis kinetikuri ganto Bebis miRebaze poBaronis feinmanis mode I Si
da am gantoBlebaze dayrdnobiT poBlaronis dreifulli Zvradobis
ganoTv Baze. [97]- naSromSi TFeinmanis model isTvis gamoyvani B1 bo B cmanis
ganto Beba gamoyenebuli i1yo po Baronis daballtemperaturulli Zvradobis
ganosaTvilelad. bo 0 cnanis ganto Bebis daxmarebiT poBaronis dreifulli
Zvradoba Feinmanis mode B Si ganxi Bulli da ganoTvRi B iyo [51-52,98] Srome-
bSic. [51]- naSromSi miRebuli 1iyo bolBcmanis gantoBeba, napovni iyo
statikuri da dinamiuri (sixSireze damokidebulli) dreifulli Zvradobebi
da dadasturebulli iyo [97] naSromSi miRebuli Sedegis samarT 0 ianoba
poBaronis daball temperaturulli statikuri ZvradobisTvis. [98]- naSromSi,
iseve rogorc [97- naSromSi, boBcmanis gantolebis gamoyvanisas,

ganxi Bull1 da gaanalizebulli iyo poBlaronis drekadi gabnevis procesi
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fononebze, ew. polaronis rezonansuli urTierTgmedeba (gabneva)
fononebTan, da am procesis gaTvaliswinebiTa da bo B cmanis ganto Bebis
amoxsniT, napovni i1yo daball temperaturulli Zvradobis mniSvne I oba
po BaronisTvis. [52]- naSromSi, poBaronis Zvradoba +Feinmanis mode B Si
gamoTvlil1 1yo sasrulll temperaturebisa da arasusti elegtron-fo-
nonuri bmis SemTxvevaSi. [52]- naSromi Tagtiurad warmoadgenda [51,55-56]
Sromebis (osakas Sedegebis) ganzogadoebas — oRond gansxvavebiT yvela
sxva zemoT miTiTebuli naSromebisgan, am naSromSi bo B cmanis gnto Beba
amoxsni B1 i1yo variaciulli meTodis gamoyenebiT (zemoTaRniSnull SromebSi
bo B cmanis ganto Bebis amosaxsne Bad ZiriTadad gamoiyeneboda relagsaciis
drois miaxBoeba, an am meTodis esa Tu is modificirebulli Forma).
ricxviTi gamoTv B ebi Catarebull1 1yo TIBr-kristalebis nimuSTa monacemebis
mixedviT da karg TanxvedraSi iyo eqgsperimentis SedegebTan. agve unda
aRiniSnos, rom zemoTmoyvanil naSromebSi da saerTod Kkinetikuri
ganto Bebis meTodSi, bolBcmanis gantolebis amoxsnisas (saubaria
gawrfivebul ganto Bebaze) gamoiyeneba sxvadasxva saxis miax B oebebi (ix
mag. [106]), da amitom eleqtronis da poBaronis daball temperaturulli
ZvradobebisTvis miRebu B i mniSvne B obebi ar aris Tanmimdevrull1 da zusti.
zogadad Zalian rTullia mkaFiod dadgindes bo B cmaniseulli midgonmis
gamoyenebis sazRvrebi saSuallo da ZRieri eleqtron-fononuri bmis
SemTxvevebSi. mosall odne B ia, rom es midgoma samarT B i1ani igneba kristallis
dabali temperaturebis dros, rodesac dagaxebaTa xangrZlivobis dro
(romeBic aris nb=n/K,T-s rigis) bevrad nakBebia t-reBlagsaciis droze.
variaciulli meTodi [106]- bo B cmanis kinetikuri ganto Bebis amosaxsne Bad
polaronis Trolixis modelBSi ganixiBleboda agreTve [99] naSromSi.
ganoTvlilli i1yo Ffrolixis polaronis dabaltemperaturulli dreifulli
Zvradobis sidide, romelic emTxveoda reBlagsaciis drois miax B oebaSi
frolixis mier napovn dabaltemperaturulli statikuri Zvradobis
mniSvne Bobas poBaronisTvis [43]. amrigad, rogorc zemoTmoyvanili
naSromebis mimoxi Bva gviCvenebs, arsebobs arsebiTi gansxvaveba po Baronis
Zvradobis mniSvne B obebs Soris, romeBic erTis mxriv miiReba bo N cmanis
ganto Bebis amoxsnisas relagsaciis drois miaxBoebaSi da meores mxriv
feinmanis meTodis - integrallebi traeqtoriebis gaswvriv gamoyenebisas

poBaronis Trolixisa da Teinmanis modelebSi [100] susti gareSe
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eleqtrulli vellebisa da susti elegtron-Ffononuri bmis SemTxvevaSi,
poBaronis Zvradobis gamoTvlisas relagsaciis drois miaxBoeba
SedarebiT ufro realluri Cans, vidre balansis gantoBlebis meTodi [84-
85,100]. [84,88] -naSromebSi po Baronis Zvradoba gamoTvBili iyo Ffeinmanis
meTodiT - integrallebi traeqtoriebis gaswvriv, xolo [1585101] SromebSi
Zvradobis gamoTv l isas gamoiyeneboda e Beqtronis impu l sebis mixedviT mag-
svelis wanacvBebulli ganawi Bebis Ffungcia [101] - naSromSi naCvenebi iyo,
rom meTodebi romBebic ganviTarebulli da gamoyenebulli iyo [91-92,84,388]
SromebSi, susti eleqtron-Fononuri bmisa da susti gareSe eleqtrulli
ve Bebis SemTxvevaSi, po Baronis daball temperaturulli ZvradobisTvis i1Zlle-
odnen TFTagtiurad erTnair mniSvne B obebs; rac Seexeba gamoTvHBebs, rom-
Bebic dafuZnebulia boBcmanis Kkinetikuri gantolebis gamoyenebaze,
optikuri polaronis daball temperaturulli dreifulli ZvradobisTvis
mivyavarT sxva mniSvne BobebTan. [97,100]. kritikuBi1 analizi, polRaronis
ZvradobisTvis miRebuB1 sxvadasxva mniSvne Bobebis Tanxvdenis Sesaxeb,
Catarebu 1 1yo [102,103]- SromebSi, da dadgeni Bi1 1yo, rom optikuri polla-
ronis Zvradobis sidide damokidebulia zRvrulli gadasvBebis a®0, ?®0
operaciebis Tanmimdevrobaze (am SromebSi naCvenebi iyo, rom zRvrulli

gadasv B ebis swori Tanmimdevrobaa: Iiégli&).
al W

po Baronis FgmSi[57-58] -bo Bcmanis tipis kinetikuri ganto Beba
Zhieri eleqtron-fononuri bmisa da kristalis daball1 temperaturebis
SemTxvevaSi, miRebulli 1yo [70-71]- SromebSi. boBcmanis ganto Bebis
miRebisas, avtorebi eyrdnobodnen maT mier [68-69]- naSromebSi gamoyvani i
Caketi B kinetikur gantolebas qvesistemis (poBaronis) statistikuri
operatorisaTvis, romelic napovni 1yo STm-Si. Gganixileboda mcire
siCgariT moZravi poBaroni daballi temperaturebis dros da miRebulli iyo
kinetikuri gantolBeba qvesistemis statistikuri operatoris, rogorc
diagonalluri matriculi e BementisaTvis (po Baronis ganawi Bebis
TfunqciisTvis, po Baronis ZiriTadi mdgomareobisTvis), aseve
aradiagonalluri nmatriculli elenmentebisaTvis (poBaronis agznebuli,
gadagvarebu B 1 mdgomareobebisTvis). rac Seexeba TviT sakuTriv poBaronis
Zvradobas, igi gamoTvlilli ar iyo am modelB Si. aqve, erTxell kidev unda
aRiniSnos da xazi gaesvas im garemoebas, rom TviT bo B cmanis kinetikuri

ganto Bebis sxvadasxva meTodebiT gamoyvanisas da misi amoxsnisas gamo-
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iyeneba sxvadasxva saxis miax B oebebi, da amitom eBeqtronis da poBlaronis
Zvradobis Tanmimdevrulli da koreqtulli gamoTvhis probBema sxvadasxva
mode B Si moiTxovs Semdgomi damatebiTi gamokv Bevebis Catarebas.
kovallentur (araionur) kristallebSi, magaBliTad germaniumisa da
siliciumis  tipis naxevargamtarebSi, eleqtronebis urTierTgmedeba
fononebTan aRiwereba deformaciis potenciallis meTodiT, romelic
mogmedebs zonur elegtronze da romelic warmoadgens axl omgmed
SeSToTebas kristallis periodulli potencialisTvis [39,42,107]. eReqtronis
moZraobis SeSfoTeba, gamowveuli am urTierTgmedebiT, warmoadgens
kvazinawi Bakis gabnevas deformaciis potenciallze. Tavisi bunebidan
gamomdinare, es urTierTgnedeba damaxasiaTebellia yve Ba naxevargamtarebis-
Tvis da saerTod myari sxeullebisTvis. rogorc cnobilia elegtronis
urTierTgmedeba (gabneva) akustikur FononebTan SesaZlebe lia iyos rogorc
susti, aseve ZHBieri [41,104] eleqtronis susti urTierTgmedebisas
akustikur FononebTan, elegqtronis gadaadgiBebas kovallenturi Kkris-
tallebis gantarobis zonaSi Tan axBavs kristallis Bokaluri deformaciis
gadanacvleba, romelBic aRiwereba SeSFfoTebis Teoriis enaze, rogorc
elegtronis mier virtuaBluri Tononebis gamosxivebisa da STanTqgnmis
procesi; xolo KkristallebSi, romBebsac gaaCniaT mcire drekadobis
modu Bebi da gamtarobis zonaSi elBeqtronebis didi efeqturi masebi -
eleqtronis urTierTgmnedeba grZiv akustikur FononebTan aris ZHlieri,
rasac mivyavarT kristallis BokaBur deformaciasTan, romell ic sakmarisia
potencialuri ormos warmosagmne Bad da romel Siac elegqtroni asrullebs
stacionarull moZraobas diskretulli energiiT (ew. akustikuri poBaronis
mode Bi1) [39,41-42,104-105]. Aakustikuri poBaronis model Tan, da saerTod
kvazinawi Bakis Bokalizaciis probBemasTan myar sxeullebSi, mWidrod aris
dakavSirebu i sakiTxi elBeqtronis ew. TviTCaWerisa, rome l ic gamowveu ll 1a
Zhlieri elegtron-Fononuri urTierTgmedebiT [41-42,104-105]. akustikuri
po Baronis mode Bl i1 — Feinmanis meTodiT, integrallebi traeqtoriebis gaswv-
riv — SeswavBili iyo [41,104-105] SromebSi. dadgeniBi iyo, rom ZHieri
e Begtron-Fononuri bmis SemTxvevaSi adgi Bi1 agvs elBeqtronis TviTCaleras,
romeBic ganpirobebulia deformaciis potencialiT gamowveulli1 axll onm-
gnedi urTierTgmedebiT. saerTod wunda aRiniSnos, rom eleqtronebis

TviTCaWeris amocanis SeswavBas didi mniSvneBoba aqvs elBegqtronulli
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(proBaronu B1) gadatanis movBenebis aRsawerad myar sxeulebSi, vinaidan
kristaBuri mesris deformaciis Sedegad TviTCaWeriBi kvazinawi Baki ar
iZBeva whlills eleqtrogantarobaSi (ZvradobaSi).

susti eleqtron-Fononuri bmis SemTxvevaSi, eleqtronulli gadatanis
mov Benebis SesaswavBad akustikuri poBaronis modelSi kristalis
daballi temperaturebis dros, gamoiyeneba kinetikuri (bo Nl cmanis) ganto-
Bebis meTodi. daballi temperaturebisas eleqtronis Zvradoba ZiriTadad
ganisazRvreba misi gabneviT kristal Si arsebull minarevebze da akustikur
fononebze. sufTa kristallebSi dabali temperaturebisas- rodesac
optikuri Tononebi sustad arian aRgznebulli - dominirebs elegtronis
gabneva akustikur Ffononebze. elBegqtronis urTierTgmedebis energia grzell-
tallRovan grZiv akustikur +FfononebTan mcire sididisaa, vidre nisi
urTierTgmedebis energia polarull optikur fononebTan da, garda amisa,
elegtronis energiis cvilileba akustikur  fononebze  gabnevisas,
warmoadgens mcire sidides (kvazidrekadi gabneva). amis gamo, elBegtronis
gabneva akustikur Tononebze SesaZBlebelia ganxiBull ignas relagsaciis
drois miaxBoebaSi [29,32-33,107]. vinaidan am SemTxvevaSic bo 0 cmanis
kinetikuri ganto Bebis amoxsnisas gamoiyeneba sxvadasxva saxis miax B oeba
(magaBiTad, S¥m), elegqtronis Zvradobis gamoTvBa mis akustikur
Tononebze gabnevisas, moiTxovs damatebiTi gamokv B evebis Catarebas [29,108].

sadisertacio naSromSi ganviTarebulia da gamoyenebulia midgonma,
eleqgtronuli da polRaronulli gadatanis movBenebis gamosakvlevad
kvanturi dinamiuri sistemebis zemoTmoyvani B1 mode BebisTvis (romllebic
urTierTgmedeben Fononur velTan), romeBic damyarebullia kubos wrFivi
gamoZaxi B isa da SeSToTebis Teoriaze [109-122, 125]

mowesrigebull operatorTa formalBizmi da proeqciulli operatoris
meTodi, T-namravBlTa meTodi (tegnika) da +Ffononuri (bozonuri) opera-
torebis gamoricxvis procedura wonasworulli, droiTi korelaciuri
TungciebisaTvis aRwerilli da gamoyenebu B i1 1igneba sadisertacio naSromis
I da Il TavSi. Il TavSi ganxiBulia eleqtronulli da poBRaronuli
gadatanis movBenebis sakiTxebi kvantur disipaciur sistemebSi -
e Begtron-Fononur sistemaSi, poBaronis Frolixis modell Si, akustikuri
po Baronis mode B Si, poBaronis fgn-Si—- dafuznebu i kubos wrFfivi gamozZa-

xi Bis Teoriaze; kerZod, Il TavSi gamoTvBilia elleqtronulli da po-
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Baronull1 gadatanis meganikuri (kinetikuri) koeFicientebi (Zvradoba,
e Begtrogamtaroba) zemoT miTiTebul modelebSi, zemoT naxseneb For-
maBizmsa da meTodze, da koreBaciuri TungciebisaTvis ganzogadoebul

kvantur kinetikur ganto Bebebze dayrdnobiT.
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Tavi Il. ganzogadoebu i1 kvanturi evo Buciuri ganto Bebebidrois
ormomentianit wonasworulli koreBlaciuri funqciebisa da grinis
fungciebisTvis dinamiuri gvesistemisa, romellic urTierTgmedebs

TermostatTan (hbozonur vell Tan)

2.1. mowesrigebull operatorTa formalizmi
da T-namravl Ta meTodi

ganvixi BOT mcire dinamiuri qvesistema s romelic urTierTgmedebs
bozonur (Fononur) veBTan S mT Biani (s+S) sistemis hami B toniani aviRoT

Semdegi saxiT:
H=H+H+H,, (2.1)
sadac H, aris s qvesistemis sakuTari hami I toniani; Hg- warmoadgens
bozonuri (Fononuri) velis hami B tonians; xolo H,, - aris s qvesistenis

urTierTgmedebis hami B toniani — bozonur vell Tan.

Hs=& hw (k)b Hy, = & &5 (s)b +C; (s)b B (22)
k k
C.(s) da C/(s) - warmoadgenen operatorebs, romlebic miekuTvnebian s
gvesistemas. mT Biani (21) — hami Btoniani ar aris damokidebulli droze.
A, B, .. aRvniSnoT operatorebi Sredingeris warmodgenaSi, romlebic

damokidebuli1 arian mxoBod s qvesistemis dinaniur cvBladebze da
romnllebic ar arian damokidebulli droze. operatorebi, romBebic
damokidebuli arian mxoBod sis an Ss cvBladebze, komutireben
erTmaneTTan. bozonuri (Fononuri) sistema S ganixilleba rogorc
Termostati. davuSvaT, rom A() da B(t) - warmoadgenen s qvesistenis
operatorebs haizenbergis warmodgenaSi:

Ht

The e Tt !
At)=¢e Ae" ; Bs(t) =e" Bge" ;
am operatorebis sawyisi mniSvne I obebisaTvis gvegneba
A =AW, B =Bl
drois ormomentiani wonasworulli koreBaciuri TFfungqciebi da grinis

fungciebi (dagvianebulli, winmswrebi da mizezobrivi) ganisazRvrebian
Semdegi to B obebiT (ix. mag. [25,34,64]).

Fre (t-1) =< A)B,) >.
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G'(t-t)=q(t-t)<[AW)Bt)], >; G*t-t)=-q( - t) <[AL)B,)], >

Go(t-t) =%<Th{A5(t)Bs(t ) > 23)
1 x
0; x

>0
<o [ADB®)], = AMBLE)-hBE)AW;

sadac: q(x) :i
|

T { At)B,t)} =a (t- t)A®)B,t) +ha(t - )B,E)A().
h =1-boze operatorebisaTvis da h =-1FFermi operatorebisaTvis, da
<.>=Z"Nb)SP, (e ™..); bt =kT, (2.9)
sadac: Z(b)=SP, (e"")- warmoadgens statjams nTeli (s+9) sistemisaTvis; kg

- aris bo B cmanis mudmiva; T - absoButuri temperatura, xolo 7 —pHRankis
mudmiva; gasaSuaBloeba (24) FformuBaSi xorcielldeba gibsis kanonikuri
ansamb B is wonasworu i statistikuri operatoris mixedviT.

ganixi Beba Semdegi saxis zogadi amocana [109-113] — agebul®i unda
ignas Teoria, romBis saSuallebiTac SesaZBebeli igneba miviROT zusti,
ganzogadoebu i (albaT araCaketili), kvanturi evoBRuciuri (kinetikuri)
ganto Bebebi drois ormomentiani wonaworulli koreBaciuri da grinis

fungciebisaTvis Ada B, - operatorebisaTvis, s — dinaniuri qvesis-
temisaTvis, romelic urTierTgmedebs S sistemasTan — bozonur vell Tan. am
Teoriis agebisas, gamoyenebuli unda 1ignas mowesrigebull operatorTa
meTodi [5-6,59-61], 6 +S) -sistemis (21) hami B tonianis cxadi saxe da gibsis
kanonikuri ansambBis statistikuri operatori. gamoviyvanoT  jer
ganzogadoebu B i kvanturi, evo Rluciuri ganto Beba wonasworu i
koreBaciuri FfungciisaTvis:
Foa (1) =<B,(t)A >=<B,A(-t)>. (2.5)
dasmu @1 amocanis gadasawyvetad CavweroT (25) koreBaciuri fungcia

Semdegi saxiT:
<B(t)A >:Z‘1(b)SR§ g oH B,t)Af= Z‘l(b)SRgASGBS(t,b)H (2.6)
(2.6) Formu BaSi, Cven SemoviReT damxmare operatori Gg (t,b), romelic
ganisazRvreba to B obiT:

G, (t.b) =SR g "B ()}, (2.7)



Tu gavawarmoebT (25) - koreBaciur Tungcias t-droiTi cvBladis
mixedviT, maSin Cven miviRebT gantolebas, romeBic gansazRvravs nmis

evo Bucias droSi:

.” Foa (1) = —<[H B,(D)]. XA, >, (2.8)

sadac [..,.] — warmoadgens komutatoris agebulls ori operatorisagan.

ganvsazRvroT, agreTve evoBuciis wrfivi operatorebi: W-(t,0),
W(t,0), W* (b,0), W(b,0) - Sendegi TanafardobebiT:
o™ =w* (1,0)e™, eth—eéHotW(t,O),, 29
=W*(b,0)e’"", e =e""W|(b,0)
sadac: H,=H,+H,.
Tu SemoviRebT T-namravBTa cnebas [5-6], maSin es operatorebi

Fformalurad SesaZlebell ia warmovadginoT Semdegi saxiT:.

|T expeggit Hi )u t>0

W (t, o)_.l ,e °
Texpe-—dthlm(t )u t<0
i ,eh (2.10)
|Texper Ojt H.m(t)u t>0
w(t, 0)—| e, i
%T eng—th[Hmt(t)u t <0,

sadac: H _(t)=¢" "H.e"" da

: é° L .U
W*(b,0) =T, exp& ¢l H,, (1)i; b >0
e o a

1y=e'™H ¢

. |nt( ) |nt (2.11)

e ~ u

W(b,0)=Texpe ¢fll Hi,(1 ) b >0
€ o a
Hlnt(l ) IHOHlnte
am operatorebis sawyisi mniSvne B obebisaTvis gvegneba:
W* (1,0)_, =W(t,0)_, =1 W (b,0) _ =W(b,0)|, =1.

SemoRebu B operatorebs gaaCniaT agreTve ggufuri Tvisebebi:

W™ (t,0) =W(01) =W L(t,0);  W(L,t )W(t ,0) =W(t,0) (2.12)



da W' (b,0)=W(0,b)=W"(b,0); W(b,l )W(I,0)=wW(b,0)
nebismieri t,t da b,l (b>0,l >0) mniSvne B obebisaTvis.

(210) FormulebSi T - gronoBlogiurad mowesrigebis simboloa (ope-
ratorTa mowesrigeba xdeba drois mixedviT mar jvenidan marcxniv drois
momentis zrdasTan erTad, rodesac t0), xolo T, - warmoadgens
antigrono B ogiurad mowesrigebis simboBos drois mixedviT (operatorTa
mowesrigeba xdeba drois mixedviT marcxnidan mar gvniv drois momentis
zrdasTan erTad, rodesac t>0). anaBogiurad, (211) formullebSt T da T,
warmoadgens qgronoBogiurad da antigronologiurad mowesrigebis
simbo B oebs operatorebisaTvis | temperaturulli cvBadis mixedviT. unda

aRiniSnos, rom W*(t,0), W(t,0), W"(b,0), W(b,0) operatorebisaTvis droiTi

da temperaturulli cvBadebi H,_(t) da H, () operatorebs aniWeben ara

int
marto raRac mniSvneB obebs, aramed gansazRvraven agreTve maT

mowesrigebu l Tanmimdevrobas T namrav il ebSi.
Tu gamoviyenebT W(t,0), W (t,0) da W(b,0) evoBuciis operatorebs,
maSin Gg(t,b) operatori SesazBebe lia warmovadginoT Semdegi saxiT;
Gos(1,0) =SRs "W (b, 0)W (£, 0) By, (t)W(t,0)4=
=", g ""W(b,0)W" (t,0) B, (t)W(L,O)f= (2.13)
=Zs(b)e"™Rs(b)gW(b,0)W" (t,0) By, (t)W(t,0)f
sadac: P;(b)..=Z"(b)SR g *"..y - warmoadgens bozonuri velis mdgo-
mareobebis mixedviT gasaSualloebis operators (proeqciull operators),

Zs(b) - bozonuri velis statjamia da B (1) operatori ganisazRvreba

Semdegi FormuliT:

By, (=€ "Be . (2.14)

cxadia, rom adgi Bi aqvs Tanafardobas:

gt Lot

B, (1) =B, (t), sadac B, () =€ Be’
SemoviROT axWBa specialluri operacia, romelBic aRiniSneba simbo-
BoTi T (ix mag. [5-6,109])). T:§; operacia garkveuBi wesiT awesrigebs ope-

ratorTa namravlls, romeBic Sedgeba erTi F[(t)- operatorisagan da mis
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gverdiT mdgomi A(t,s da A(b,s) operatorebisagan. tt,,..t warmoadgenen
(0,1)-droiTi intervallis sxvadasxva wertillebs. (j=12,..n), da b, b,,.b, arian
(0,b) — temperaturulli intervallis sxvadasxva werti Bebi (k=1,2,..m).

vTgvaT  simboBo aRniSnavs erTi F(t) operatoris namravls sxva
A9 (j=12..n) da A(b,,s) (k=1,2,..m) operatorebze, rombebic
aRniSnul1 (moniSnu li) arian indegsebiT: L (left) da R (right).

aRniSnu B1 operatorebis Tanmimdevru B i1 gan B ageba -Si nebismieria

t;1 (ot); jT12..,n; b1 (ob); kT 1,2,..m.

operacia Ttif ganisazRvreba Semdegnairad: yvella AJ.L(bJ.,s) -
operatoris movaTavsebT F(t) — operatoris marcxniv da ganvaBagebT anti-
gronoBogiurad droiTi momentebis mixedviT; yveBa A (b,,s) operators

movaTavsebT AJ.L(t].,s) operatorTa marcxniv da ganvalagebT qronoBRogiuri

wesis mixedviT da bolBos yvella Af?(tj.,s) - (j'=1,2,...) operators movaTavsebT

margvniv F(t) operatoridan da ganvalagebT gronoBogiurad droiTi
momentebis mixedviT. am proceduris Sesrulebis Semdeg Camovaci BebT L da

R indeqgsebs.

anrigad, am gansazRvris Tanaxmad Cven gvegneba

s

e

s é~ U, é~ u, ~ l:l
T =Tgo A (0,9 T.eO AT (t;,90 F. T Alt;e9a (2.15)
k u e ] ¢ G

éijc

cxadia, rom Ttif operaciis niSnis qveS, Semavalli yvela operatori

SegviZBia gadavanacvB OT nebismierad ise, rom ar SevcvaloT Sedegi -
TiTqos es operatorebi warmoadgendnen C sidideebs - vinaidan TviT es
operacia avtomaturad amyarebs wesrigs saboBood operatorTa gan-
B agebaSi. Cvens mier SemoRebul i1 operacia bunebrivad SegviZBia agreTve
ganvazogadod operatorebisagan Sedgeni 1 transcendentu

Tungcionallebzec. unda aRiIniSnos, rom Cvens mier SemoRebuli1 specialluri

operacia T.;° warmoadgens adre SemoRebuli Tg s oOperaciis bunebriv

ganzogadoebas droiT da temperaturull intervallebze [5-6,109,111-113].



axBa ganvixi BoT (2.13) Formu Ba da CavweroT is Semdegi saxiT:
G, (t,b) =Z(b)e "G, (t,b): t>0
sadac:
G (t,b) =R (b) @V (b,0)W* (£t 0)B,, (t)W(tO)E|=

' b

i
=Ps(b)i Texpe (gl Hiy( )uxT exprodtHlm(t)uxB )
) & o &l o

. RN NN | BN | é " ] (2.16)
Texpe gcﬂtHim(t)g%ﬂB;; ()i Rs (b )eT expe Ol Hi( )u
e "o u 2 é o

TaS eXpe_ (ﬁt Hmt(t )UXBSH (t)T expe' @t Hlnt (t )LUy t>0
el o e '-q3

(2.16) Formu B aSi () da H,({) operatorebi gansazRvruBlia (2.10-

|nt
2.11) tolobebiT: T, da T, simbo B oebi awesrigeben mxo B od im operatorebs,
romBebic mogmedeben bozonur (Fononur) velis cvBadebze. Tu
gaviTva B iswinebT (2.10-211) toBobebs H\: () da H:F(t) operatorebisaTvis

gveqgneba:
Hik( ):é &Ca (5,1 )by, (1) +Ciy .1 )b, (1)

\ (2.17)
H. (t)—a Cal(st)by, ) +CoR(st)by, )Y

b, (1)=& he " =e”! ™,

h:;-lo (l ) =d Hoh:e_l Ho = gl hW(k)b:;
sadac: _ (2.18)
b, €)= & qeh g

b, €)= & e = ey,

Hot

Cr (51)=Cpp (51) =€ "C (e " =€ "C(s)e"
Gl (s1)=Ciy (st) =€ Cl(9e ™ =& "Ci(s)e ",
gamosaxu l eba, romelic mocemu B ia (2.16) formuliT P.(b
S

gasaSua bl oebis simboBos qveS GBS (t, b) operatorisaTvis, gamoiTvileba

danarTSi miRebul Fformulis daxmarebiT (ix. danarTi, (14) formula). am

yve Bafris gaTvall iswinebiT gvegneba:

87



G;, (1.b) =Ty M{ By, Dexp@ Las(tb)f. 0, (2.19)

sadac F . (t,b) Tfunqcionall i ganisazRvreba Semdegi gamosaxulebiT:

Frs(tb)= %ct@lxagw(b) HOIE (sx)

t

"Gy (st) +N.D)e™ G (5x)G (st ?
M AN (D) e IGE, (61) G () +N,(b)

éw(k)(t X)CkH (S,t )qih(S’X)H-i- Gt Glxa é1+ I\L(b))

p .iw(k)(t.x)ékLHo (st )C:HR (sx)+N (b)eiw(k)(t-x)c~:k+H|_0 (st)

"¢, (sX)H-—oit oﬂl 8 €1+ ND) e I, (1)

“Cut (st)+N, (b)e"® G (5,1 )Gy, (st )H+ Ojt
b (2.20)
Ol & E1+ N, (0))e DL (s,1)C (st )+ N, (b)’

b g
T IDCE (s1)C,, (sH+ o gl 8 g1+ N (b))’
0 0 k
TeMONEL (5.9)G (s1)+N,(b)e" NG (s.g)’
“Cq, (S H t>0.
ag. N(b)= Ps(b)(hjbk):gebhw(k’-lgl warmoadgens bozonebis (Fononebis)
Sevsebis ricxvebis saSuallo mniSvneBobas k mdgomareobaSi; (2.18)
Fformu Bebis msgavsad ékHO(s,I) da CQHO(S,I) — operatorebisaTvis gvaqvs
Semdegi gamosaxu N ebebi:
Cur, (51 ) =Cpy (1) =€™C,(9€ '™ =€ "C ()" "";
Ci(s1)=Cy (s,1) =€ " C} (96" ™ =€ "C () ™.
Tu gavawarmoebT (2.19) gamosaxu Bebas t droiTi cvBadis mixedviT da

gamoviyenebT (2.16) formullas, maSin martivad vipoviT GBS (t,b)

operatorisaTvis evo luciur ganto Bebas (moZraobis ganto 0 ebas):



%G (t,b)= TBLHR(St){gHs'BsHS(t)EIeXpéF L,R,S(tib)é +

+TB|;;-|RS’(St)%l Bg—us(t)ﬁF L,R,S(t1b)>expé: L,R,S(Lb)E%; t>0

ﬁGBS(t,b)zl—hRs(b)gN(b,O)W (t,0)§H,, By, (ORW (1,0)1+

+R.(b) 8 (b, OW (1,0) 1., (9, Buy, OOV (1.O)f £>0

da (2.21)

xolo TviT F (b)) TFungcionalis warmoebulisaTvis miviRebT

Semdeg gamosaxu B ebas:

1 1
. 72

F L na(tb) = A& (14 N, (0)) #0000 &L (sx)’

"Cir(sh)-C mo(ai)c (st)H+N(b)e'W°“<”>$ (sx)

Gl (50 Gt (5X)C, (D +-2 c;ixa {(2+ N (b))’

TeMOI el (s)Ce (sx) - Cy (St)C+R(sx)H+N(b) (2.22)
C M gk (R, (5%) - Gl (s)CE, (s ) +%(‘)il '

& {@r N ) gL (5, 1)G (si1)- Gl (s))Git (s

" (b)) gt (51 )CF, (sit)- Gk, (s1) G, (s t>0

Tu visargebBebT (216, 222) FornuBebiT, da agreTve W(t,0), W' (t,0),
W(b,O) evoBuciis wrFfivi operatorebis (29) gansazRvrebiT da (212)

Jogufuri  TvisebebiT, maSin G, (t,b) operatorisaTvis evoBuciuri

ganto Beba SesaZ B ebe B ia warmovadginoT Semdegi saxiT [109]:
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ﬂiG (t, b)——SP |eb“eh [H..B ]e?Htg-

:1’;||_\
, -

|-
T

(o9)

12}

—~~

—

~

TN ©
+

Z

St
I\)|H OCNC/
,

o

xé{(1+ N, (b))

- @M (k)X SP, ée- bH e;HtCk (S, -X )CI: (S) e’
e

’ (b )eiw(k)x -

" P, ge e 'C (s,-x )C, (s)e 7B, (t)H‘g-
e a

{@+ N (b))

xQJo

“e Mxgp, ge'b”Bs(t)eh ‘C, (s)Ci (s-x)e™ g+ N, (b)e"” (2.23)

&

"SR, ge e (5, 1) B, (1)€7'C, (s, x)e T g+ = X & {(1+ N, (b))’
é 0{) h k

e X gp ge'bH en'C, (s-x)e" B,(t)Cy (s,t)3+ N, (b)e ™~
a

&

"R S e e (5,-x)e 7B, (1)C, (s ) - lc‘pl a (N o))
e Up

,e-w(k)(it+h|)s:)S g:; (S,-l) bHC ( )Bs(t)H+N ( ) w(k)(it+7l ) -

, SP 8Ck(s | ) bHC ( ) ( )é +E(\Jj| {(1+N (b)) - w(k)(it+7l ) -

0 k

"SPEG (s-1)e "B, (1) C(s )t N (b) e SR gC (s 1)
ebHBS()Ck(st)E}; t>0
(2.23) gantoMebaSi Semavali: C(sx), C/(s,#), C(s-1) da C;(s-1I)

operatorebi ganisazRvrebian Semdegi to B obebiT:

C(s2x)=€T C()e7 ; C(s2x)=eT G (e (2.24)
C(s-1)=e'"C(9€e"; C/(s-1)=e'"C (s)e".
anrigad, rogorc vxedavT Gy (t,b) operatorisTvis (223) evoluciur
ganto BebaSi bozonuri ampBitudebi ar gvagvs. bozonuri amplitudebis

ganoricxva moxerxda Tg'; specialluri operaciisa da bozonuri veliT

gasaSua l oebis Rs(b) operatoris ganoyenebis Sedegad (naTelia, rom

bozonuri cvBadebi (amp B itudebi) gvegneba e” " evoluciis operatorebSi
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bH

da e gibsis FaqtorSi). Semdeg paragrafSi (2.23) evoBluciuri ganto Beba

GBs(t,b) operatorisaTvis gamoyenebulli1 igneba =zusti, ganzogadoebuli

kvanturi evoBuciuri (kinetikuri) gantoMNebebis misaRebad Fy, (t)

koreBaciuri FunqciisTvis da grinis FfungciebisTvis [110].

22. zusti ganzogadoebull'i kvanturi kinetikuri ganto Bebebi wonasworulli
koreBlaciuri Ffungciebisa da grinis fungciebisTvis
gamoviyvanoT axBa zusti ganzogadoebulli kvanturi Kinetikuri

ganto Bebebi koreBaciuri TFfungciebisTvis. amisTvis ganvixiloT (26)
formulla F,, (t) koreBaciuri funqciisTvis da (25)-1s daxmarebiT CavweroT
Is Semdegi saxiT:

Fon (0 =(BDA) =(BA(-1)) = Z (b)P|AG, (1.b)]=
= 2" %(b)P[BG, (-1,b)] 2)
sadac: G, (-t,b) operatorisTvis gansazRvris Tanaxmad gvagvs Semdegi
gamosaxu H eba:
G, (-t,b)=SP, gA (-t)e"" . (2.26)
Tu gavawarmoebT (225) Tanafardobas t-droiTi cvBadis mixedviT,

maSin miviRebT:

1 :1 - =71 é 1 l;':
LFon )= T{BACD) =2 (0)PATC, (Lb)] -
=Z'1(b)81§85ﬂ—“tGAS<-t,b)g

Tu CavsvamT (2.27) ganto BebaSi ﬂ—ﬂtGBS (t,b) operatoris gamosaxu lebas

(223) FormulBidan da visargeblebT SPSs() operaciis qveS operatorTa

cikBiuri gadanacv B ebis SesaZBeb B obiT, maSin martivi gamoTv B ebis Semdeg

vipoviT saZiebel zust, ganzogadoebull kvantur kinetikur ganto lebas

(BA(-t)) koreBaciuri funqciisTvis [110-111,113]
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LAl 0)=L(ne] A(-1)- 28 g gas N (b)x

@ (C, (5,-x)ECr (5), By A (1)) + Ny (b)) & ™% x

(Ce (s-x)%C, (). B %A (-1))i+-
e ™% {§C, (s),B,f >Cy (s~ x)*A (-t )>iNk(b)e‘W(")Xx (228)

(660 (9)-B.4 . (s-x)A ()i 58

e 0O (C, (s,-t- 1) 4G, (5), B A (-1))*

+N, (b) e ®e ™ (C (s,-t - iq) §C, (s), B,y *A(-t))l  t>0.

anal ogiurad SesaZBebelia miviROT zusti, ganzogadoebu Bi kvanturi

kinetikuri gantoleba F,. (-t)=(AB,(t))=(A(-t)B,) koreBaciuri fun-

S
gciisTvis. am gantolebis gamoyvana principullad ar gansxvavdeba
zemoTmoyvani B i gamoTv Bebisagan da amitom moviyvanT mxoBod sabol oo

Sedegs:

%(AS(-t)BS> LA, J.)-%ék;cﬂxalﬂ\' b))
B

>eiW(k)X<Ag(-t)>Ck(s,-x)>ng() B )+ N (b)e™ ™M x
(AL (3-x) 8, (5) B i izékgﬂ <4, (b))
e A (- 1) 6C, (s), B G (s,-X)) + Ny (b) "0 x (2.29)

(A8 ()-8 0 () I—zék oo e, (o)
#O8 (A (1) 40, (s). BAG (s-t+ig))+
+N, (b) €™ 6" (A (-1) 45/ (5), Bf Cc(s-t+ia))l  t>0.
martivi SesamCnevia, rom (2.28) da (2.29) evo Buciuri ganto Bebebi kore-
Baciuri TFTunqciebisTvis arian araCaketilli da markoviseuli. <0

SemTxvevaSt ganzogadoebull evo Buciur (kinetikur) ganto Bebebs korell a-

ciuri FunqgciebisTvis aqvT 1give saxe, rogorc (2.28) da (2.29) ganto Hebebs.
magram, unda aRiniSnos, rom t>0 da t<0 SemTxvevebisTvis W(0) da W' (t,0) -
evoBluciis operatorebis warmodgena igneba sxvadasxva Tanaxmad (2.10)

gansazRvrebisa. am ganto BebaTa miReba t<0 SemTxvevaSi ar gansxvavdeba
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zemoTwarmodgeni B 1 gamoyvanisagan da amitomac aq ar moiyvaneba. aRvniSnavT

L,R,S

mxo Bod imas, rom am gantoBebaTa miRebisas saliroa TBS,M

operaciis

xelBaxali gansazRvra W(0) da W'(t,0) operatorebis (210) warmodgenis

L,R,S

Sesabamisad. (T,

operaciis xelaxali gansazRvra aucilBebelia agreTve
Foe (-t) koreBaciuri FfungciisTvis zusti, ganzogadoebu B i kinetikuri gan-
to B ebis misaRebadac, rodesac t>0). naTe B ia, rom ganzogadoebu B 1 kvanturi
kinetikuri ganto Bebebi (BA(t)) da (A()B,) - koreBaciuri FunqciebisTvis
miiReba (2.28) da (2.29) ganto Bebebidan t droiTi cvBladis formalluri cvli-
BebiT: t ® -t kinetikuri gantoBebebi: (BA(t)) da (A(t)B,) korelaciuri

FfungciebisTvis SesaZllebelia warmovadginoT agreTve aramarkoviseuli
saxiT. Tu SevasrullebT (2.28) da (2.29) ganto BebebSi t sididis cvlillebas: t

® -t visargebBebT operatorulli tolBobiT: A{)=¢ A(t-x)e’ ; (xT [0.1]),

da SP,(..) operaciis qveS operatorTa cikBiuri gadanacvBlebis SesaZ-
Beb B obiT, maSin miviRebT Semdeg zust, ganzogadoebu l kvantur Kkinetikur

ganto Bebebs (B/A(t)) da (A(t)B,) koreBaciuri FunqciebisTvis [L10]:

L(BA()=- HHBIA()- 1A oL, (o)

ml
z
=
x
—_—
@)
=
—
()
~—
B
—
wm
1
X
N
Joy
—
1
X
N
(@
~—~ ©O
—
1
X
~—
—
+
Z
=
—
(@
~—
@
E
=~
<

, éw(k)x {g:k(s’_x)’ Q (_X)g C;(S)Ag t- X)>+ Nk(b)e-iw(k)x -, (230)

h
e (G, (st ia) 01 (), B A1) N (D)

T (Cr (sit- 1a)%C, (S). By XA (1)
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SIARR) = L(A0HE] )- -8 o i (b))

"™ (A (t-x)xC, (9)6G (5- %), By(-X)i )+ Ny (b )€™

, <A§(t_X)>C|<+(S)€Ck(S’_X)’BS(-X)Q_>+h_12i ;c‘pxg(1+Nk(b)),
" { A (t-x) &G, (s-x). B (- )i C ())+ Ny (b)e™®>”
(A (t-x)gCi(s-x).B(-x)i >Ck(s)>8+# " a g1+N, (b))’
’ e‘qN(k)e'iW(k’t<Ag(t)g3k (s),B.g *Cy (s,t+iq >+Nk(b)eqw(k)'

"6 (A ()5 (5). B G (st +i))g
(228) da (2.29) ganto Bebebisagan gansxvavebiT, (2.30) da (231) evolu-

ciuri (kinetikuri) gantolebebi arian araCaketili da aramarkoviseulli

(2.31)

formis. (23) gamosaxu Bebebi da (228)-(2.29) evoBuciuri ganto Bebebi gan-

sazRvraven ganto Bebebs grinis fungciebisTvis. ase magaliTad, ganto ll ebas

dagvianebu Bi grinis FunqciisTvis: Gr(t)=q(t)<éA(t),Bsg1> agvs Semdegi saxe:

Tev=dolae])rao(an.e]). 232)

amdagvarad SesaZllebelBia ganisazRvros agreTve evoluciuri
ganto Bebebi sxva danarCeni grinis TFunqciebisTvis (winmswrebisa da

mizezobrivisTvis). (230-(2.31) Formulebis daxmarebiT evolRuciuri
(kinetikuri) gantoleba G’(t) — grinis dagvianebuli  FungciisTvis

SesaZ B ebe B ia warmovadginoT Semdegi saxiT [110-111]:



4 deq 6 ) (- x){(1+ N, (b))e ™" (gA, (t- x)C, (5)
€8, (- X)C (s )i B )+ N (b)e™ ™ (A (- )C (5)'

“68.(-x).C (s-x)g - & ddka b (t- x){ 1+ N, (b)) (2.33)

7 A iw(k)x /A I o by I
0! <As(t x)€B,(-x),C/ (s,-x)f C (S)Lh>?"’} Odg
0
{2+ Ny (b))e ™ @ (t){e" " (A (t) B..C. ()i Ci (s.t+ia))-
_he Wt < (s,t SBS’C ( )H As(t)>}+Nk(b)>e¢1W(k)q (t)
|w(k)t< ng’C )H k(slt+iq)>_ heiw(k)t<C: (S,t- ICI),
" €B..C.(s)y As(t)>}}.

miRebu Bi1 (228-231) da (233) kvanturi evoBuciuri (kinetikuri) gan-
tolebebi warmoadgenen zust, ganzogadoebull gantolebebs drois or
momentiani wonasworu i koreBaciuri Fungciebisa da grinis FfunqciisTvis
[25,34,64]. gansxvavebiT kinetikuri ganto Bebebisagan, romBebic miRebu B i1a [5-
6,75-77] SromebSi, gamoyvanili evoBuciuri ganto Bebebis dajgaxebiTi
integrallebi Seicaven rogorc maRalli rigis korelaciur da grinis
Ffungciebs, aramed aseve sawyisi koreBaciebis evoluciis amsaxve I wevrebs
(ukanaskne B'1 wevrebi (2.28-2.31 da 233) ganto Bebebis mar jvena mxareSi). Sev-
niSnavT agreTve, rom (228-231) ganto Bebebis mar jvena mxareebis pirveli
wevrebi aRweren koreBaciuri TFungciebis Tavisufall (aradagaxebiT)

dinamikas.

2.3. markoviseulli miaxl oeba gvesistemis dinamikisTvis.
miax BoebiTi ganto Bebebi korelaciuri fungciebisTvis

davuSvaT, rom (2.2) urTierTgmedebis hami B toniani s gvesistemasa da S
bozonur Termostats Soris Seicavs ncire paranetrs (C./(s) da C/(s)

urTierTgmedebis operatorebi Seicaven mcire parametrs). aseT SemTxvevaSil,
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S gvesistemasa da S bozonur vells Soris susti urTierTgmedebis gamo,
adgi b1 egneba droTa ierargias:

tee >> 1o =max(t,,ts), (2.34)
sadac: t, - warmoadgens s qvesistemis relagsaciis maxasiaTebel dros,

xolo t,xib aris s qvesistemis dajaxebiTi (gabnevis) dro; tg Xé aris
w

koreBaciebis FRuqgtuaciebis milevis dro TermostatSi (W - bozonebis
rxevebis maxasiaTebeB1 sixSirea) (234) utoBoba saSuallebas i1ZlBeva
SemovifargBloT SeSfoTebis Teoriis meore miaxBoebiT (H,,- ur-
TierTgmedebis hami B tonianis mixedviT) (2.28-231) evo Buciur ganto BebebSi
koreBaciuri TFTungciebisTvis. ase magaliTad, Tu SevasrullebT (2.28)
evo Buciur ganto BebaSi Semdegi saxis miax 0 oebebs:
C.(s-x)P Gy (s-x); Ci(s-x)P Cg (s-X);
Cc(s-t-iq)pP Cy (s-t-iq); G/(s,-t-iq)P Cy (s-t-iqg).

maSin miviRebT, drois ormomentiani wonasworulli korelBaciuri Ffun-

(2.35)

qciisTvis: <BSAS(-t)> _ ganzogadoebull, markoviseull kvantur Kkinetikur

ganto Bebas SeSToTebis Teoriis meore miax B oebaSi [110-111]:
1 [
—(B,A (-t))=—([H.B
€% (Cy, (s -x)6CI (5). Buft Ag(-t)>+Nk(b)e"W(k’x'

(i (8 x) (9. B8 A LU & oL (o)
"M & (9). B Cly, (5-%) A (1)) + Ny (b) e (236)

P N Ny oo o £ ,
(652 (). B Cuv, (- X) A(- 1)) -5 8 S glL+N, (b))
k o
e (G, (s-t- i) €01 (5). Bl A
“em(Cy, (s-t-1q) %G (5). By A(-1)d
analogiurad miiReba evoBuciuri gantoBlebebi sxva koreBaciuri
Tunqciebisa da grinis fungciisTvis (ix. (229), (2.30-2.31) da (2.33) Formu 0 ebi).
rogorc cnobilia xellsayrell da efeqtur meTods sustadarawonas-

worulli mdgomareobebisa, reBagsaciuri procesebisa da kinetikuri mov-

B enebis Seswavlisa — romBebic mimdinareoben mcire dinamiur gvesistemaSi,
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romelic urTierTgmedebs TermostatTan da gareSe vel Tan, - warmoadgens
koreBaciuri Ffungciebisa da grinis Ffungciis meTodi.

drois ormomentiani wonasworulli koreBaciuri funqciebi da grinis
fungciebi warmoadgenen ZiriTad sidideebs kubos wrFivi gamoZaxilis
(reagciis) TeoriaSi [4,34,64,72-73]. (2.28-229) ganto Bebebi gansxvavdebian
msgavsi ganto Bebebisagan, romBebic gamoyvani B 1 i1yvnen SemTxveviTi Fazebis
miax B oebaSi1 [5-6,68,75-77], ukanaskneB 1 wevrebiT gantoBebebis mar jvena
mxareebSit, romBebic aRweren sawyisi korelaciebis evolBucias da
gavlenas dajaxebiT procesebze gabnevis (dagaxebiT) integrallebSi (ix
agreTve (2.36) ganto Beba). unda aRiniSnos agreTve 1S garemoeba, rom sawyisi
koreBaciebis evolBucia droSi moicema markoviseuli FformiT ((2.28-229),
(2.30-2.31)) kinetikur ganto BebebSi koreBaciuri FungciebisTvis, da isini

ar Seicaven maxsovrobis efeqtebs. S¥m-Si, rodesac t=0 drois sawyis
momentSi mTeli (s+S) sistemis wonasworulli statistikuri operatori
(gibsis kanonikuri ganawi Beba) aiReba fagtorizebulli saxiT:
(a(b)=Z(0)€ b 1 (b) ry(b): 1, (b)=Z:(b)we™ o)
re(b) =2 (b)>e""™.

sadac: Z (b)=SR g """ da Z (b)=SR g ""*j - warmoadgenen statjamebs s
gvesistenisa da S bozonuri velisa Sesabamisad; (anu ugu Bvebe BvyofT H,,

urTierTgmedebis hami B tonians e"" gibsis FfagtorSi da Z(b) statjanmSi,

magram vinarCunebT e%Ht- operatorebSi, ris ganoc W(b,0)=W"(b,0)=1 (ix.
(29); (211) Formulebi));  sawisi koreBaciebis evoBuciis wevrebi (2.28)—
(229) da (2.30)—(2.31); (2.36) ganto NebebSi xdeba nullis tolli1 da rogorc
Sedegi am miaxBoebaSt vRebuBobT ganzogadoebull kvantur-kinetikur
ganto Bebebs koreBaciuri FungciebisTvis, romBebic miRebull1 iyo [6,68,75
77] SromebSi.

sawyisi koreBaciebis Sesustebis principis (postullatis) Tanaxmad
“xe Bovnurad” Segmni B1 sawyisi koreBaciebi, romBebic ganpirobebullia t=0
drois sawyisi momentisTvis sqvesistemis urTierTgmedebiT S TermostatTan,
unda mii Bion drois mixedviT, rodesac t® ¥, Tu isini ar miekuTvnebian
Senaxvad sidideebs, da unda moxdes dajaxebiTi (namdvi Bi) koreBaciebis

aRdgena, romBebic aRiwerebian maRali rigis koreBaciuri FfungciebiTa da

97



grinis FungciebiT (228), (2.29), (2.30), (2.31), (2.36) — ganto Bebebis dagaxebiT
integrall ebSi.

anrigad, ry(b)=2"(b)e"" - sawyisi wonasworuli ganawiBebis “de-
tallebi” TiTqos ar unda iyos arsebiTi [4]; magram miuxedavad amisa cxadia,
rom principSi sawyisi koreBaciebis evoBuciis wevrebis arseboba ganzoga-
doebull kvantur kinetikur gantoBebebSi koreBaciuri TFTunqciebisa da
grinis TunqciebisTvis gavlBenas axdenen evoBuciur procesze, romelic
mimdinareobs s qvesistemaSi. s qvesistemis da S Termostatis (bozonuri
velis) susti urTierTgmedebis SemTxvevaSic, sawyisi korelaciebis
evo Buciuri wevrebi koreBaciuri FunqciebisTvis kinetikur ganto BebebSi
ar miillevian nulisaken didi droebis asimptotur areSi, rodesac

(t~t,y>t;t® ¥) da 1iZBevian TavianT wvBils gadatanis Kkinetikur

(meganikur) koeFicientebSi (Zvradoba, e Begqtrogamtaroba) s qvesistemisTvis
(ix. NI Tavi). Kkinetikuri koeFficientebis [34], gamoZaxiBis Funqciis
(impedansi, admitansi) [72-73] da dinamiuri amTviseb B obis [4] gamoTvl isas;
garda amisa, relagsaciuri procesebis Seswavlisas, romBebic
mimdinareoben Ria modeBur sistemebSi, da myari sxeullebis TFizikis
kvanturi disipaciuri sistemebis ganxiBvisas, ganzogadoebull kvantur
kinetikur ganto BebebSi sawyisi koreBaciebis evoRuciuri wevrebis
gaTval iswinebas aqvs principulli mniSvneB oba da maTi ugu Bvebe Byofa ar
SeiZlBeba. miuxedavad amisa unda aRiniSnos, rom Kkinetikuri movHlenebis
Seswavl isas am sistemebSi “namdvi B1” (dagaxebiTi) koreBaciebi TamaSoben
dominirebull rolls sawyis koreBaciebTan SedarebiT [4].

axBa ganvixi BOT gansxvavebu Bi1 midgoma igive amocanisadmi, romellic
eyrdnoba HRiuvillis superoperatorull Fformalizmsa da proeqciulli

operatoris meTods [114-122].



24. ganzogadoebu i1 kvanturi evo RBuciuri ganto Bebebi korelaciuri
FfunqciebisTvis SFm-Is gamoyenebis gareSe.
proeqciull i operatoris meTodi

ganvixi BOoT drois ormomentiani wonasworull1 korelBaciuri funqcia

(A(t)B,) da warmovadginoT is Semdegi saxiT:

(A(t)Bs) =Z (b)SR, |B.e " e A (2.38)
(2.38) Formu BaSi Cven SemoviReT HBiuviBis superoperatoris (L) cneba,
romelic mogmedebs nebismier D-operatorze Semdegi wesiT:
1 +ilt tlHt 'i_Ht +ilt
LD==[H,D] : e""D=e" De’ , anu €"D=D(%t) da D=D(t)| .
h - t=0
Biuvillis srulli L superoperatori Caiwereba Semdegi saxiT:

L= 1L+ +L, sadacLS...:%[HS,...], Lé...:%[Hé,...]da Li...:%[Him,...]_; 2.1)-(2.2)

hami B tonianis TiToeuli wevris Sesabamisad. (2.38) formull idan gamomdinare
cxadia, rom koreBaciuri TFTungciebis dinanika xeBsayrelia ganvixiBoT
Semdegi  superoperatorebis daxmarebiT, romBebic mogmedeben D D-
operatorze Semdegi wesiT:

R(t)D=Z"*(b) SR ge""e"“FD Y

| (t)D=2"(b)SRsge """'QD}Y,

sadac: R warmoadgens Termostatis (bozonuri vellis) mdgomareobebis

(2.39)

mixedviT gasaSuall ebis proeqciull operators:
RE=R R=Rs(b); RD=SR(rsD)=(D),; rs=Zg'(b)e™"
Zs(b)=SR,(e"™); Q=Qs(b)=1-R (240)
(238) gamosaxuleba (A(t)B,) koreBaciuri funqciisaTvis CaweroT
Semdegi FormiT:
(A()Bs)=(AB(-1))= P[BRODA]. (241)
P da Q - proeqgciulli operatorebis daxmarebiT martivad miviRebT

Semdeg zust moZraobis ganto Bebebs R(t) da I(t) superoperatorebisaTvis:

L R(t)=iR(t)RLR+il (t)QLR
fi (2.42)
ﬂ_'”t| (t)=il (1) QLQ +iR(t)RLQ.



Tu CavatarebT (242) ganto Bebis integrebas I(t) superoperatorisaTvis,

maSin Cven miviRebT Semdeg gamosaxu M ebas:
t
I (t) = 1(0)Mq (1) +igst R(t JRLQM (-1t ), (2.43)
0

sadac:
1(0)=2"(b) SR e™Q (244)
aris |I(t)-superoperatoris sawyisi mniSvneB oba da MQ(t):exp[iQLQt]
warmoadgens “masur” superoperators.
Tu CavsvamT I(t)-superoperatoris (243) gamosaxu Bebas (242) formullis

pirve I ganto BebaSi, maSin Cven vipoviT zust, araerTgvarovan evoluciur

ganto Bebas R(t)-superoperatorisaTvis:

%R(t)= iR(t)RLR+il (0)M, (t)QLR- E‘jﬂt R(t)RLQM,, (t-t )QLR. (2.45)

miRebul1 gantoleba gansazRvravs evoBRuciur gantolebas (241)
koreBaciuri +FTunqciisaTvis. marTBac, Tu visargebBebT (239) gansaz-
RvrebiTa da SR ¢ operaciis qveS operatorTa cikBiuri gadanacv Bebis Se-
saZlebBobiTa da (241)-(245) FormulebiT, maSin martivad vipoviT Semdeg
evo Buciur ganto Bebas koreBaciuri FungciisTvis [119]

(AR (-0))=1 (RLRA]B, (1) +i (oMo () QLRARE,) -
(2.46)

t
- oot (RLQMo(t-1 ) QLRARB, (-t ).
0
(245) da (246) ganto B ebebi warmoadgenen zust, aramarkoviseull evo-

Buciur gantolebebs R{t) superoperatorisa da <A$BS(-t)> korelaciuri

FfungciisTvis. an ganto BebaTa araerTgvarovani wevrebi (meore wevrebi (2.45),
(246) ganato BebaTa marjgvena nawiBSi) aRweren sawyisi koreBaciebis
evoBlucias drois nmixedviT, romBebic ganapirobebullia s qvesistenmis
urTierTgmedebiT S TermostatTan (bozonur vel Tan) drois sawyis moment-
Si:t=0. amis gamo, sawyisi amocanis (koSis amocana) amoxsnisas (2.45) ganto ll e-
bisaTvis (da koreBaciuri Fungciis povnisaTvis) saWiroa codna ara marto
superoperatorisa — R0), aramed agreTve 1(0) sididisa Tu maxsovroba
sawyisi koreBaciebisa drois mixedviT mii Beva, maSin evo Buciis procesSi

dominirebs dagaxebaTa gavBena. magram, miuxedavad amisa, principSi sawyisi
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koreBaciebis wevrebis arseboba evoBuciur gantoBebebSi, romelic
ganapirobebu B ia I(0)-is arsebobiT, gavl enas moaxdens reBagsaciur proces-
ze, rome bic aRiwereba koreBaciuri FfungciiT, guesistenis susti urTierT-
gnedebis SemTxvevaSiac TermostatTan. mogvianebiT Cven vaCvenebT, rom sawyis
koreBaciebs SeaqvT TavianTi wBili sqgvesistenis (mag. eBegtronis) ga-
datanis kinetikur koeficientSi (e Beqtrogamtaroba) [115-122].

bevrad ufro efeqturi da xelsayrellia, Tu Cven ganvixilavT evoll u-
ciis zust da erTgvarovan gantolBebas, romell Siac sawisi koreBaciebi
moicema aracxadi saxiT. imisaTvis, rom vipovoT aseTi saxis ganto Beba,

visargeb B oT cnobi i integraluri operatorulli igiveobiT:

b
e’ =e - JleeH, g™, (2.47)
0

sadac H, moicema (29) FormuBi1T. am igiveobis gamoyenebiT, advi lia
imis Cveneba, rom adgili aqvs Semdeg gantoBebaTa sistemas I(t) da 1(0)-
superoperatorebisaTvis, romBebic gamomdinareoben (243) da qvemoT
moyvani B 1 ganto Bebidan:
1(0)=-R(t)Ay(tb)- 1(t)Ay(t,b) (2.48)
da romelic miiReba (247) gamosaxu Bebisa da I(t)-superoperatorisTvis (2.44)
sawyisi pirobidan. (248) gantoBebaSti Cven SemoviReT integralluri

superoperatori, romell ic ganisazRvreba Semdegi to B obiT:
b
Ay(t,b)=cdl e™e'"H,e'"Q. (2.49)
0

Tu amovxsniT (243) da (2.48) ganto Bebebs [(0)-is mimarT da CavsvamT

(2.45) ganto BebaSi, maSin Cven miviRebT saZiebel zust, erTgvarovan Caketi ll

ganto B ebas R(t)-superoperatorisaTvis:

%R(t)ziR(t)RLR- IR(t)RA (t,b) @+ Mg (t)Ag (L)
"M, (t)QLR+ tcpt R(t )JRLQM, (t-t )A,(t,b) gL+ My (t) (2.50)

-1

“Ay(t,b)g Mg (t)QLR- t(‘)alt R(t )JRLQM, (t-t)QLR

unda aRvniSnoT, rom miRebuli ganto Bebebi SesaZlebellia gavanar-
tivoT, Tu visargeb BebT Semdegi TanafardobebiT:
LLR=0; R.Q=QLR=0; RLR=0. (2.51)
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dabo B os, Tu gamoviyenebT (2.50)—(251) FormulBebs, (246) ganto Bebis
nacv Bad miviRebT Semdeg zust kvantur evo Buciur (kinetikur) ganto lebas

koreBaciuri FungciisTvis [119]

3 (ns.(-)) =i (RRale, (1) - {RAG (1b)

Mo (1A (1.0 ) MoQLRAJ B (- 1))+ st

0

({RLQMq (t-1)Ag () @+ Mq (1) Ag (tb)g (252)
Mo (t)QLRA} B, (-1 ) 5t (RLQMo(t-t)Q
“LRA]B(-t)).

(250)—(252) evolBuciur gantolebebs gaaCniaT sakmarisad rTulli
operatorulli strugtura sawyisi koreBaciebis evolucia droSi aRiwereba
(249) integralluri superoperatoriT,; igi Sedis evolRuciur ganto BebebSi
rogorc markoviseuli, 1ise aramarkoviseulli TFformiT (meore da mesame
wevrebi (250) da (252) gantolebebis marjgvena nawi BSi). STm-is dros,

rodesac (2.38) koreBaciuri Fungciis gansazRvrebaSi Cven VviRebT e "™ —

operators, nacvBlad e’"-gibsis statistikuri operatorisa, vRebull obT, rom
[(0)=0, rogorc es naT Bad Cans (2.39) da (240) Formu B ebidan (vinaidan PQ=0).
am garemoebas mivyavarT iIm Sedegamde, rom integralluri superoperatori
xdeba nullis toli (A,(t,b)°0), rac Tavis mxriv iwevs sawyisi

kore Baciebis evoRuciis amsaxve 11 wevrebis gagrobas (isini xdebian nullis
toli) (250) da (252) evoRBuciur gantoBebebSi. rogorc Sedegi da kerZo
SemTxveva Cven vRebu B obT evoBuciur ganto Bebas koreBaciuri Ffungciis-
Tvis, rome Bic gamoyvani Bia [75-77] SromebSi.

evo Bluciuri ganto Bebebi (23)-grinis FunqciebisTvis gamomdinareoben
(252)-ganto Bebidan. ase magaBliTad, grinis dagvianecbulli FungciisTvis

gvegneba ganto leba:
¢ (=0 (){[AB], )ra ()3 (AB.(-1))- -
-ha (1)g(BA (1),

naTelia, rom evoluciuri gantoleba (AB (t)) koreBaciuri funqciisTvis

miiReba (252) ganto Bebidan, Tu gamoviyenebT Casmas t ® —t [119, 121-122].
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25. Termostatis bozonuri ampl i1tudebis ganoricxva evo luciuri
ganto B ebidan koreBaciuri FfungciisaTvis. markoviseuli miax 1 oeba
gvesistemis dinamikisTvis
ganvixi BoT axBa ufro detallurad (252) evoBuciuri gantoleba

koreBaciuri TFunqciisTvis. advilli misaxvedria, rom (252) ganto leba
Seicavs Termostatis (bozonuri velis) ampBitudebs, romBebic ar arian
gamoricxulli am gantolebidan. davuSvaT, rom hami I toniani H..
(B 1uvi Biant Lj) Seicavs mcire paranetrs (susti urTierTgmedebis SemTxveva
gvesistemasa da Termostats Soris); maSin (252)-ganto Bebidan principSi
SesaZlebel ia bozonuri amp B itudebis gamoricxva. am amocanis
gadasawyvetad gavSalloT mwk r ivebad superoperatorebi, romflebic
figurireben (252)-gantoBebaSi L (H,)  WBiuviBianis (hami Btonianis)

mixedviT. gvegneba:
k
1

6+ Mo (1)Aq (1D)G = & (- 1f Mo () Ao (1b)g

Coh by .
ME (t) = ¢pt, (... Ot e ¥iQLe ™ 2iQL,..”

0 o 0
s eILO(tnl'tn)lQL[elleqq, (n :1121"

)
Ve [ AY
St it e _ N
e =e Texpg |9_| (X)dXH (254)
éH — A HoT 1 é\ g
=¢ Texpedﬂim(g)dgg
€o u
L (x) = evLe™; H, (9) =€ H ™"
L =L, +L,

sadac T da T simbo B oebi aRniSnaven operatorTa mowesrigebas Sesabamisad
x da g cvBladebis mixedviT.

s gvesistemis S TermostatTan susti urTierTgmedebis SemTxvevaSi
(254) gaSHBebi TormaBurad SegviZBia ganvixi BoT rogorc SeSftoTebis
Teoriis mwkrivebi da gamovTvaBoT wevrebi (250)-(252) ganto Bebebis
mar gvena nawi BebSi mocemu B i1 sizustiT. martivi saCvenebelia, rom aseTi
gaS Bebisas urTierTgmedebis mixedviT im SemTxvevaSi, rodesac Hg da H,,

agvT (22) saxe, nulisgan gansxvavebul1 ignebian mxoBod 1iseTi saSuallo
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sidideebi - ()S romBebic Seicaven bozonebis dabadebisa da gagrobis
operatorebis erTnair raodenobas. amitom aseTi saxis saSualloebi toli
igneba sidideebis, romBebic proporciulli ignebian bozonebis Sevsebis
saSuallo ricxvebis namrav B ebis. amrigad, bozonuri (Fononuri)
operatorebi (ampBitudebi) mnT Hianad gamoiricxeba (252) evolRuciuri
ganto Bebidan wonasworulli koreBaciuri FungciisaTvis.

davuSvaT, rom susti urTierTgmedebis gamo, rome Bsac adgiBli avs s
gvesistemasa da S Termostats Soris, gvaqgvs droTa ierarqgia mTel (s+ S)

sistemaSi, romelic aRiwereba (234) utolobiT. (234) uto lobis
samarT B ianoba gvrTavs nebas CavataroT markoviseu B1 miaxl oeba (250)-(2.52)
ganto B ebebSi; Tu SemovisazRvrebiT SeSFoTebis Teoriis meore miax BoebiT
urTierTgnedebis H, (L) hami Btonianis (Niuvilianis) mixedviT, visar-
geb BebT (254) gaSHebiT da Sevasru BebT Semdeg miax B oebebs:
1+ Mg () Aq (L) P 1
Mo (1) P MY (t) =€
) ) b ' (2.55)
Aq(t.b)p A%(t,b)= ¢l e™'e'™H, e'™"Q
0
B,(-t)p e-“"B(-t).

maSin (252) evoBuciuri gantoleba martivdeba da igi 1Rebs saxes

markoviseu l i, ganzogadoebu R i kvanturi kinetikuri (evoR uciuri)

ganto Bebisa wonasworull'i koreBaciuri FfungciisTvis <A§BS(-t)> [119]:

(AR (-0)=i (LA, (-1))- i (g e
’ Hinte-IHOéLOtLiA%EIBs('t)>' t(‘jit <g'RLiéL°("”LiA§E|’ (2.56)
gl (-1)).

miRebu i1 (256) ganto Beba koreBaciuri TFunqciisTvis jer Kkidev
Seicavs gamouricxav bozonur ampBitudebs. Tu visargebBebT H, da H,,

hami B tonianebis — (22) cxadi saxiT da gamovricxavlT bozonur operatorebs
zemoT aRwerilli proceduris daxmarebiT, maSin (256) evoluciuri
ganto Beba koreBaciuri TFungciisTvis Caiwereba Semdegi saboBloo saxiT
[119]:
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- A 7 < + N | N o —iw Hhl) -
&6A.C ()i °Ci (s-x)4,, B(-1) +%gllak_{Nk(b)e X n) (257)
“(Cy (s,-t- il )6A,C (s)g B, (-t))+ (1+ N, (b))everm-
“(Culs-t-inl )ALl () B.(-1))}
sadac: Nl<(b):get”"v“(")-1[23|'l - warmoadgens bozonebis (Fononebis) Sevsebis

saSuall o ricxvs, da

C (s2Z)=e"C (s); Ci(s5£Z)=€""*C/(s)
xolo [ED],  =ED-e®"¥DE.

+w(k)

(2.58)

nebismieri E daD operatorebisaTvis.
(257) ganto Bl ebis gamoyvanisas, Cven visargebBeT agreTve Semdegi
TanafardobebiT:

etilsth( — eiiw(k)tbK; €+i Lstb:r :etiw(k)th:r
R(b;.b.) =N, (b)d,.; R(b.bi)=(1+N,(b))d,, (2.59)
R(b, b.) =R(b;,b:)=0.
Tu SevasrullebT t ® —t Casmas (257) evoBuciur ganto BebaSi, maSin

martivad miviRebT ganzogadoebull kvantur kinetikur ganto Bebas <A§Bs(t)>

koreBaciuri funqgciisTvis:
Al
1t
B <%&,q(s)g C(sx)i Bs(t)>+(1+ N, (b))

(AB.(0) = (A 1] B.(0)- =GR M. o)

- dw(kx [ Az N + < ib‘ ,
g <gg&,Ck(s)g *C, (S"X)'dv(k) Bs(t)>]-%ogjl (2.60)

. ak{Nk(b)éw«>c-th)<Ck+(s,t- izl )@ACK(S)H Bs(t)>+

(14N, (b)) e ™ .im)<ck(s,t- inl )x6A,C/ (s)g Bs(t)>}.
(257)—-(2.60) ganto Bebebi gansxvavdeba S¥m-Si miRebu B 1 ganto Bebebi-
sagan [7577]. mesame wevrebis arsebobiT gantoBebaTa marjgvena nawi ll Si,

romBebic aRweren sawyisi kore Baciebis evoll ucias [114, 119,121-122].
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dabo B os, unda aRiniSnos erTi principulli sakiTxi, romelic exeba
sawyisi koreBlaciebis evoluciis wevrebis gaTvalliswinebas ganzo-
gadoebuli kvanturi kinetikuri ganto Bebebis dagaxebiT integrallebSi,
wonasworull'i koreBaciuri da grinis fungciebisTvis. Sfm — mTelli1 (s + §)-
kvanturi dinamiuri sistemis statistikuri operatorisTvis — dafuZnebull ia
im daSvebaze da aRwers iseT situacias, rodesac drois sawyisi t = 0
momentisTvis adgili ar agvs korelaciebs skvanturi dinamiuri qvesiste-
misa da STermostatis mdgomareobebs Soris, da drois am momentisTvis
xdeba “CarTva” urTierTgmedebisa, rogorc qvesistemasa da Termostats
Soris, aseve (qvesistemasa da gareSe vellebs Soris. cxadia, rom aseT
SemTxvevaSi mTHRiani (s + S-kvanturi dinamiuri sistemis sawyisi
statistikuri ganawi Beba (statistikuri operatori drois sawyis momentSi)
aiReba faqtorizebulli saxiT (ix. (237) formula). anitom, rogorc ukve 1yo
aRniSnulli, rogorc Sedegi VRebulobT ganzogadoebull Kinetikur gan-
tolebebs koreBaciuri da grinis TFTunqciebisTvis, romel Ta dagaxebiTi
integrallebi ar Seicaven sawyisi kore Baciebis evoBuciis wevrebs [7577].

yveBla im reallur modelebSi TFTizikuri sistemebisa (kvanturi
disipaciuri sistemebi, Ria arawonasworulli mode Buri sistemebi da sxv),
romBebsac ganixi Bavs statistikuri Tizika (meganika) da Termodinamika,
Fizikuri kinetika da aS., qgvesistemis urTierTgmedebis gamo TermostatTan,
s dinamiuri qvesistemac da S Termostatic erTad Seadgenen ganuyofel
nawi Bebs erTiani mT Biani dinaniuri sistemisa - (s + S) (qvesistema pRus
Termostati). ufro metic, SeiZlleba 1Tgvas, rom gvesistemasa da Termostats
Soris urTierTgmedebis gamo, egsperimentebze Fagtiurad SeuZBebelia maTi
erTmaneTisagan gancall keveba. aseT situaciaSi, kinetikuri mov Benebis srull
da adekvatur aRwerasa da gamokvBevas, romBebic mimdinareoben mcire
kvantur dinamiur qvesistemaSi, Seesabameba - mTelli1 (s + S dinamiuri
sistemis statistikuri operatoris sawyisi mniSvne Boba — ara Sfm-is tipis,
aramed 1iseTi saxis sawyisi mniSvne Bobebi mTel1 sistemis statistikuri
operatorisa, romBebic iTvalBiswineben koreBaciebs kvanturi dinamiuri
gvesistemisa da Termostatis mdgomareobebs Soris drois sawyisi momen-
tisaTvis (t = 0) (arafagtorizebulli sawyisi statistikuri ganawi Bebebi

mTeli (s + S)-sistemisa) [19,21].
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Cvens mier dasmuli amocanis Tanaxmad, mTelBi (s + S) dinamiuri
sistema drois sawyisi t = 0 momentisaTvis imyofeba statistikuri wonas-
worobis mdgomareobaSi, rome Bic aRiwereba gibsis kvanturi kanonikuri (an
didi kanonikuri) ganawi BebiT mTeli (s + S sistemisTvis: req(b):Z’l(b)e'bH,
da drois amave t = 0 momentSi xdeba urTierTgmedebis “CarTva” mTell (s + S)
sistemasa da gareSe wyaroebs (vellebs) Soris. amis gamo, kinetikuri
procesebis mkacrad, zustad da koreqtulad aRsawerad da Sesaswavllad,
romBebic mimdinareoben mcire kvantur dinamiur qvesistemaSi, romelic
urTierTgnedebs TermostatTan (mag. bozonur (Fononur) vel Tan), sawyisi
kore Baciebisa da sawyisi kore Baciebis evoluciis wevrebis
gaTval iswinebas - ganzogadoebuli kvanturi kinetikuri ganto Bebebis
dagaxebiT integrallebSi, wonasworulli koreBaciuri da grinis
TfungciebisTvis sqvesistemis dinamiuri sidideebisaTvis— aqvs principulli
mniSvne B oba, da maTi apriori ugull vebe Byofa (ignorireba) dauSvebe B ia [19,
21, 110, 114-115, 119-122].

miRebu 1 ganzogadoebu Bi kvanturi kinetikuri ganto B ebebi drois
ormomentiani wonasworulli koreBaciuri TFungciebisTvis, sadisertacio
naSromis Il TavSi gamoyenebuBi igneba eBegqtronulli da polRaronulli
gadatanis mov Benebis gamosakv Bevad myar sxeu BebSi — naxevargamtarebsa da
ionur kristallebSi [114-118, 120-122,125].
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Tavi lll. naxevargamtarebsa da 1onuri kristallebSi ellegtronulli da
polaronulli gamtarobisa da daball temperaturulli Zvradobis kvanturi
Teoria dafuznebuli kubos wrfivi gamoZaxi bis Teoriaze

rogorc ukve aRniSnulli iyo Sesavallsa da Biteraturis mimoxi BvaSi,
myar sxeuBebSi gadatanis wrFfivi movBenebis SesaswavBad da denis
matareb Bebis gadatanis Kkinetikuri (meganikuri) koeFficientebis gamo-
saTvlelad, SesaZlebell ia gamoyenebu B 1 ignas ori gansxvavebu Bi1 midgoma: 1)
dafuZnebuli kubos wrFfivi gamoZaxilis (reaqciis) Teoriaze, da 2)
damyarebu 1 kinetikur gantoBlebaze denis gadamtanebis ganawi Bebis
FfungciisTvis, rome b ic cnobi lia rogorc bo B cmanis ganto l eba.

rogorc ukve araerTxell iyo xazgasmulli, eleqtronulli da polaro-
null1 gadatanis movBenebis Teoriis SeswavBla myar sxeulebSi da maTi
kinetikuri maxasiaTebBebis ganoTvBa, warmoadgens erT-erT agqtuallur
anmocanas eleqtronisa da didi radiusis mgone poBaronis Kkinetikis
Tanamedrove TeoriaSi [29-30,37-38]. gamoviyenoT ax Ba wina TavSi gamoyvani Bi
ganzogadoebu 1  kvanturi Kkinetikuri gantoBlebebi elegtronulli da
poBaronulli gadatanis movBenebis SesaswavBad naxevargamtarebsa da
ionur kristallebSi; kerZzod - ganvixi BoT konkretulli magal iTebi kvanturi
dinamiuri qvesistemebisa, romBebic urTierTgmedeben Fononur vellTan
e Begtron-Fononuri sistema (elBegtronis urTierTgmedeba  (gabneva)
polBlarull optikur da akustikur +FfononebTan), poBaronis Batinjer-Rus
(Fg) modeli1 da maTze dayrdnobiT avagoT denis gadamtanebisTvis
e legtrogamtarobisa da Zvradobis wrFfivi kvanturi Teoria da ganov-
TvaBloT kinetikuri maxasiaTebBebi (koreBaciuri Funqciebis milevis dev-
rementebi, rellagsaciis droebi (sixSireebi) da sxv.) da gadatanis meganikuri
koeFicientebi (kuTri elegtrogamtaroba, daball temperaturulli Zvradoba,
da sxv.) kvanturi disipaciuri (qve) sistemebis am kerZo mode BebisTvis. gani-
xi Beba midgoma, rome Bic eyrdnoba kubos wrFivi reagciisa da SeSfoTebis

Teorias.

108



3.1. eleqtron-fononuri sistema eleqtronis dabalsixSiruli
e legtrogamtarobisa da daball temperaturulli Zvradobis gamoTvla susti
eleqgtronfononuri urTierTgmedebis SemTxvevaSi
ganvixi BoT SemTxveva nawi Bakis (elBeqtronis) urTierTgmedebisa

dakvantul fononur vel Tan (e Begtron-fFononuri sistema), rodesac mTel1i
sistemis hami B toniani moicema (113) FormuBiT da elegtronis energias

gamtarobis zonidan aqvs Semdegi zogadi saxe: H_=T(R).

rogorc cnobillia, kubos wrFfivi reaqciis Teoriis Tanaxmad
sistemaze mogmedi susti intensivobisa da w-sixSiris mgone gareSe eleg-
trulli vellis SemTxvevaSi, elegqtrogamtarobis tenzori SesaZllebelia
gamovsaxoT  “deni-denze” koreBaciuri TFfunqciis saSuallebiT. kubos
formullis Tanaxmad elBeqtrogamtarobis tenzori Caiwereba Semdegi saxiT

[4,25,64,72,83]:
o Bnlpand

&

=L agw€ 2 o
S (W) = - QWSS {mn}

e>0;e® 0 (mn=xy,2),

1
W-w- ie

(31)

sadac: I{mn}(W) = % +(‘ylte“’“ [< i (O)Jm(t)> + <j _(t)J, (0)>].

(31) Formulis Tanaxmad elegtrogamtarobis tenzoris disipaciuri

nawi B isTvis gvegneba:

AL baw) «
Res S (w)°© g—w Oyt cos(wt)Y 3, (1), 3.2)

sadac: s, (w) da Y (t) warmoadgenen gamtarobis s (w) tenzorisa da

Y ., () koreRBaciuri funqciis simetriull nawi Bebs:
S 50 (W) =265 1 () 45 W)
YO 28w O+Y OB 26 O +Y 1 (O (33)
Y,m<t)=§gjn<0)jm(t)>+<jm<t>jn (0)>3=§g<1n(0)jm(t)>+<jm<0)jn (-0))d

da j ()=€"j (0) aris J-eBegqtrulli denis operatoris m komponenti haiz-

enbergis warmodgenaSi. amrigad, elegqtrogamtarobis gamosaTvilellad
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2
saWiroa vipovoT: Y _ (t) :%g'(\/n OV, (1) + +(V,(OV, (- t))d koreBaciuri Funqciis

mniSvneBl oba. V warmoadgens eBeqtronis siCgaris operators gamtarobis

zonaSi. imisaTvis, rom vipovoT Y (1) koreBaciuri +Fungciis sidide,

gamoviyenoT naSromis IlI-TavSi miRebul1 (257) da (2.60) miax B oebiTi evo B u-
ciuri ganto Bebebi wonasworulli koreBaciuri FungciebisTvis elleqtron-
Tfononuri sistemisTvis, da visargebBoT mTelBi1 sistenis hami B tonianis
(113) gamosaxu BebiT. miaxBoebiT evoBuciur (kinetikur) ganto lebas

e Begtronis drois ormomentiani wonasworulli koreBaciuri FfunqciisTvis
“siCgare-siCgare” egneba Semdegi saxe (HS =T(R; A =V,; B, :Vm).[120-122]:

(% OV, 0) =5 (8% T(RE V,0) - 7 oﬂxa Ve[ { g N, (b) +

+elw(k)x (1+ N (b)) <8‘/n ,éFF ~ -iIZF(x)vm(t)> _ éew(k)x Nk(b) +e iw (K)x -
(34)

. b
LN O™ 8T V) ot & M TN 0)
k

e iw k)€ - |h|)(1+N (b)) < - ik (t- Ihl)gln’ékr \V/ (t)>

|_
;T(R

sadac: V, (t)=€"V, (0), F(x)= eh odr da r(x) aris eleqtronis Ta-
visufali moZraobis “traeqtoria”. analogiurad Caiwereba Kkinetikuri
ganto B eba <Vm(0)\/n (-t)> koreBaciuri +FTungciisTvis. (34) gantolebis ga-
moyvanisas Cven visargeb BebT agreTve Semdegi TanaFardobebiT: w(- k) =w(k);
Vo=V

Cven SemovifargBebiT mxoBod erTi zonis mniaxBoebiT eleg-
tronisTvis, rodesac elegqtronis siCgaris operatori diagonalluria
impu Bsur (kvaziimpu Bsis) warmodgenaSi da amitom adgilBli aqgvs Semdeg
to 1 obebs:

G, :%T(ﬁx &/ (R, T(RY =0, (m=x,y,2).

Cven viyenebT agreTve aRniSvnas V,(R) elegtronis siCgaris operatoris
matriculli elementisTvis <f4vm|ﬁ>, romelic gamoiTvleba elegtronis

kvaziimpu B sis operatoris sakuTari Funqgciebis |F€> meSveobiT.
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Tu SemoviRebT Semdeg relevantur (damxmare) operators (Seda-

rebisTvis ix. (239) G,(t,b); sawyisi mniSvneBobiT, rodesac t=0;
G,(b)=G,(t, b)|t=0 da ganvsazRvravT to B obebiT:

Z°(b)

SR, 8Z°(b)H

G, (t.b) = Z"(b)SR, @, (e " G, (b) =V,

sadac: Zs(b):SRSge‘b”H - dayvani b1 (reducirebulli) statjamia eleqtron-
fononuri sistemisTvis; maSin SemoRebuli (35 operatoris daxmarebiT
SesaZlebelia <Vn(0)\/m(4_rt)> - koreBaciuri TFungciebi da maTi Sesabanmisi
kinetikuri ganto Bebebi gamovsaxoT Semdegi FormiT:

(V. (OV,,(£1)) = SR, &/, (0 ( #t, b)Y

] . (3.6)
(V% OV,(20)° SR &, 0) -G, (21, b) 1= £5R 8, ()G (21, D)5 (1, D)

sadac: operatori G (t,b) uSuallod ganisazRvreba (3.4) ganto Bebidan da agvs

Semdegi saxe:

lt\ 2[ 4 —iw(®)x iw(k)x -1
Gn(t,b):-?c;jxéi|vf| {ge BN (b) +€" % (1+ Ne(b) )iV,
0
;A KN o ) &aiw(K)X - iw (K)x N/ - 1a (X)) £
&,y e - "N (b) +e (1+ NE(b))W ‘e )

b
. 2 n,enara}_ %C\ﬂl é_|VE|2$eiW(k)(t-ihl)Nr(b)_'_e-nw(k')(t-ihl)(1+ NE(b))H'
0 k

,\/n-le—iFr(t—th ) 8‘/“’6%5 ’
sadac: (VAR VAV VAR S

(36) kinetikur ganto BebebSi kvalli eleqtronis (qvesistemis) mdgo-
mareobebis mixedviT gamovTvaBoT eleqtronis kvaziimpull sis operatoris

IR} sakuTari fungciebis saSualebiT. amis gaTvaliswinebiT  (46)
Tanafardobebi SesaZ B ebe lia CavweroT Semdegi saxiT:

(V, (O, (1) = (5IRY, (RG (¢, b, R)
R, (ﬁ)%Gm(it, b, R =+fR/, (RG(t b,RG(+t b R). 9

(3.8) ganto Bebebis miRebisas Cven gaviTvaBiswineT, rom elegtronis
siCgaris operatori diagonaluria kvaziimpu B sis warmodgenaSi da, vinaidan

ganixi Beba sivrcullad erTgvarovani sistema, amnitom mxo Bod diagonaluri
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matriculli elementebi - (R|G(t,b)[R)° G (t,b,R); G(tb) - operatoris aris

gansxvavebu 11 null isagan. Tu visargeb BebT Semdegi TanafardobebiT:

sadac: f(R) warmoadgens R kvaziimpuBsis (impu Bsis) nebisnier fungcias da

visargebBebT (3.7) gantolebiT, maSin G (t,b) operatoris G,(t,b,R mat-

riculli ellementisaTvis miviRebT Semdeg ganto Bebas [120]:

! sn€ip (k,RY

= =29y, 2 RH1K) -V, (R &n H
atoR=aM g MO T orr
f
snaz=—D(k,Ry . 4 e
&h H, ié¢ Lo /R g P ER ]
L Ne) — g kbR DR ¢9)

i em o bDTER) 10
+(1+N(b))e pERE T -2 — 1$
D'(k,R b
sadac:  D*(k,R =T(R+7k)- T(R £aw(k).
ganvixi BoT axBa izotropulli SemTxveva, rodesac ellegqtroganta-

robis tenzors da simetrizebull koreBaciur TFfungcias aqvT Semdegnairi
saxe:
S (W) =s>W)d,,; Y1) =Y*(td,
da visargebBoT miaxBoebiTi gantolebiT, romelic gamomdinareobs (3.8)
ganto B ebidan:
hll
It

cxadia, rom (310) kinetikuri gantoBeba warmoadgens reBlagsaciis

G, (t,b,R) =G (£t b, RG( #t b R). (3.10)

drois miax Boebis (rdm) saxis aprogsimacias. naTelia, rom (3.10) miax 0 o-

ebiTi gantoBeba xdeba zusti, rodesac G_(xtb,R TFungcia ar aris

damokidebu Bi R kvaziimpuBsze. magaliTad, aseT SemTxvevas aqvs adgilli
Ffrolixis polaronisTvis daballi temperaturebis areSi [116-118, 120].
Tu CavatarebT (3.10) ganto Bebis integracias da gaviTva B iswinebT (3.5)

sawyis pirobebs, maSin Cven miviRebT:
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G, (t,b, P) = exp|G, (2t b, P|G,(b,B); Gi(t.b,P)= E‘)jt Gt ,b,P):

V.(RZ°(b,R
&RZ*(b,R)

Tu CavsvanT G(t,b,R-s (39) mniSvneBobas (311) FormuBaSi, maSin

G,(b,R =(RG,(b)[R)= z°(b,R =(R

R). (3.10)

integraciis Sedegad G _(t,b, R -Tvis Cven miviRebT gamosaxu ll ebas:

G (t,b,R) = ReG, (t,b,R) +ilmG. (t,b,R);

ReGm(t,b,ﬁ) — é |\/r|2 Vm(ﬁ'f'\jlk(?:_{; Vm(ﬁ){N (b)e1+e bD™ (k, H
1- cosSl D (I?,_R)L"j 1- cosStp* (k, R)
e 87’_ — l‘5|+(1+ N (b)) g +e "™ ®R U & HJ{, (3.12)
éD (k. R)j éD" (k, R)H ;o
im0, R = - & [ LB VB 17 O
X m(R) § &> (k ,R)j
- S—— 1- e &R !
sing—D" (K, R)g+(1+ N?(b))TsmA D*(k,R)Y y
&n H o' K RY & Hb

(3.11) da (3.12) gamosaxu Bebebi asaxaven (3.6) koreBaciuri TFTungciebis
droze damokidebu Bebas da principSi saSuallebas iZBevian, rom ganoTvilill
ignes elegtrogamtarobis tenzori (32)-(33) TFormulebis daxmarebiT.
vinaidan Cven SemovifargBebiT SeSfoTebis Teoriis mxoBlod meore

miax B oebiT (34) Kinetikur ganto B ebaSi e Beqtron-fononuri

urTierTqgmedebis H, (VE) hami B tonianis mixedviT, amitom Tanminmdevrobis

dacvis mizniT SevasruloT miax B oeba: e b e Pt =g Mg PHs - koreBaciuri

Ffungciebis (35)-(3.11) — sawyisi mniSvne B obebisaTvis. Aamrigad Cven gvaqvs:

e—bHS _ e bT (R) _
Gn(b)=——+=Vw Gu(b,R=——"=V.(R.
SR g "y lRe " ®

S

(3.13)

(38), (311) da (313) gantolebebs mivyavarT Semdeg gamosaxu Bebamde

Y ., () koreblaciuri funqciisaTvis:

& dee T ®y RV, (R){exngh(t b, R)f+exp G, (-, b,ﬁ)g}
Yo == giRe T (R) ,

(3.14)
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sadac: G, (t,b,R) da G (-t b, R ganisazRvrebian (3.12) FormuBebiT.

(312) da (314) to Ml obebis Tanaxmad, eBeqtronis (qvesistemis) kore-
Baciuri FTunqciebi miiBevian oscilBaciebiT imis gamo, rom relagsaciis
G (t,b,R-Fagtori warmoadgens kompBegsur sidides, da rogorc Cven
mogvianebiT vaCvenebT, es osciBaciebi “sicocxBis unariani” arian didi
droebis asimptotur areSi t>>t; da iZBevian wllills gadatanis kinetikur

koeFicientebSi (elegtrogamtaroba, Zvradoba) [117-118, 120-122]. es daskvna
gamomdinareobs im martivi garemoebidan, rom wonasworulli droiTi

kore Baciuri Funqciebis gansazRvrebaSi (ix. mag. (26) Formulla) Figurirebs
gibsis ganawi Beba, romeBic Seicavs sawyisi koreBaciebis wevrs (Him) da
romBis zusti gaTvall iswinebac xdeba evo Buciur (kinetikur) ganto 0 ebebSi
am FungciebisTvis. Sfn-Si G (t,b,R) _ relagsaciis Ffagtoris warmosaxviTi

nawi i1 nullis tolia, da, amitom zemoT miTiTebul oscilaciebs adgilli ar
egneba [75,77]. unda aRiniSnos, rom ganxi Bulli msgeBoba samarT Biania im
SemTxvevaSi, rodesac adgilli agvs droTa ierarqias (ix. (234) Fformulla),

rogorc (3.12) formu B idan naT Bad Cans, im SemTxvevaSi, rodesac ganixi leba
eleqtronis urTierTgmedeba ¥ononebTant,~7b da ts~vi, sadac Ww- war-

moadgens TononTa maxasiaTebe il sixSires. ufro metic, (3.12)
gamosaxu B ebidan gamomdinareobs, rom energiis Senaxvis kanoni e Beqtronis

fononebTan gabnevis procesis dros samarT Biania didi droebis
SemTxvevaSi:it>>t;, t,=max(t,ts); Tu ganvixi BavT droTa did intervalls

t>>t,, maSin Cven SegviZBia SevasruloT zRvrulli gadasvla t® ¥ (312

gamosaxu BebaSi da, rogorc Sedegi miviRebT [120]:
T S
lt(!DTReGh (t,b, R) =- Gh (b,R) |t| =- mm,

2\, (R+7K) -V, (R) ==

@ {N:(b)d g0 (K R+

+(1+ N (b)) d gD" (k ,ﬁ)g}; (3.15)

2\, R+ 7K) - V, (R)
VR !

G (b.R=- 24y

. ~ — ] L~ 7 =\
%Tlmqa,b,R):-bpayvd N (b)d D" (k, R+

+(1+ N (b)) d gD’ (E,Fz)g} Sgnt.

(3.15) Formu Bebis gamoyvanisas Cven visargeb BeT TanafardobebiT:
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. 1- cos(wt) _ C o sin(wt) _
IJ@TT =p [t|d(w); lJ@TT =pd (w)Signt.
aRvniSnavT, rom (3.15) gamosaxu Il ebebSi It|®r£| zRvrull gadasv Bl amde unda

Sesrulldes Termodinamikuri zRvrull'i gadasvla (T-zRvari).

(210)3@I )

cxadia, rom Zalian didi droebis asimptotur areSi, rodesac

(t>>t,,t® ¥) (3.15) TanaFardobebi Cven gvaZBevs Semdeg to 0 obas:

limlmG, (t, b, R)——th‘,f‘ (b,R)Signt. (3.16)

t® ¥

anrigad, G*(b,R) - sidide, romelic fagtiurad warmoadgens e leg-
tronis “siCgare-siCgare” — koreBaciuri Tungciis miBevis dekrements —

SesaZlebelia ganxiBull ignas rogorc elegtronis V,(R) siCgaris ? -

komponentis relagsaciis sixSire (t/°(b,R- warmoadgens Sesabamis
reBagsaciis dros).

daboBos, Tu visargebBebT (32)-(33) da (314)-(315) TanaFardobebiT,
sabo 1 ood vpou B obT gamosaxu B ebas kuTri e Begtrogamtarobis

disipaciuri nawi BisTvis [120]

ael
thg—th— &b |
Res * =ne h—WGer (b, RV, (RV( F&.cos8 G°® (b, R)H
el = \ e D .U
GTOR o gappl R T (317)

W +gG (b Ry B2 b + & (0. R,
sadac: n - warmoadgens elBeqtronebis koncentracias gamtarobis zonaSi,
xolo r_(b,R=¢e bT(ﬁ)/djﬁe' TR

eleqtronis daball temperaturulli Zvradoba, romell ic damokidebull ia

gareSe eleqtrulli velis ? sixSireze (ac-mobility), SesaZlebelia

warmodgeni Bi ignas Semdegi saxiT (saubaria dreifull Zvradobaze):
mw) = my(w) - Dm(w),
sadac:
ethgelbhwl }

=82 o5 . B, (B (B) G () Gy (b.P) E’
M) = OO PM (R )}w +lat0.Af wgr oA
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2etha;é bhwg

D) =—S2—gPr (b, PV, (PV,(P) 618
. l zebh o u G\l;el (b IS) zebh rel Grﬂd (b P) P
~—G®(b,P)y +dn Gn( ) (w <<t;').
T " g1 Hw2+[ege'(b P)] Hw? [G:‘ (b, P)] is

rogorc naT Bad Cans (3.17) da (3.18) gamosaxu B ebebidan, sawisi ko-

re B aciebi, roml ebic gamowveu l ia eleqtronis urTierTgmedebiT

FononebTan, Figurireben am Formu BebSi coséb—he,f' (b,ﬁ)g da

g2

sin’ gbhq (b, QH Tanamamrav Bebis saxiT, magram, vinaidan adgili agvs droTa

ierarqgias (ix. (234)), amitom bxaG®(b,R)<<1(t ™ (b,R),~1/G*(b,P),t, ~b#). unda
aRiniSnos, rom sawyisi korelaciebi ar axdenen gavlenas t'(b,p) relag-
saciis droze. Dmw)-sidide warmoadgens temperaturull Sesworebas
elegqtronis m(w) daball temperaturull da sixSirull Zvradobaze, romellic

gamoweu Bia sawyisi koreBaciebis arsebobiT eleqtronis urTierTgme-
debisas fononebTan arsebull sistemaSi [120].

STtm-Si  droiTi wonasworulli koreBaciuri TFungciebisTvis Cven

ugu Bvebe BvyofT H,  urTierTgnedebas e gibsis FaqtorSi [75-77], magram

) . L . . i
vinarCunebT am wurTierTgmedebas e’ evoBluciis operatorebSi, ris

Sedegadac aseT miax B oebas mivyavarT Semdegi aprogsimaciebis Sesrulle-

bamde (3.17)-(3.18) gamosaxu 0 ebebSi: cosgb?Grd(b R)HID 1 cos8

bnGe(b,RA P O0; baG®(b,RAP 0; amgvarad, S¥m-Si Sesworeba Zvradobaze

G;:d(b R)HD 1. anu

Dm(w) b 0.

anrigad, Cvens mier napovni gamosaxulBebebi kuTri eleqtro-
gamtarobisTvis, daball temperaturulli Zvradobisa da elBeqtronis “siCgare-
siCgare” koreBaciuri FungciebisTvis warmoadgenen yvelaze ufro zogads

ganxi Bull1 modelis CarCoebSi da Sesrullebuli miax B oebebis FfargHlebSi
[112-113,120].
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32. elegtronis Zvradoba frolixis polaronis mode I Si

(“ problema” po laronis daball temperaturull i
2b hiw,

Zvradobis TeoriaSi)

ganvixi BoT axBa eleqtroni, romelic moZraobs poBarull naxevar-
gantarSi an ionur kristallSi, romBis moZraoba aRiwereba (1.13)-(1.18)
hami B tonianiT da romelBic sustad urTierTgmedebs poBarull optikur
TfononebTan: (a<1l) (ew. Frolixis poBRaronis model i) [29-30]. ganixi Beba

eleqgtronis urTierTgmedeba dispersiis armgone optikur +FfononebTan,

rodesac W(E)Owo. vinaidan el egqtronis energiisTvis gamtarobis zonidan

gvagqvs  gamosaxu B eba T(f{):z—, anitom elegqtronis siCgaris m-
m

komponentisTvis gvegneba Semdegi Formulla:

V(R = (319

rogorc (3.14), (3.15) da (3.17) gamosaxu B ebebidan Cans, sakiTxi daiyvaneba
elBegtronis relagsaciis sixSiris: G[ff(b,lfz)- gamoTvBlaze, romelic zogad
SemTxvevaSi damokidebu lia e Beqtronis R impull sze.

davuSvaT, rom eleqtrulli veli mimarTullia z RerZis dadebiTi mimar-
Tulebis gaswriv, da, gansazRvrulobisaTvis ganvixiloT G?(b,R). Tu

SevasrullebT  Termodinamikur zRvrull gadasvll as da  CavatarebT

integracias |IZ| cvBladis mixedviT, maSin (1.18) da (3.15) gamosaxu l ebebidan

miviRebT:
oy = 1 ’ RcosF
G (b,R) = 22— No(g) ¢¥li ¢yl sing cosg
RT ’ oOJI ¢ JR? cos?F +1
S RcosF
+(1+N,(9)) (i (Flasingcosq (R cos’F 3 1). (3.20)
o 0 VR cos? F - 1p

ag Cven SemoviReT e Begtronis uganzomi Bebo impu l si:
R = R . _ Gl
=————:i=(x,y,z)da N =ge’ - ;. g=baw,.

F - warmoadgens kuTxes k da E veqtorebs Soris, romel ic dakavSi-
rebulia q da | kuTxeebTan (g da j kuTxeebi gansazRvraven k veqtoris

mimarTu Bebas) Semdegi TanaFfardobiT:
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ﬁcosj =dn(q cosj ﬁK +9dnqg4dnj §y+cosqﬁz.
(3.20) gamosaxu Bebis gamosaTvilelad SemovisazRvroT  dabali
temperaturebis SemTxveviT, rodesac
g>>1 (3.21)
da (314) koreBlaciuri TFfungciebi gansazRvrulia eleqtronis impull sis
mcire mniSvne B obebiT:
R? <<1. (3.22)
am SemTxvevaSi, eBegqtroni moZraobs “mcire” siCgariT da mas ar Se-
uZllia gamoasxivos TFononebi, vinaidan ar egneba adgilli energiisa da
impu B sis Senaxvis kanonebs e Beqtronis gabnevisas fononebze (ix. (3.15) da
(3.20)). amgvarad, rodesac srulldeba (321) da (3.22) pirobebi, (320) gamo-

saxu Bebis meore wevri mis marjgvena nawi BSi xdeba nullis toli. Tu

gaviTva Bl iswinebT, rom R cogF <<1, maSin (3.20) gamosaxu Beba Sesazll ebe M ia

warmovadginoT Semdegi saxiT:
(B 2 =
G*(0.R° G (@) = 52N, (9); (R <. (3.23)

anrigad, “mcire”  siCgareebiT  moZravi eleqtronis impu B sis
relBagsaciis sixSire (dro) ar aris damokidebu i1 eBeqtronis impull sze da
ganpirobebulia mxoBod im procesebiT, romBis drosac xdeba fononebis
STanTgma mis mier. Tu gaviTvaliswinebT (3.23) Tanafardobas, maSin (3.14)-dan
Cven miviRebT:

rel

VOV, (@) = 9 D g (g)§

(g >>1t>> i) (3.24)
W,

0
(3.24) gamosaxu Bebis gamoTvHBisas Cven visargebBeT  Semdegi
TformulebiT:

| w

3
s> ap &

pe# =P 2 (3.25)
29 gz - giPe Jdg

anrigad, rogorc (324) gamosaxu Bebidan Cans, elBeqtronis “siCgare-

OZIPe #p2 =

siCgare” koreBaciuri Fungciebi egsponenciallurad miilBevian drois mixed-

viT dabali temperaturebis ganxiBull SemTxvevaSi. (3.24)-is Tanaxmad

reBagsaciis droisTvis gvegneba Semdegi gamosaxu B eba:t ™ (g) = g5 (g)EI'l.
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cxadia, rom Cvens mier miRebulli rezulltati napovnia StTn-is

gamoyenebis gareSe [120]. (3.24) gamosaxu 0 eba gansxvavdeba Sedegisagan, romell -

ic napovnia STm-Si [77] eqsponencialuri fagtoriT exp G’0 (g
é

C)C\

ganovTvaloT axBa eleqtrogantaroba da daball temperaturulli
Zvradoba elBegtronisTvis Frolixis polaronis modell Si susti elleqtron-
fononuri urTierTgmedebis dros: (a<l). Tu gaviTvaliswinebT (319) da
(3.23)—(3.25) gamosaxu B ebebs, (3.17) Formull idan kuTri e BeqtrogantarobisTvis
miviRebT [120]:

d o6 o G .
M il TR L ey (326)
(a <1,g >>1,wg <<1),

2
Res (W) = ne
0

sadac:s (W) =S (W) =5 (W) =S ,(W); W = Wﬂ:ca)(@» =w,'G" (9) :éaNo(g) xollo

daba B temperaturulli da daballsixSirull1 ZvradobisaTvis Sesabamisad

gvegneba:
~_ e 4 za@ 6 G
D'“W"mwoatm 072" G (0) 2 D TGO

(a <1,g >>1,wg <<1).
(3.26) da (3.27) gamosaxu B ebebi warmoadgenen osakas Sedegis ganzogado-
ebas [55-56] susti eleqtron-Fononuri urTierTgmedebis SemTxvevaSi; (3.26)
gamosaxu B eba fagtiurad warmoadgens drudes formullas
daba l temperaturulli da daballsixSirulli elegtrogamtarobisTvis, rome-
Bic Seicavs temperaturul Sesworebas, romelic ganpirobebullia
ellegqtronis FfononebTan arsebulli sawyisi koreBaciebiT (meore wevri (3.26)

formulaSi. Zvradobaze Sesworeba - Dmw) moicema (327) FormuliT).

pirvel 1 wevri (326) formulBaSi da m(w)-s gamosaxu Beba Seesabameba Sfm-s.
vinaidan wg<<1 (romeBic gamomdinareobs t>>t, pirobidan) da g.G(g9)<<1

(1x. (2.34) piroba), Cven SegviZBia gavSaloT ithaelgﬁg da sin® —60(9)9
av 82 1%} 82 %]

wevrebi mwkrivebad (326) da (3.27) gamosaxulebebSi. naTelia, rom
Sesworebebi, romBebic ganpirobebu I ia sawyisi kore BaciebiT, warmoadgenen
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mcire sidideebs (g >>1). (3.27) gamosaxu 0 ebebidan eleqtronis
daba l temperaturulli statikuri ZvradobisTvis (dc-mobility) +¥frolixis

po Baronis mode B Si gvegneba [120]:

mw, 2a

Dm—— 8ZGa(g)HQs '9)=
(9>>1a <1)-

- %agze'g ; (3.28)

napovni (3.28) gamosaxu Bebebi warmoadgens Tanamimdevrull da swor
rezull tats eleqtronis daball temperaturulli Zvradobisa, TFfrolixis
po Baronis model Si, mcire temperaturulli SesworebiT susti eleqtron-
fononuri urTierTgnedebis SemTxvevaSi [114-118,120].

ganvixi BoT axBa elegtronis gamtaroba da Zvradoba poBaronis
frolixis modelSi elleqtrulli velis maRalBl1 sixSireebis SemTxvevaSi,
rodesac adgi Bli aqgvs Semdeg Tanafardobas:

GY(b,R) <<w <<t (3.29)

izotropull SemTxvevaSi, (317) Formulis Tanaxmad gvegneba (ix.

agreTve (3.18)):

th(E baw)
w?Res $ (W)=n€’ Zh— R (b, RVARGE (b,R);
W

thE b aw) o )
w2ReDs Zs(w):2ne22h— FR (b, RVA(RGE (b,R (3.30)
W

sadac: r (b,R) moicema Semdegi gamosaxu BebiT:

bR? bR?

r(b,R=e?"/ cplRe . (331)
izotropu B obis gamo, eleqtronis impullsis relagsaciis sixSire
G*(b,R) warmoadgens skalBlarull sidides da is SesaZBebell ia warmovadginoT

Semdegi saxiT (ix. SedarebisTvis (3.15) formu la):

’ﬁ){(u N,(b))d §0" (K. R+

GrdbR—-— \VA
(b,R a|| = 0

+N,(b)d gD(')(k,R)l'}.
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gamovTvaBloT axBa (332)-is daxmarebiT elBegqtronebis kuTri eleg-
trogamtaroba da Zvradoba elleqtrulli velis maRalli W-sixSireebis Sem-

TxvevaSi. vipovoT Jer s, ,(W)-kuTri elBeqtrogamtarobis mniSvneBoba Tu

CavsvanT GY(b,R)-s (3.32) gamosaxuBebas (3.30)-is pirvel FormulaSi,
CavatarebT martiv gardagmnebs da gamoviyenebT (3.19) da (3.31) Formullebs,
maSin R-impuBsuri cvBadiT integraciisa da Termodinamikuri zRvruli

gadasv B is Semdeg, s,(W)-e BegtrogamtarobisTvis miviRebT Semdeg gamosaxu-

l ebas:
2
S o (W) =——s,(W);
0
i 3 ~ 2 1",
W2§O(w)— gigNoS\/_agWN (9)03"( Aegg ; (339
gz, 18 160
o it B 185Gy Res ,(W) ° s, (W),
<5 i

sadac: s,(W) warmoadgens uganzomi Bebo dinamiur (sixSireze damokidebull)
gantarobas, xo 1o uganzomi Bebo parametrebi: g, W da N,(g) moicema (3.20) da

(326) FormulebiT. SevniSnoT, rom sixSireze damokidebull elegtronis

©_mW) da mWw)° s, W).

0

ZvradobisaTvis (3.33)-is msgavsad gvegneba: m(Ww)=

elegqtronis dinamiuri gamtarobisTvis miRebuli (3.33) gamosaxu leba
Tfrolixis polaronis model Si SesaZBebellia CavweroT kompagturi formiT,

Tu CavatarebT integracias k-cvBadiT (3.33) gamosaxu B ebaSi. gvegneba:

WS, (W) = th? 3\/_ag3/2e2No(g)Kl e Z (3.34)

sadac: K, (z) warmoadgens pirveli gvaris makdonal dis fungcias.
(3.32) Formula saSuallebas iZBeva, rom ganoTvRili ignas elleqtronis
inpulsis relagsaciis sixSire, k-cvBadiT integraciis Semdeg. (3.32)

gamosaxu Beba: G (b,R)-sididisTvis miiRebs Semdeg saxes:

G*(9,R =wa = |(1+No(g)q(R 1)4 S1+= arcchR

l‘3|+N N(s) \/R2 +1- warcshR%

(3.35)
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cxadia, rom eleqgtronis impullsis mcire mniSvne B obebisaTvis, ro-
desac: R<<l R® 0. (335 Tormulidan avtomaturad miviRebT (3.23) ga-
mosaxu Bebas elBeqtronis impullsis (siCgaris) relagsaciis sixSirisaTvis.
e Begtrogamtarobis (3.34) gamosaxuBeba samarT Biania (3.29) pirobebis
dacviT. (329) uto B obebs uganzomiBebo sidideebis saxiT Cawerills, egneba

Semdegi saxe:
G®(9,R <<W << min E%;l% (3.36)
4]

sadac: GY(@,R =w,G%(@,Rda G9g,R) aris uganzoniBebo, elegtronis
impu Bsis relagsaciis sixSire. unda aRiniSnos, rom dinaniuri gamtarobis
(3.34) gamosaxu Beba samarT Biania kristallis, rogorc dabali, aseve maRall i
temperaturebis mniSvne B obebisaTvis. Ggamovikv B 10T axBa S (W)

elegtrogantarobis W sixSiresa da T-temperaturaze damokidebuleba am

sidideebis sxvadasxva mniSvne I obebis dros.

) dabali1 temperaturebis SemTxveva, rodesac (%’d(g,ﬁ) <<1<<1 (3.36)
g

uto Bobis Tanaxmad Cven gvagqvs: Q’e‘(g,ii)<<vV<<1<<1.vinaidan gV <<1 da
g

.. . 9
N,(@) P e°¢; ithae_lg,vgp]; Klaéggb \/Eez,(g»l); anitom eleqgtronis
o7 &2° g &°5 Vg

gamtarobisaTvis (ZvradobisTvis) gvegneba yofaqceva:

W2 Res (W) =W g (W) » gage‘ 9 (337)
g® ¥.

anrigad kristallis daballi temperaturebis areSi elegqtronis

Zvradoba ukuproporciullia sixSiris kvadratisa SedarebiT maRali six-

Sireebis SemTxvevaSi da egsponencialurad mcirdeba temperaturis

SemcirebasTan erTad. ganvixiBoT axBa Kkristalis SedarebiT maRali

temperaturebis SemTxveva.

II) maRall temperaturaTa are, rodesac Gfe'(g,fe) <<1<<1 kristalis tenm-
g

peraturaTa am areSi gamoiyofa Ww-sixSireTa ori are, ganvixilloT

TiToeulli maTgani call -callke.



1). SedarebiT daball sixSirulli are, rodesac:

G9(g,R <<W <<1<<1;g® 0. aseT SemTxvevaSi Cven gvegqneba Semdegi Tanafar-
g

dobebi (uto B obebi). gwv<<l ithéaé ID L lgelgolr: —,(g<<1) amitonm
g

e Beqtronis ZvradobisTvis gvegneba Semdegnairi yofaqceva T-temperaturisa

da W sixSiris mixedviT:

ag™; (g® 0). (338)

8
W, (W) »
b
2). SedarebiT maRalsixSirulli are, rodesac: E@'e'(g,ﬁ) <<1<<w <<1

naTelia, rom SedarebiT maRalsixSirull areSi eleqtronis ZvradobisTvis
gvegneba 1iseTive yoTFfaqceva, rogoric SedarebiT dabalsixSirull areSi,
rome Bic moicema (3.38) gamosaxu BebiT. (3.30)- gamosaxu Bebis daxmarebiT
martivad gamoiTvBeba temperaturulli Sesworeba elBegtronis Zvradobaze
maRa B sixSirull areSi da kristallis daballi temperaturebis SemTxvevaSti:

D(wW) _ . o 1 2g.
) =249n? gzq (g)H T »—a‘g-e’;

(é‘gd (g) <<W << é <<la <] (3.39)

rogorc (3.39) formull idan Cans temperaturulli Sesworeba eBegqtronis
Zvradobaze warmoadgens Zalian mcire sidides.

KgT

ganvixi 1 oT @"§ probBema” Frolixis polaronis (ellegtronis)

WO
daba I temperaturull1 Zvradobis TeoriaSi [114-116,120,123-124]. FFxip-1s mier
miRebu B i1 Sedegi elBegqtronis impendansisTvis (kompBegsuri e leqtro-
winaRobisaTvis da gamtarobisTvis) SesaZ B ebe B ia warmodgeni Bi ignas
Semdegi saxiT [ 47, 88-90, 101-103 |

§(~)=%+i% 13ojt(1 &™) Im{ S(O]:
Z(W) = (1)»-|w+| oW cplt(l- e"™) Im[ S(t)] (3.40)

sadac: S(t)-“maxsovrobis” funqcias agvs Semdegi saxe:

123



2
S(t)=D 2(t)[(1+ No(g))e" +N (g)e"] da D(t)—t—- (341)
g
FFxip-is TeoriaSi (niax B oebaSi) eleqtronis dreifulli Zvradoba
Mmoicema (ganisazRvreba) Semdegi TanafardobiT:
1
fﬁ:xm

sadac: (3.40)-Formu B is Tanaxmad, e Beqtronis impendansis reaBluri nawi B 1i

=lim ;W2 Res (W) =lim ;, ,Re Z (W); (3.42)

ganisazRvreba Semdegi to B obiT:

w

()= 2 T mfs] = S fag M@K GO (00 G4

(3.43)-gamosaxu B ebidan martivad miiReba e Beqtronis daball temperaturulli

statikuri (w=0) dreifulli Zvradobis mniSvne B oba ( ix. Sedarebi-

saTvis (3.37)-Formulla) Fxip-is miax B oebaSi:
31 4
Meyp —zze (g>>1g® ¥) (3.44)
Bba B ansis ganto Bebis meTodze dayrdnobiT tornberg-feinmanis mier
miRebull1 el eqtronis statikuri dreifull1 Zvradobis mniSvne I oba moicema

Semdegi gamosaxu BebiT: [ 53, 84-85, 101-103 |;

1 _2a %, 4 S 1
o oy OUNISO]= S agte NO)KG) (345)

rome Bic emTxveva Fxip-is mier miRebul dreifulli Zvradobis (3.43)-mniSvne-
B obas. Aamitom cxadia, rom TFfrolixis poBaronis (eleqtronis)
daba l temperaturulli ZvradobisTvis gvagqvs 1igive saxis gamosaxu leba,

rogoric fxip-is TeoriaSt:

~ 31
=——e%(g>1lg® ¥ 3.46
M 292 (9>>19 ) (3.46)

[ 15 ] - naSromSi gamokvBeul1 da naCvenebi 1yo, rom tornberg-Feinmanis
midgomaSi elegqtronis dreifulli Zvradobis gamoTvHBisas gamoiyeneboda
magsve Bis wanacvBebull1 ganawi Bebis TFungcia eleqtronisaTvis; xollo
Txip-is TeoriaSi elegtronis Zvradobis gamosaTvBelad gamoiyeneba
e Beqtrogamtarobis (eBegtrowinaRobis) mniSvne Boba SeSFoTebis Teoriis
meore miax B oebaSi. (a -bmis mudmivas rigis mixedviT).

rogorc aRniSnulli iyo HRiteraturis mimoxi BvaSi, frolixis pola-

ronis daball temperaturulli Zvradobis gamosaTvBlelad mravali ganokv leva
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igna Catarebulli bo B cmanis kinetikur ganto Bebaze dayrdnobiT [ 55 91, 93,
98 ] aRniSnuli gamokvBevebis Sedegad miRebulli daballtemperaturulli

Zvradobis mniSvne B oba moicema Semdegi gamosaxu BebiT:

ﬁg:%eg; W=0,g>>1g® ¥) (3.47)

(347)- Formulis miRebis dros, boBcmanis gawrfivebulli (gareSe eleg-
trulli velis mixedviT) kinetikuri ganto Bebis amoxsnisas gamoiyeneboda
relagsaciis drois miaxBoeba da Tanac dapgaxebiT integrallebSi ga-
dasvlis sixSireebis da TviT integrallebis gamoTvlisas gaTvalis-
winebuli 1yo mxo Bod “danak Bisis” wevrebi. Aam miax B oebebis FargBebSi -
e Beqtronis ganawi Bebis Fungciis relagsaciis sixSirisaTvis (droisTvis)

miiReboda Semdegi saxis gamosaxu B eba:
G(b, p) = tre'(—tp) _ % 8 M+ Noo)d[D K. )+ N, (o) D k. 2D} (349)

(SedarebisTvis ix. (3.31) Formulla).

saidanac, mcire siCgareebiT moZravi elBegqtronisaTvis R<<1 daballi

temperaturebis SemTxvevaSi (g>>1),Tu CavatarebT martiv gamoTvHlebs

dgindeba, rom re Bagsaciis sixSire G° (g,|3)- warmoidgineba Semdegi FormiT:

G*Q.R)=G,y(0) = 22Ny (0);  (g>>LR <<1). (349)
(1x.SedarebisTvis (3.26)-Formula). (3.49)-ganosaxu Bebidan ukve martivad
miiReba elegtronis daball temperaturulli Zvradobis (3.47)- mniSvne l oba.
rogorc (3.44), (3.46) da (347) — FformulBebidan Cans, Fxip-isa da tornberg-

Teinmanis Sedegi % mamrav B IT gansxvavdeba daball temperaturulli Zvra-

dobis (347)- mniSvne Bobisagan, romeBic miiReba bo B cmanis Kinetikuri

g:—BT problema”). rogorc araerTgzis 1yo
W,

0

ganto Bebis amoxsniT (ew.

aRniSnulli samecniero NiteraturaSi [ 31,101-103], xip-is mier Z(W) - in-
pedansis da Zvradobis gamoTvHlisas, rodesac W ® 0- gamoiyeneba ara-
koreqgtulli maTematikuri procedura Aavtoris mier naSromSi miRebulli
e Beqtrogamtarobis (3.34)- Formulla, rome lic Fagtiurad warmoadgens Fxip-

is miax D oebas adebs pirobas Fxip-is Teoriis gamoyenebis (samarT N ianobis)
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sazRvrebs: Gfe'(g,ii)«vv« m'n(l;l). Aamis gamo e lBegtrogamtarobis (3.34)-
g

gamosaxu Beba, anu rac igivea Fxip-is Teoria (miax B oeba) samarT B iania w-
maRali sixSireebis SemTxvevaSi da W® 0-zRvrulli gadasvBa (342) -
formulaSi ar aris koreqtulli. Ggarda amisa, s (w)- eleqtrogamtarobis
gaSBisas mwkrivad da Z(W)- impendansis mniSvneBobis gamoTvHlisas, ar
gaiTval iswineba maRali rigis wevrebi a -bmis mudmivas rigis mixedviT.

(unda  aRiIniSnos, rom  Fxip-is miaxBoeba samarTHRiania agreTve

maRa Il temperaturull areSi, rodesac: (Gfd(gf{) <<l<<w <<1). rac Seexeba
g

tornberg-feinmanis midgomas, am TeoriaSi bo B cmanis kinetikuri
ganto Bebis stacionarul SemTxvevaSi  amoxsnisas da elegqtronis
daba Il temperaturulli Zvradobis gamoTvlisas gamoiyeneba magsve Bis saxis
wanacv Bebu R i ganawi Bebis fungcia e BeqtronisaTvis, romellic
araadekvaturad asaxavs eleqtronis yofagcevas kristallis dabali
temperaturebisa da ZHBieri eleqtrulli vellebis SemTxvevaSi ( ix

Biteraturis mimoxi Bva) da amitomac ar aris mou B odneli, rom miRebuli

Sedegi 23 Tanamamrav B 1T gansxvavdeba e Beqtronis “bo B cmaniseu b1’ (3.47)-
g

daba I temperaturulli Zvradobisagan.

sadisertacio naSromSi, avtoris mier miRebulli1 Sedegi Ffrolixis

poBaronis (elegtronis) daball temperaturulli ZvradobisaTvis (ix.(3.28) -
formu Ba) warmoadgens % prob Bemis” nawi B obriv gadawyvetas [116,120]. is
3-jer aRemateba “bo B cmaniseull” (3.47)- daball temperaturull Zvradobas da

iDA- mamrav B iT gansxvavdeba Fxip-isa da tornberg-Ffeinmanis Sedegisagan.
Mmamrav B i 3-ianis warmoSoba ganpirobebulia im FfaqtiT, rom: (%(g)IQ)B(g)=%;
da TviT GJ(g)- eleqgtronis siCgaris (impullsis) reBlagsaciis sixSiris
gamoTvlisas, koreBaciuri TFunqciebisaTvis kinetikuri ganto Bebebis

dajaxebiTi integralebi da G®(b,p) sixSire Seicaven Tanamamrav s
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V, (P+7K) - V, (D)
v, (P)

tronis siCgaris cvBlillebas misi gabnevisas Tononebze, maSin rodesac

(1x. (3.9), (312), (3.15)), romebic aRwers eleg-

eBegtronis ganawi Bebis Funqciis relagsaciis sixSire. G%(b,p) (ix. (348))-
aseTi saxis TanamamravBs ar Seicavs. swored es Fagqtori ganapirobebs am
damatebiTi mamrav B is warmogmnas [120]. rac Seexeba F¥xip-isa da tornberg-

Teinmanis Sedegebis Tanxvedras ﬁLX,P:mrF:iieg; (9>>1) da 1
29 2a 2

mamravls, maTi warmoSobis buneba dRevandel dRemde bo Bomde garkveulli

ar aris.

33. eleqtronis Zvradoba akustikuri polaronis
mode B Si susti eleqtron —fFononuri urTierTgmedebis SemTxvevaSi

ganvixi BoT elegtroni, romelic moZraobs kovallentur (araionur)

kristal Si an naxevargamtarSi, romBis moZraoba aRiwereba (1.13)-(1.14) hami-

B tonianiT. davuSvaT, rom eleqtroni sustad urTierTgmedebs akustikur
D’m?

8pri’V,

fononebTan;, a = <1l. Aam SemTxvevaSi adgilli agvs eleqtronis

urTierTgmedebas dispersiis mgone akustikur FononebTan: W(IZ):VS X, k°

K|
eleqtronis energiisaTvis gamtarobis zonidan gvagqvs  dispersiis
standartulli paraboBuri kanoni da elegtronis siCgaris - komponenti

moicema (3.19) TformuliT. eleqtronis Zvradobis gamosaTvlellad

akustikuri polBaronis modelSi visargebBoT (317)-(318) FormullebiT,
xollo “(b,p)- relagsaciis sixSiris gamosaTvBellad ki - (3.15)

gamosaxu BebiT. Tu gamoviyenebT (114) da (315 - Formulebs, mivmarTavT
eleqtrull vels Z- RerZis dadebiTi mimarTuBebis gaswriv, SevasrullebT

Termodinamikur zRvrull gadasvBas da CavatarebT integrebas K-cvBadiT,
maSin rGf:(g,ﬁR)- re Bagsaciis sixSirisaTvis miviRebT gamosaxu Hl ebas:

mv? 162
hoR

2 et
m;l/S }% CFW, cosq (1+RcosF)®

1

*4W. cosq (1- RcosF )3 — — -
OV, cosa( ) expl4g(L- ReosF)|- 1

GYO.R=-

1 .
exp|4g (1+RcosF |- 1

(a <1)

(3.50)
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mv.?

sadac: g=
2K,T -

warmoadgens mode B is maxasiaTebel uganzomi Bebo Fi-

~

zikur parametrs, R- uganzomi Bebo impu B sia: ﬁzﬁlmvs

dW. =dnqdqdj ; RcosF =dnqcosj R +49nqsdgnj ﬁj +cosq~R,
sadac q da ) - sFerulli1 kuTxeebia, xoBo F - warmoadgens kuTxes
Kda R veqtorebs Soris. gamovTvaBloT (350) — Formulis daxmarebiT

eleqtronis impullsis relagsaciis sixSire kristalis daballi tempe-

raturebis SemTxvevaSi, rodesac g¢g>>1. amisaTvis ganvixi BoT “mcire” siC

gariT moZravi elegtroni: ﬁ<<1(R<<mVs). aseT SemTxvevaSi elegtrons ar
Seswevs unari gamoasxivos Tononebi, vinaidan adgi Bi ar egneba energiisa
da impullsis Senaxvis kanonebs misi gabnevisas TFononebze (ix. (3.15)-
formulla) Aamis gamo, (350)- gamosaxu Beba martivdeba da SesaZlBebelia

Caweri 01 ignas Semdegi saxiT:
2
Ge (@) =t " (9) =%64a e - 1] (351)

(Re<lL g>>1 a<l)

Aamrigad, mcire siCgariT moZravi elegtronisTvis, rodesac eleqgtronis
siCgare gacillebiT nakBebia kristalSi bgeris gavrcellebis siCgareze
((Rfm<<V,), elegtronis siCgaris (impulsis) relagsaciis sixSire (dro)
ganpirobebullia mxoBlod eleqtronis mier Ffononebis STanTgmnis procesiT
da ar aris damokidebuli elBegtronis R-impullsze. cxadia, rom aseT
SemTxvevas adgili aqvs kristalis Zalian daballi temperaturebis dros
(g>>1). miRebuli (351) - TFormulis daxmarebiT elegtronis “siCgare-
siCgareze“- koreBaciuri Tungciebi warmoidgineba Semdegi FormiT. ( ix
SedarebisaTvis (3.14) da (3.24) — Formu Bebi ).

<V, (OV,( 1) >:\;—S;e<p[- G @ Itleogi0:62 @) (352)

(@ <Lg>>Lt3t)e

(352)-koreBaciuri Tungciebis asimptoturi gamosaxu lebebis gamoyva-nisas
Cven visargeb BeT (3.25) — TanafardobebiT.

Aamgvarad, rogorc (352) —Formu Bebidan Cans, “siCgare — siCgareze”

koreBaciuri Funqciebi egsponencialurad miilevian drois nmixedviT
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daballi temperaturebis dros (g>>1),G¢(g)- mi Bevis dekrementiT. naTe-Nia,

rom miRebu @i Sedegi napovnia STm-is gamoyenebis gareSe, da gan-sxvavdeba.

Sedegisagan, romeBic miiReba S¥m-Si egsponenciaBluri Tana-mamravBiT:
é ing
epgt \f’ GAi(g)u[lzl 122]

vipovoT axBa eleqtrogantaroba da daballtemperaturulli Zvradoba
eleqtronisTvis erTzonian miax BoebaSi da izotropull SemTxvevaSi akus-
tikuri polBaronis modelSi susti elleqtron- fononuri bmis dros. Tu
visargeb BebT (3.17), (319) da (325 — FormulebiT, maSin kuTri ele-qtro-

gatarobisaTvis miviRebT gamosaxu Bebas [121-122]:

_né_ Gi@
Res Ac(W) _FV\/Z +Gircd (g) é_nvz q (g)U (353)

2

mv.
S )
g

(a <Lg>>1Lw<<

sadac: nwarmoadgens e Beqtronebis koncentracias; xo 1o dabal te-

mperaturull 1 statikuri (w=0) ZvradobisaTvis Sesabamisad gvegneba:

ReS Ac (W)

mAc:”mw®0—:rnJAc_ DT]AC
ne
e 1 o
%“nW%@
__he 1 a9y ). .
D, =y — e sn?[3a g ), (a <Lg>>1) (354)

rogorc (354) — formu Bebidan Cans, temperaturulli Sesworeba e Be-gtronis
daba i temperaturull, dreifull, statikur (dc)-Zvradobaze, vromelic
ganpiribebulia sawyisi koreBaciebis gaTvaBiswinebiT am modellSi

warmoadgens Zall ian mcire sidides:

fe 5 204850 29 %" ¥ (3.55)
mA

C

he 4g.
DmAC » mz—vsz32agze 49,

(a <Lg>>1)
miRebu B 1 (354- 355)-FormuBebi warmoadgenen Tanmimdevrull da koreqtul
Sedegs elegtronis daball temperaturulli Zvradobisa akustikuri po-
Baronis mode B Si susti elleqtron — fononuri bmis SemTxvevaSi [121-122].
gamovTvaloT axBa eleqtrogamtaroba da dreifulll Zvradoba

akustikuri poBRaronis modelBSi elleqgtrulli velis maRali1 sixSireebis
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SemTxvevaSi, rodesac srulldeba (329)-Tanafardoba romeBic akusti-kuri

po Baronis mode B Si miiRebs Semdeg saxes:

G (g,R <<w<< %; sadac:. W= (3.56)

S

(W da é;i(g,ﬁ)- uganzomi Bebo sixSireebia) Tu gaviTval iswinebT (317) -

formullas, izotropull SemTxvevaSi gvegneba TanaFardoba: (ix. agreTve (3.18)
da (3.30) — Formu R ebi ).

2

EK
ag3’201K(K +1)* W—ﬂ)l (357)

128

Ap

W* Res ,c (W) = th(_gW)
oV

S W)= S ().
Dda relagsaciis (uganzomi Bebo) sixSire éfc(gﬁ) an mode B Si warmoi-
dgineba Semdegi saxiT:
(Kxﬁ

G(g, R):—OdKXK {[1+N(4g<)]d(K + KR+ K) + N(4g))d (K2 + R xR- K)}

N(gK) = [e** - 1™ (@ <1), (358)
(357) da (358) — gamosaxu Bebebis miRebisas gaTvaBliswinebulli iyo Ffono-
nebis  dispersiis kanoni, Sesrullebulli 1yo Termodinamikuri zRvrulli
gadasvilebi (317) da (315) — FormulebSi da Catarebulli iyo integracia
R- impu Bsuri cvBadiT (3.17)-Si (331)-gamosaxu Bebis gamoyenebiT. naTe-NHia,
rom e Beqtronis impu Bsis mcire mniSvne B obebisaTvis: R<<l; R® 0 (358) —

Fformu B idan martivad miviRebT (3.51)-gamosaxu Bebas ele-gtronis impulsis
reBlagsaciis sixSirisaTvis.

dinamiuri gamtarobis (357) FormuBa principSi samarT Biania Kkri-
stalis nebismieri temperaturis dros am modeBSi im pirobiT, ronm

dacullia (356) utoloba ganvixi BoT axBa eleqrogamtarobis (Zvra-dobis)

wsixSiresa da T-temperaturaze damokidebu Beba am parametre-bis sxvadasxva

mniSvne B obebis dros.

1) daball temperaturaTa are, rodesac é{\i(g,fo) <<%<<1. aseT SemTxvevaSi,

(356) uto B obis gaTvaliswinebiT gvegneba: GZ(g,P) <<W <<t << 1. vinaidan
¢ 2
g
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g>>1;£~th(%gvT/)b 1. amitom (357) Formulidan gamomdinare (Tu CavatarebT
v

martiv gardagmnebsa da gamoTvHBebs) dinamiuri gamtarobisTvis gvegneba

Semdegnairi (asimptoturi) yofaqceva:

W2 ReS oac(W) »

1283 ge’; (g>>1g® ¥)a<l (359)

anrigad, am areSi elegqtrogamntaroba ukuproporciullia sixSiris kva-
dratisa (maRal1 sixSireebis SemTxvevaSi) da mii Beva egsponencia-Burad T

temperaturis SemcirebasTan erTad.

I1) maRall temperaturaTa are, rodesac é,;‘?:(g,'f)) <<1<<%; kristallis tenm-
peraturaTa am areSi gamoiyofa w-sixSireTa ori diapazoni: 1)
G2(g,p) <<W<<1<<%; da 2) Gi@,p) <<1<<vV<<i; naTeBia, rom maRali

temperaturebis SemTxvevaSi w-sixSireTa am orive diapazonSi dinamiuri

gamtarobisTvis gveqgneba erTnairi yoTaqceva. radgan
g <<1,gw <<1,£~th(%gﬁ)b 1; amitom (357) FormulBidan gamomdinare martivi
av

gamoTvlebiT davadgenT, rom maRal i temperaturebis SemTvevaSi

gamtarobisaTvis gvegneba Semdegi saxis yofagceva:
W’ Res’ ,.(W) b %a; (g<<1, g® 0);a<1. (3.60)

cxadia, rom elegqtronis sixSireze damokidebulli ZvradobisTvis -
Mac(W)SFm-Si, rogorc daballi aseve maRalli temperaturebis SemTxvevaSi
gvagvs iseTive saxis yoTFaqcevis suraTi, rogorc dinamiuri gamtarobisTvis
vinaidanRes ,.(w) ° m,.(w). amgvarad, (3.60)-is Tanaxmad maRall temperaturaTa
areSi dinamiuri gamtaroba (eBegtronis Zvradoba) ar aris damokidebuli
kristallis temperaturaze.

rogorc (353) da (355) Formulebidan Cans temperaturulli Seswo-reba
elegtronis Zvradobaze, romel ic ganpirobebullia elBeqtronis fononebTan
arsebu i1 sawyisi koreBaciebis gaTvaliswinebiT, maRaBsixSirull areSic
da kristalis daballi temperaturebis SemTxvevaSi moicema (3.55)

TanaFardobebis aRmweri meore Formullis saSuall ebiT.
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rogorc ukve aRniSnulli i1yo naSromis | TavSi, eleqtronis daba-l-
temperaturulli Zvradobis gamosaTvlelad akustikuri po Baronis model Si

susti eleqtron-Fononuri bmis SemTxvevaSi (a <1), gamoiyeneba kinetikuri

(bo B cmanis) ganto Bebis meTodi [99,108]. gareSe elBeqtrulli velis mixedviT
gawrFivebulli bo B cmanis gantolebis amoxsnisas relagsaciis drois
miax B oebaSi, dagaxebiT integrallebSi gadasvBlis sixSireebisa da TviT am
integrallebis gamoTvHlisas, gaiTvall iswineba mxoBod “danak B isis” wevrebi.
aseTi saxis miaxBoebis Sesrulleba (araferi rom ar vTqvaT S¥m-ze)
warmoadgens sakmaod uxeSs da zogadad arasrullyofillad asaxavs
eleqtronulli gadatanis mov B enebs e Beqtron-fononur sistemaSi.
warmodgeni I mode B Si, zemoT Tgmu Bi miax B oebebis FarglebSi, eleqtronis

ganawi Bebis Fungciis relagsaciis sixSires aqvs Semdegi saxe:

Gec(b,p)= aIVI[ ? ‘jf: VKL +N (b))

2}

déﬂ _+Vk C%Ac(g B) =" Vs GBAC(g p); (3.61)

G-, p) :?(‘):iKK[(1+N(4g K)d(K2+Kp+K)+N(4g K)d (K2 +Kp- K)

sadac: uganzomi Bebo talBRuri veqtori K (iseve rogorc (357) da(3.58)
h “

2mvs

martivad dgindeba, rom daballi temperaturebis SemTxvevaSi (g>>1) da

Formu BebSi) ganisazRvreba TanaFardobiT: K =

‘mcire~ siCgariT moZravi eleqtronisTvis (|32<<1), (3.61) TFormulebi

gvaZlleven eleqtronis allbaTobis ganawiBebis Funqciis relagsaciis

sixSirisaTvis Semdeg mniSvne I obas:

4 d0.7)=G5.40 =m—V§321 - 1" (362)

(I5 <<1,g>>la <1)
(3.62)-1s daxmarebiT ki martivad vpou B obT elegqtronis daball temperaturul
Zvradobas (S¥m-Si) akustikuri poBaronis mode I Si:

he 1

e Leuig>>1a <) @69)

Mheac =
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anrigad, sadisertacio naSromSi avtoris mier miRebuli Sedegi
akustikuri polaronis modellSi eleqtronis daball temperaturulli
(statikuri) dreifulli ZvradobisTvis (ix. (354) formulBa) STm-Si 1/2-jer
nak Bebia eleqtronis “bolBcmaniseull~ daball temperaturull dreiful
Zvradobaze (ix. 3.63)). mamravBi 1/2-is warmoSoba ganpirobebullia im
garenoebiT, rom G2(g)/G%..(g)=2 da TviT elegtronis siCgaris (impu-Bsis)

reBagsaciis sixSiris (3.58)-gamosaxu Bebis integrallgveSa wevrebi Seicaven

(KXS)/E’Z_Tanamamravls, maSin rodesac (361) reblagsaciis sixSiris

gamosaxu Bebis integrallgveSa wevrebi aseT Tanamamravls ar Seicaven, xollo
TviT am  TanamamravBis  warmoSoba  ganpirobebullia koreBaciuri
FfunqciebisTvis kinetikuri ganto B ebebis dagaxebiT integrall ebSi
elegtronis siCgaris cvBlilebis wevris arsebobiT misi gabnevisas
fononebze (ix. (3.9), (312, (3.15) da 3.2 paragrafi)). swored am garemoebis gamo
miiReba eleqtronis daball temperaturulli Zvrado-bisTvis 2-jer nakHBebi
mniSvne Boba am mode B Si, romelBic warmoadgens Tanamimdevrull da swor
Sedegs gansxvavebiT  kinetikuri gantoBebis gamoyenebiT  miRebuli
Sedegisagan ("bo B cmaniseu I i~ midgomisagan) [121-122].

rac Seexeba elBegtronis daball temperaturull (statikur) Zvradobebs
an modelBSi romBebic miiRebian Fxip-is Teoriisa (miaxBoebisa) da
baBansis gantoBebis meTodis (tornberg-feinmanis Teoriis) gamoyenebiT,
avtoris nmier Catarebuli gamokvBevebis safuZvellze napovnia am
daba l temperaturulli Zvradobebis mniSvne B obebi da dadgeni Bia, rom isini

emTxvevian erTmaneTs:

TP = mE -3,1 e"; (g>>la <)) (3.64)

4g 64a

] . . ) . 3
iseve rogorc polaronis Tfrolixis modelSi, am modeBSic —-

mamrav B is warmoSobis Rrma mizezi (buneba) jer-gjerobiT dadgenilli ar
aris.

anrigad sadisertacio naSromis am Tavis (3.1_33) paragrafebSi avtoris
mier ganxi Bull modelebze dayrdnobiT miRebuli1 Sedegebi (gamoyvanili
Tformulebi: rogorc zogadi, aseve miaxBoebiTi) SesaZzBlebBobas iZBeva
gadaugvarebe B, FarTozonian, erTgvarovan (poBarulli) naxevargamtarebSi,

ionur da kovallentur kristallebSi eleqtronulli gadatanis meganikuri koe-
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Ticientebis (dreifulli Zvradoba, dinamiuri gamtaroba) gamoTvBisa erTi
zonis miax BoebaSi kvazinawi Bakebis (e Beqtronebis) dispersiis rogorc
zogadi, aseve paraboBuri kanonis dros, TFononebis dispersiis
izotropulli kanonisa da susti eleqtron-fononuri urTierTgnedebis

SemTxvevaSi.

34 polaronis daball temperaturulli Zvradoba
Tfeinmanis ganzogadoebul mode I Si
polBaronulli gadatanis meganikuri koeficientebis (dreifulli Zvra-
doba, elegtrogamtaroba) gamosaTvBelad poBarull naxevargamtarebsa an
ionur kristallebSi SemovifargBoT poBRaronis Fgm-iT, romelic aRweri i
iyo naSromis | Tavis 133 paragrafSi da romBis modeBuri hami I toniani
H%r moicema (152)-toBobiT. poBaronis dreifulli Zvradobis sapovne lad
visargebBoT kubos wrTfivi ganoZaxillis TeoriiT da gamoTvHlebis
gasamartivebBlad SemovifargBoT 133 paragrafSi warmodgenil erTeull Ta
sistemiT: (h=m=w,=1). CavTvalBloT, rom deni romeBic Figurirebs (32)-
formulBaSi, ganpirobebullia elleqtronisa, da TFigtiuri nawi Bakis
(po Baronis) masaTa centris gadaadgi BebiT, vinaidan isini dakavSirebull'i
arian erTmaneTTan. amgvarad, ganixileba sistema, romelBic aRiwereba
hami B tonianiT [57-58,125]:
HGF = HC&;F + Ha"l + Hint (365)

sadac:H, -Fononuri velis hami I toniania, xolo H, urTierTgmedebis

int
hami B toniani ganisazRvreba (12), (118) da (120)-toBobebiT. elegtron-
fononuri urTierTgmedeba ganixi Beba rogorc mcire SeSFToTeba naTelia,
romn elegtronis r-koordinati dakavSirebullia axal kanoni-kur

cvladebTan TanafardobiT (1x. 1.33. paragrafi):

. M
Fr=R+mx; m=—=>—

, m©° 3.66
v m (366)

SemovifargB oT erTi zonis miaxBoebiT da izotropulli SemTxveviT
da ganvixi BOoT, magaliTad poBaronis “impullsi-impull sze~-koreBaciuri

Ffunqciis zkomponenti.
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i N
Hget~ -—HgtU

Re u=

z

D D _ -1 é-bHGFA %
(R.R.(V),, =2 (b)SR::, ee ™~ Ree
e

u

SR [R,6 (1,0)] 16 (1,b) = 23 (b)SR, [ R, )e " ~ | (367)

Zsr (0) = SRyey (€7") P,°
sadac: Cven SemoviReT damxmare (reBevanturi) operatori GY (t,b).

msgavsi gamosaxu Beba gvegneba agreTve koreBaciuri TFunqciisTvis:

<?§ (t)ﬁ(t)>GF. rogorc (367)-toBobebidan Cans kvali koreBaciuri Funqciis
gamoTv I isas aiReba|ﬁ>|n >-. orTonornirebul  sakuTar fungciebze
Sredingeris (154) da (1.55)-ganto 0 ebebisa;

In)o u,®):. SR-[RGF ()= & FRRG (Rn,t,b)

da G (Rnt,b) =(R< G (t,b)|n)R) (369)
martivad SesaZlebell ia naCvenebi ignas, rom koreBaciuri fungcia <RZ (t) ﬁ(t)>

da GSF(t,b)-operatori akmayofi Beben Semdegi saxis kinetikur ganto lebas

(ix. SedarebisaTvis (3.4)-ganto leba):
TRero)=sr R Voot p)l=Lsr 1R H UGSt p)U-
g (RRO) = SRR -G (1 b)y =2 SR LR, HE- G2 (b)Y

t

- o5t & [ le No(b) + & 1+ No(b)se B, 6% | e O6e (tb}+

=~ Qo

t-ib - R o

+ 00zd |\/R|2[eiZNo(b ) +e ' (1+ No(b)]>€PGSF {e‘ kr(2) [Pz,e”‘r ]>G§F (t,b)}; (3.69)
0 k

sadac: 1 - ganisazRvreba (366) — toBobiT da r(t)= gt g HE warmoa-dgens

poBaronis Tavisufali moZraobis “traeqtorias” +¥Tgm-Si. anallogiurad

Caiwereba kinetikuri gantoleba <P,(t)P, >, =<P,P,(-t)>, korelaciuri

TfunqciisaTvis. Tu gaviTvaliswinebT (366) - tolobas, CavatarebT

integrebas t da z- cvBladebiT, maSin martivi gardagmnebisa da gamoTv Bebis

Semdeg miviRebT Kkinetikur (noZraobis) ganto Bebas GIF(t,b)- operatoris

diagonalluri matriculli elementebisaTvis- GZGF(Ig,n,t,b):

T ~cr /G .- 2K, ,
—G P,n,t,b =1 e
ﬂt z ( ) k§n2|\/k| PZ
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] 1- expgtD (k, F:’,nlnz)‘iJ 1- expétU(lZ, Ig’,nlnz)g.:'.J

"I No(b) — U (@ No(b)) ——8— y
% D (k,P,n,n,) D (k,P,n,n,) b
<n|€" |n, ><n, | |n,>GF (P, nt,b)- i & [V, Fz”
E,rh,nz z
i o é ; ‘U D uu
o o 1- expx-i(t- ib)D" (k,P,n;,n) =
1 1- exp|-i(t- ib)D (k,P,n;,n 1 I
[ (o) 2 2R D EO P g 4y (o)) ——8—— Qe
i D (k,P,n,,n) D" (k,P,n,,n) I|O
|
“<n|e™ |n ><n, |€™ |n, >G§F(I§,n2,n,t,b) (3.70).
g K> kP .
aq D(k,P,nl,nz):m+Vil+eq-e,b-S|d|de warmoadgens +Ffononebze gabne-

visas po Baronis energiis cvlilebas misi erTi aRgznebull'i energe-tikulli
mdgomareobidan meore aRgznebul  mdgomareobaSi gadasvBlis dros;

M ° Mg +1-ki poBRaronis masaa. Tu (3.70) — ganto BebaSi Sevasru-BebT Casmas

t® -t martivad vpou B obT ganto Bebas GSF(E,n,-t,b) sididisaTvis. cxadia,

rom (3.70)- Kkinetikuri gantolleba ar warmoadgens bolcmanis tipis

ganto Bebas, vinaidan am gantoBebis dajaxebiTi inte-grallebi Seicaven
aradiagonalur matricul e B ementebs GSF (t,b) operatorisa:
GfF(Ié,nz,n,t,b):< I3|< n, |G§F(t,b)|n>||5>.naTeI ia, rom agjamva (3.70) -
ganto Bebis mar jvena mxareSi xorcieldeba Sredingeris (154)-ganto Bebis

yvela |n>° un(f)- orTonormirebulli ZiriTadi da aRgznebulli (zogadad
gadagvarebu i) mdgomareobebis mixedviT. (Cven VvTvRIT, rom ZiriTadi

mdgomareobis |0>- energetiku li done e,- ar aris gadagvarebu 1)

bo B cmanis tipis kinetikuri gantolebis misaRebad GSF (F:>, n,t,b)
sididisaTvis warmovadginoT G5~ (5, n,,nt,b)- aradiagonaluri matriculi
e Bementebi Semdegi FormiT:

G (P,n,n.t,b) =G (P,nt, b)d, , +explit(e, - €)]G (Pn,.nt.b)fi- d,,]: (371

sadac d,, - warmoadgens kronekeris sinbo B os da SemoRebu i sidide

éfF(IS,nz,n,t,b) - SedarebiT mdored icvleba t-didi droebis asimptotur
areSi (t3t,). ganvixiBloT did droTa mniSvne B obebi, rodesac
t>>e, - e, [ (n,n =012,..) (372)
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Tu CavsvamT (3.71)-toBobas (370)—kinetikuri ganto Bebis mar jvena mxareSi

da gaviTvaliswinebT (3.72)-uto B obas, maSin miviRebT bolcmanis saxis

kinetikur ganto Bebas GZGF(IS,n,t,b)- sididisaTvis. (Cven ugu Bvebe ByaviT
dagaxebiTi integrallebi aradiagonaluri matriculli el ementebiT, vinaidan

isini  warmoadgenen swrafad oscillirebad Funqciebs didi droebis
SemTxvevaSi) [125]:

~ ] 1- e<p'tD(k, F:>,n1, n)‘:J 1- exp§tD (K, P nln
le (P.itb)=id |V, |2£I1No b gq = U (0N, (b) g L%
Tt i P D (k,P,n,n) D (k P.n.n) io
|
<n|e™ |n, ><n e |n>65 (B,nt,b)- |a|v‘|2'%
k,n, z
l 1- exp i(t- ib)D (K,P, n, n)a 1- exp@ i(t- ib)U(R,S,q,n)g.P
"1 No(b) +(1+No(b)) — y
¥ D(k,P,nl,n) D'(k,P,n,n) ,o
C<nle™ |n > <n [€V [n>GE(Pntb) t>>e, -e, | (373)

(3.73) ganto BebaSi agamva n,- simboBoTi moicavs agreTve yvelBla im mdgo-
mareobebs, rome B TaTvisac e, =¢&,,vinaidan zogadad aRgznebu i

n.

| n>- mdgomareobebis energetikuli1 speqtri gadagvarebulia. msgavsi saxis

ganto Bebebi gvegneba agreTve GZGF(F:%n,-t,b) da GSF(P,0,t,b)- ZiriTadi

mdgomareobis (e, |0>)matriculli elementebisaTvis. Tu CavatarebT (3.73)-

ganto Bebisa da misi msgavsi ganto Bebis GSF(Ig,n,-t,b)-sididisaTvis
integrebas t-droiTi cvladis mixedviT, gaviTvall iswinebT

G5 (t,b) - operatorebisaTvis sawyis pirobebs t=0- drois momenti-saTvis:

G (0,b) =Z "' (b)P, P, (e ™ );<P,P,(t) >, da <P (-t)>, korelaciuri
FfungciebisTvis (3.68) Formulebs, maSin am koreBaciuri TFTungciebisTvis
miviRebT Semdegi saxis gamosaxu B ebebs:

b yor2
<P,P,(t) > = %a g e OjPPzexpéL b

n

2U

EI

" exp[ReGE" (t, b, ﬁ,n)]e(pg i IMGSF (¢, b, P, Y (374)
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i ) o= u
kz 1 COSgD (k’ P’ nl'n)gb_i_e—b[) (R,ﬁvnyn)]_i_

sadac, ReGF(t,b,P,n)=- IV [ i { No(b) —
kq P, i ¥ (k,P,n,n)
|
1- cosdD (k,P,n,,n)Y ] )
+(1+ No(b)) ] (: nl )G, b+e—bD+(IZ,I5,m1,n)ﬁ<nleirrglzx |n1 ><nl|e—irrblZXA |n>
D (k P,n;,n)
tD (k,P,n_| }
da  ImG*(1,b,P,n)= a v, Do )S”[ i nan,y
P T D> (k, P,n,,n) b
sn&D' (K, 5
[1_ o b0 (P +(L+ Ny (b)) e [1 o o' (K.Pn.n }< nlem\bkx In, >
D> (K, P, n,,n)
“<nle™ |n> (3.75)

xolo, TviT koreBaciuri Tunqciebis miBevis dekrementisaTvis (polla-

ronis impullsis Z- komponentis relagsaciis sixSirisTvis) da oscili-

rebadi FaqtorisaTvis gvegneba Semdegi Tanafardobebi:

ReGF (t, b, R n _
|t]

(t>>le, - e, [); G (b,Rn)=lm,, ->»a levg I

’ {No(b)>dlD (K,Rn,n)|+@+N, (b))dlD*( RN, )]}<n|é”v& |n, ><n, €™ |n>; (3.76)
ImGZGF(b,:R,n):Iim”®¥ImGZGF(t,b,:R,n):E S (b,Rn)Sgnt

napovni (3.74) formu B isa da (3.2)-(3.3) TanaFardobebis daxmarebiT
martivad vRebu BibT poBRaronisTvis ellegqtrogantarobis tenzoris disipa-

ciuri nawi Bis mniSvne B obas ganxi Bull 1zotropull SemTxvevaSi [125]:

2 2th( bw) ¢ (—)2 é prel
GFS - N 2 oM~ be, € bR Y
(w) = - OJIt cos(wt) 2o a e OJIRRZ2 xexp g e ;
’ e>(leeG§F (t,b,Rn) ]coslImGZGF (t,b,:Rn)” (3.77)

sadac: N- warmoadgens po Baronebis koncentracias gamtarobis zonaSi.
po Baronis daball temperaturulli dreifull1 Zvradobis gamosa-TvBellad
Fgm-Si ganvixi BoT kristallis Zalian daballi temperaturebis zRvrulli

SemTxveva, rodesac:

b>>1b*<<e -e,| (3.78)
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sadac e - warmoadgens poBlaronis pirveli aRgznebull1 mdgomareobis
energias; (3.78) — pirobebis dacvis SemTxvevaSi ZiriTad wlills (3.67)-(3.74)
koreBlaciur  FfungciebSi (ix. agreTve (377)) iZBevian polRaronis

mdgomareobebi, romell TaTvisac: ESF »bt<<e -e,|; davuSvaT, agreTve, rom
n

w,=1<<e -¢e,|. aRniSnull1 pirobebis gaTvall iswinebis dros (3.74), (3.75), (3.76)

da (377) - ogamosaxulebebis gamoTvBisas arsebiTi wvBilBi1 Seaqgvs
poBaronis impullsis mniSvne Bl obebs, romBebic akmayoFfiBeben pirobas:

2

;W«le - €, Tu mxedve BobaSi miviRebT yvela zemoTaRniSnull pirobas da

agreTve Tanafardobas: t>>|eq - €, |'*,maSin (3.74), (3.76) Formu Bebi martivdeba

da warmoidgineba Semdegi FormiT:

<RR(#) > =~ (‘}iFR GXIOg —UWF{ Ga(b, RWI] expgtIEGﬁg(b R)H (3.79)

G (b.R=-2§ F§|v & {N (b)d[D( KR ]+@+N, (b))d[D( Feﬂ}

" <0l €™ |0 >, MG (b,R) = Gi;’;(b R
sadac: Dt(lz,:)zk— KR,y

2M M

(b>>Lb* <de;- e |- <de- )

daballi temperaturebis SemTxvevaSi (b >>1b*<<e-¢e,)), (379 korela-

ciuri TFunqgciebis sidide ZiriTadad ganisazRvreba po Baronis impu ll sebis

im mniSvne B obebiT, romelB TaTvisac % <<1. daballi temperaturebis dros

po Baronis impu B sis Z - komponentis relagsaciis sixSire

G* (b,:R)- martivad gamoiTvleba “impulsTa sFerull koordinatTa sistemaSi.”

k-cvBadiT integrebisas (379) FformulBidan martivad dgindeba, ron

kristalis daballi temperaturebis dros, “mcire siCgariT” moZravi

(%«]) po Baronis Gﬁg(b,:R)- impu Bsis relagsaciis sixSire ar aris da-
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mokideouBi TviT poBaronis R-impullsis sidideze da ganisazRvreba

Semdegi TanafardobiT:
G5 (b,R) ° G (b) = 2aN, (b W/M f (\/2M) (380)
(b >>1LR/2M <<J)
sadac: f(W2M) = f(k) | yzmrs f (k) =|<0] gk | 0>F (3.81)
No(b) =[e° - 1]
po Baronis dabalsixSirulli eleqgtrogantarobisa da daball temperaturulli
Zvradobis sapovneBlad Fgm-Si visargebBoT (377), (379 da (380) -
FformulebiT. martivi gamoTvBebis Sesrullebis Semdeg Cven vRebullobT

Semdegi saxis gamosaxu Bebebs poBaronis kuTri elegtrogantarobisa da

ZvradobisTvis [125]:

Zt“(%bw) & (b)

GF _ -1 éb o, U
Res °F(w) = Ne’b™'M s rﬁF(b)COSQECﬁd(b)H (3.82)
(W <<GS (b) << bt <<,
or _3_exp(b) M
=-e ; mf" =mF" - Dnf*
™ T T K
o - exph) M . Lél U
D =3e X ~abN,(b)YM xf(«/2M) 3.83
m S f(JW)S” &2 o ()M xf (+/ ) (3.83)

(w=0; F(b) <<b <<
rogorc (383) Formulidan Cans, Dn" - sidide warmoadgens temperaturul

Sesworebas poBaronis n§F -daba N temperaturull Zvradobaze  FgmSi

romelic ganpirobebullia arsebulli sawyisi koreBaciebiT po Baronisa
fononebTan. naTelia, rom temperaturulli Sesworeba Zvradobaze war-
moadgens n§* - ZvradobasTan SedarebiT mcire sidides.

gamovikv B 10T da davadginoT kavSiri po Baronis daball temperaturul
Zvradobebs Soris T¥gm-Si da pekaris naxevrad kBasikur TeoriaSi. am

programis gansaxorciellebllad pirvelyovlisa vipovoT matriculi

elBementis nniSvneBoba ™ - egsponenciallur TfTagtorze pekaris saxis
talRuri Tungqciebis meSveobiT. martivi gamoTvHBebis Catarebis Semdeg

vRebu B obT Semdegi saxis gamosaxu Hebas:
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f(k)°<0|e™ |0>= El((t)) sadac F,(k) = B3(a)(k* +4b%)";
2

da F,(k) =16384b°|b*BZ (a)k'2 + 20°B,(a)B, (a)k™° + b®(BZ (a) + 2B,(a) B,(a)k® +
+20"(B,(a)B,(a) + B,(2)By(a))k” +b™(B;(a) +2B,(a)B,(a) k" +
+2b™B, (a)B,(a)k* +b'°B? (a)] (3.84)
aq: By(a) =14+42a+45a*; B(a)=1- 3a; B,(a) =36- 132a+90a’
B,(a) = 240 - 144a- 1200a%; B, (a) = 448 +1344a +1440a* = 32B,(a)
xolo, a da b- sidideebi (mudmivebi) warmoadgenen variaciull parametrebs
Fgm-Si. ganvixi BoT po Baronis Fgm-is zRvru i SemTxvevebi:

I. ZR1eri el eqtron-fononuri urTierTgmedeba:

Zhieri elegqtron-Fononuri bmis zRvrull SemTxvevaSi, rodesac

a>>1 Mg >>L Mo ®¥.CO¥)MOL (55 133 — paragrafi ) Fgn-is

talRuri fungqcia gadadis pekaris talRur fungciaSt:
( ‘= - — 2.
UO(X) b NP|_1+pr +apb§X2]e-bPX; a _bp’ b ° bp —apbp,

20;

- sididis,
p(14+42a, +45a2)

da manormirebe B 1 mamravli tolia N, =

xolo a da b -pekaris variaciulli parametrebia, romBebic SerCeul
erTeul Ta sistenaSi moicemian Semdegi saxiT: b, =0,6585v2a; a, =0,4516. (ix.
131 paragrafi ). vinaidan f - funqcia warmoadgens ori mravaBlwevris
Sefardebas da Tgm-Si da M =M, +1- aris polRaronis efeqturi masa,
amitom Tu SevinarCunebT wamyvan wevrs a-s rigis mixedviT f - FungciaSi,

maSin Cven miviRebT:

f(/2M) » 163?:5)'531;2?1)'(12: k=+2M; (a>>1) (385).

vinaidan pekaris TeoriaSi M, »a*® da M =M, +1® M,, amitom xarisxTa

rigis gamoTvBa gviCvenebs, rom f(2M)»a **;(a >>1). amrigad, daball-
temperaturulli ZvradobisTvis po Baronis Ffgm-Si vRebu B obT Semdegi saxis
yoTaqcevas a - bmis mudmivas xarisxis rigis mixedviT [125]:

F_3e JM
an _Za@(p(b)f(m)

» %@(p(b)a B3 (a>>1,b >>1) (3.86)
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maSin rodesac po Baronis pekaris TeoriaSi (ix. 131- paragrafi) daball-
temperaturulli Zvradobis yofagceva a -bmis mudmivas xarisxis rigis

mixedviT moicema Semdegi damokidebulebiT:
m° me »a’;@ >>1b >>1) (SevniSnavT, rom ZNBieri elBegqtron-Fononuri bmis
SemTxvevaSi (a >>1) po Baronis fgm-1 gadadis po Baronis pekaris mode 1 Si).

Il.  susti eleqtron-fFononuri urTierTgmedeba:

susti e Beqtron-Fononuri bmis zRvrull SemTxvevaSi, rodesac
a <l,Mg <<1 (M, ® 0,c® 0), m :%D 0 (ix.1.33-paragrafi),
GF

M=Mg,+1P 1 da f(k)pP 1.(ix381- Formulla). (susti elegtron-fono-nuri
bmis SemTxvevaSi, (a <1); poBlaronis fgm gadadis po Baronis Ffrolixis

mode B Si). am SemTxvevaSi (383) da (328) Tormulebidan gamo-mdinare
martivad vpou B obT [125]:

nfF b m)=%eb; Dnf* b Dm:%eabze'b;(a <1b >>1) (387)

amrigad, poBlaronis daball temperaturullt dreifulli ZvradobisTvis
VRebu B obT iseTive mniSvne B obas, rogoric napovnia po Baronis frolixis
mode 0 Si.

daboBlos unda aRiIniSnos, rom sadisertacio naSromSi avtoris
mier ganviTarebuli Formall izmi (meTodebi) da miRebu B i1 ganzogadoebu I i
kvanturi kinetikuri ganto N ebebi korelaciuri FfungciebisaTvis
SesaZ B ebe B ia gamoyenebu Bi ignas wrFivi eleqtronulli da polRaronulli
gadatanis meganikuri koeficientebis (dreifullil Zvradoba, dinamiuri gam-
taroba) gamosaTvBelBlad urTierTagnedebis rigis mixedviT SeSFfoTebis
Teoriis maRal miax B oebebSi zemoTganxi Buli modelebisTvis, da myari
sxeu Bebis Fizikis ((poBarulli) naxevargantarebi, ionuri da kovalenturi
kristallebi da sxva). kvantur dinaniuri sistemebis sxva model TaTvisac,
romflebic ur TierTgmedeben fononebTan (e Begtronebis gabneva
arapolarull optikur Tononebze, piezoeleqtrulli gabneva, poBaronis

Tfeinmanis mode B i da sxva).
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daskvna

1. sxvadasxva midgomebis-mowesrigebull operatorTa da HRiuvillis
superoperatorulli formalizmisa da proeqciulll operatoris meTodis
gamoyenebiT, sawyisi koreBaciebis gaTvaBiswinebiT- gamoyvani Bia axali,
zusti, ganzogadoebuli kvanturi evoBRuciuri (kinetikuri) ganto Bebebi
drois ormomentiani wonasworull'i koreBaciuri FfungciebisTvis, dinaniuri
qvesistemisTvis romellic urTierTgmedebs bozonur vel Tan (TermostatTan).
miRebul gantoBebaTa dajaxebiTi integrallebi Seicaven rogorc wevrebs,
romBebic aRweren namdvi Bi koreBlaciebis evoBucias droSi, aseve sawisi
kore Baciebis evoBuciur wevrebs, romBebic ganpirobebullia qvesistenis
urTierTgnedebiT bozonur TermostatTan drois sawyis momentsSi.

2. SeSToTebis Teoriis meore miaxBoebaSi - qvesistemis Termo-
statTan urTierTgmedebis hami B tonianis mixedviT - napovnia gan-
zogadoebu i kvanturi Kkinetikuri gantoBebebi gamoricxulli bozonuri
amp B 1tudebiT koreBaciuri TungqciebisTvis, rogorc markoviseuli, ise
aramarkoviseulli saxiT, romBebic Seicaven cxadad gamoyofill sawyisi
kore Baciebis evo Buciur wevrebs.

3. ganviTarebulli midgoma da +TormaBizmi gamoyenebulia gadau-
gvarebe I FfarTozonian, erTgvarovan naxevargamtarebsa da ionur Kkrista-
BebSi elegtronulli da poRaronulli gantarobisa da dabal temperaturulli
dreifulli Zvradobis wrFivi kvanturi Teoriis asagebad. ganxi Bull kvantur
dinamiur qvesistemebis modell TaTvis, romBebic urTierTgnedeben Fononur
vel Tan - eleqtron-fononuri sistemisTvis, Ffrolixisa da akustikuri
po Baronis model TaTvis, po Baronis fgn—sTvis gamoyvani B ia ganzogadoebu-
Bi kvanturi evoluciuri ganto Bebebi wonasworulli koreBaciuri ¥fung-
ciebisTvis - “deni-denze” (“siCgare-siCgareze”) — eleqtronisa da po-
BaronisTvis STm-is gamoyenebis gareSe.

4. eleqgtron-Fononuri sistemnisTvis, Ffrolixisa da akustikuri
poBaronis modeB TaTvis, SeSToTebis Teoriis meore miaxl oebaSi, susti
e Begtron-Fononuri urTierTgmedebis SemTxvevaSi da erTi zonis
miax B oebaSi elegtronisaTvis gamoyvani Bia da gamokvBeullia markovis
saxis Kinetikuri ganto B ebebi elegqtronis siCgaris operatoris
komponentebis saSuallo mniSvne B obebis diagonaluri matriculli
e BementebisaTvis, romBebic warmoadgenen bo B cmanis tipis ganto lebebs,
saidanac gamoricxulia Fononuri ampBitudebi. Gganxi Bullia elegtronis
aradrekadi gabnevis procesebi Ffononebze da dadgeni Bia, rom ganxi Bul
mode BebSi adgi i1 agvs relagsaciur process korelBaciuri Tungciebis
osci BaciebiT. Nnapovnia eBeqtronis impullsis (siCgaris) relagsaciis six-
Sireebis analizuri gamosaxu Bebebi kristallis daballi temperaturebis Sem-
TxvevaSi. gamoTvBilia elegtronis “siCgaresiCgareze” korelaciuri
Tunqciebis mi Bevis dekrementebi da oscilirebadi fagtorebi.

5 gamokvBeull ia da dadgeni Bia, rom eleqtronis siCgaris (impulsis)
mcire mniSvne B obebisaTvis, siCgaris reblagsaciis droebi (sixSireebi)
ganxi Bull modeBebSi ar aris damokidebulli impulsis sidideze. mcire
siCgareebiTYmoZravi e BeqtronebisTvis Zallian daballi temperaturebis dros
napovnia dabaBsixSirulli elleqtrogantarobisa da eleqtronis dreifuli
Zvradobis gamosaTvBleli Formullebi.

6. Frolixis polaronis modeBSi miRebulli gamosaxu Bebebi eleg-
tronis dabaltemperaturulli dreifulll Zvradobisa da dinaniuri
gantarobiTvis warmoadgens osakas mier napovni Sedegis ganzogadoebas
mcire intensivobis mgone dabalBsixSirull gareSe elleqgtrull velSi, rac
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Tfagtiurad SesaZlBlebeBlia ganxiBulli 1ignas, rogorc drudes Tormulla
kuTri elegtrogantarobisTvis. napovnia agreTve statikuri (w=0)
eleqtrogantarobisa da dabaBltemperaturulli dreifulll Zvradobis
analizuri gamosaxu Bebebi, rogorc TFrolixis, aseve akustikuri pola-
ronis mode B ebSi.

7. rogorc gamoTv Bebi gviCvenebs, el eqtronebis gabnevisas po Barul
optikur  Ffononebze, daballtemperaturulli dreifulli ZvradobisTvis
(dcmobility, w=0) miRebuli1 mniSvneBoba 3-jer aRemateba Zvradobis im
mniSvne Bobas, romeBic miiReba boBcmanis kinetikuri gantoBebis
gamoyenebiT da amoxsniT reBagsaciis drois miax B oebaSi. miRebu Bi1 Sedegi
L3KT

warmoadgens probBemis” — nawi Bobriv gadawyvetas frolixis

0
po Baronis daball temperaturulli Zvradobis TeoriaSi.

8 elegtronebis gabnevisas akustikur TFTononebze (akustikuri
poBaronis modeli) miRebuli daball temperaturulli dreifulll Zvradobis
(w=0) mniSvneBoba 2jer nakBebia Zvradobis im mniSvne l obaze, romelic
aseve miiReba bo B cmanis kinetikuri ganto Bebis amoxsnisas relagsacilis
drois miax B oebaSi.

9. ganxi Bull mode B ebSi napovnia agreTve eleqtronis dreiful
Zvradobaze temperaturulli Sesworebebi, romBebic ganpirobebull ia sawyisi
koreBaciebis evoBuciuri wevrebis arsebobiT ganoyvaniBi Kinetikuri
ganto Bebebis dagaxebiT integrallebSi da naCvenebia, rom es Sesworebebi
warmoadgenen mcire sidideebs ganxi Bulli Teoriis farglebSi.

10. poRaronis fgm-sTvis miRebu 1 kvanturi kinetikuri ganto HBebebi
eleqtrulli denis operatoris komponentebis (poBaronis impulsis) drois
ormomentiani wonasworulli koreBaciuri TFungciebisTvis gamoyenebullia
polaronis dreifulli Zvradobisa da elegqtrogantarobis +tenzoris
gamosaTvilelad. Gganxi lul erTzonian izotropul SemTxvevasSi,
markoviseu I miax B oebaSi po Baronis dinamikisTvis, napovnia miax BoebiTi
gamosaxu B ebebi koreBaciuri FfungciebisTvis.

11. kristallis Zalian daballi temperaturebis SemTxvevaSi gamoyvani I ia
bo B cmanis tipis kKinetikuri ganto B eba korel aciuri fungciis
diagonaluri matriculli elementisTvis, romelic Seesabameba po Baronis
ZiriTad mdgomareobas. gamokvBeullia poBaronis aradrekadi gabnevis
procesebi Ffononebze. napovnia impullsis relagsaciis sixSiris (drois)
analizuri gamosaxuleba da dadgeniBlia, rom mcire siCgariT moZravi
po BaronisTvis impulsis relagsaciis sixSire (dro) ar aris damokidebu i
impu B sis sidideze.

12 kubos wrTFfivi reaqciis Teoriis gamoyenebiT  miRebullia
dabalBsixSirulli eleqtrogantarobis tenzoris anallizuri gamosaxu Beba
e leqtron-Fononuri sistemisaTvis erTzonian miax B oebaSi da +FTononebis
dispersiis zogadi (izotropulli) kanonis SemTxvevaSi. gamoTvhilia
po Baronis daball temperaturulli dreifulli Zvradoba fgm-Si. am mode B Si
napovnia agreTve temperaturuli Sesworeba poBaronis dreiful
Zvradobaze, romelBic ganpirobebulia sawyisi koreBaciebis evoluciuri
wevrebis arsebobiT miRebul i Kkinetikuri ganto Bebebis dajaxebiT integ-
rallebSi, da dasabuTebul1a, rom es temperaturulli Sesworeba warmoadgens
mcire sidides.

13. ganxi Bulia da gaanalizebulia poBaronis daball temperaturulli
dreifulli Zvradobis yofagceva susti (a<l) da ZRieri (a>>1) elleqtron-
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fononuri urTierTgmedebis zRvrull  SemTxvevebSi. susti eleqtron-
fononuri urTierTgmedebis SenTxvevaSi (Mg ® 0), rodesac po Baronis fgm
gadadis poBaronis Ffrolixis modelSi, polaronis daball temperaturulli
dreifulll ZvradobisTvis (g>>1;, w=0) vRebuBobT iseTive miSvnell obas,
rogoric napovnia poBaronis TFfrolixis modelSi. ZNBieri eleqgtron-
fononuri urTierTgmedebis SemTxvevaSt (M, ® ¥), rodesac po Baronis fgm

aRadgens po Baronis pekaris naxevradk Basikur Teorias, da-
ball temperaturulli dreifulll Zvradobis yofagceva moicema Semdegi

TanafardobiT: m,, ~ge.exp(g)a B (h=m=w,=1 g=b>>1 w=0); anu po Baronis

daba I temperaturulli Zvradoba Zhieri e Beqtron-fononuri
urTierTgmedebis SemTxvevaSi (a >>1) izrdeba a -bmis mudmivas mecamete
rigis proporciullad am mudmivas didi mniSvnel obebis dros, maSin
rodesac poBaronis pekaris TeoriaSi daba I temperaturulli Zvradoba
izrdeba misi mexuTe vrigis proporciullad:m ~a®; rodesac a >>1
(h=m=w, =1 b>>Lw=0).

14. sadisertacio naSromSi Catarebu B i1 gamokv Bevebi gviCvenebs, rom
ganviTarebul meTodebs, romBebic dafuZnebulia kinetikuri ganto HBebebis
miRebaze wonasworulli koreBaciuri TunqciebisTvis da maT gamoTvHBaze,
gansxvavebiT sxva midgomebisgan, ar mivyavarT ganSBadi wevrebisagan
Sedgeni B1 usasrullo mwkrivebis ajamvis auci Bebl obasTan kvazinawi Bakis
(e Beqtronis, polaronis) urTierTgmedebis mixedviT FononebTan, kristall ze
modebuli gareSe eleqtrulli velis dabali (w® 0) sixSireebis Sem-
TxvevaSi.

naSromSi  dasabuTebuBlia, rom arsebulli sawyisi korelaciebis
evolucia da korelaciuri TFTungciebis oscilaciebi drois mixedviT,
romfBebic ganpirobebulia kvazinawi Bakis (zogad SemTxvevaSi kvanturi
dinamiuri qvesistenis) urTierTgnedebiT Fononur (bozonur) ve Bl Tan drois
sawyis momentSi, gavBenas ar axdenen relagsaciur procesebze da isini
warmoadgenen Zvradobebze temperaturulli Sesworebebis ZiriTad mizezs
(wyaros) ganxi Bull mode BebSi.
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danarTi

bozonuri (Fononuri) ampll itudebis gamoricxva qrono logiur da
antigrono logiur T-namravll Ta daxmarebiT
ganvixi BoT axBa ufro dawvrillebiT bozonuri (Fononuri) cvlade-

bis gamoricxvis meTodi (tegnika) gronoBogiur da antigronologiur T-
namrav l Ta daxmarebiT Cvens mier warmodgeni Bi1 im kBasis sistemebisaTvis,
romBebic aRiwerebian (2.1), (2.2) saxis hami B tonianiT [109]

fononuri cvBladebis (ampBitudebis) gamoricxva CavataroT H,,

hami B tonianisTvis, romelBic warmoadgens wrFfiv Fformas boze-ampll itude-

bisgan. cxadia, rom komutatorebi: gH, (x),H,(t)g. &H.(x).H.()f .

éH.. (9).H. (1 )§ - warmoadgenen C sidideebs (ricxvebs) bozonuri (fononuri)

velis mimarT.
Tu gamoviyenebT magnusis FormulBas [6,81] da veilis igiveobas [6,82]

Cven gveqgneba:

é b 5 - N U,
Tsexpé ol Hiy (1 ) exp‘ 03900” gHin (9) Hin (1 )pLa
e o u

é u

eXpe'(PH He (1)

é o u

(e eny enid

é. t\ it u é 1 t\ X\ AL J ~
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é u e o 47 R iR .U,
Ts eXPe'—Odtht( Ju=e 6—2 (02 0jt gHn (). Hin (x)g 0
é u e 0 u
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expe-—cpItHlm( )LJ-
é a

ganvixi BoT axBa Semdegi gamosaxu B eba:
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sadac, gansazRvris Tanaxmad, I(t,b) FfungcionablisTvis gvaqvs

mniSvne B oba;
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da SevasrullebT gasaSualoebas bozonuri (Fononuri) velis

mdgomareobebis mixedviT, Cven miviRebT [109]:
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