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Sesavali 

naxevrad gamtari. naxevrad gamtari masalebi 

 

myari sxeulebi eleqtrogamtarobis mixedviT iyofa sam ZiriTad 

klasad: liTonebi 𝜎 =
𝑗
𝜀⁄ = 104 − 106 omi-1sm-1 (𝜎  - eleqtrogamtaroba; 𝑗 - denis 

simkvrive; 𝜀 - eleqtruli velis daZabuloba). dieleqtrikebi 𝜎 <10-10 omi-1sm-1, 

naxevrad gamtarebi 𝜎 =10-10-104 omi-1sm-1 (yvela ricxviTi mniSvneloba 𝑇 = 300𝐾   

temperaturas Seesabameba). rogorc vxedavT, naxevrad gamtarTa 𝜎 farTo 

intervalSi icvleba. magram gacilebiT mniSvnelovania is Tvisobrivi 

gansxvaveba, romelic gamoyofs naxevrad gamtars liTonisa da dieleq-

trikisagan. es aris naxevrad gamtaris maRali mgrZnobiaroba gareSe 

pirobebis (zemoqmedebis) mimarT (temperatura, wneva, ganaTebuloba, 

dasxiveba da a.S.), misi Sinagani agebulebis srulyofilobis mimarT 

(kristaluri mesris sakuTari defeqtebi, minarevebi da sxva). magaliTad, Tu 

liTonis kuTri winaRoba (𝜌 = 1 𝜎⁄ )wrfivad izrdeba temperaturis momate-

bisas 

   𝜌𝑚 = 𝜌0𝑚 ∙ 𝛼 ∙ 𝑇                      (1) 

naxevrad gamtarSi adgili aqvs eleqtrowinaRobis swraf, eqsponencialuri 

kanonis (ix. nax) Sesabamis Semcirebas 

      𝜌𝑠 = 𝜌𝑜𝑠𝑒
𝑏
𝑇𝑜
⁄                      (2) 

 

kuTri winaRobis temperaturuli damokidebuleba  
(1 – liToni; 2 – naxevrad gamtari) 

 

aq 𝑎 winaRobis temperaturuli koeficientia,  𝜌𝑠, 𝜌𝑜𝑠 da 𝑏 - mudmivebia, 

romlebic konkretul nivTierebas axasiaTeben temparaturaTa garkveul in-

tervalSi(𝑏 > 0). formula (2) asec SeiZleba gadavweroT:  

𝜎𝑠 = 𝜎𝑜𝑠𝑒
−𝑏

𝑇⁄ = 𝜎𝑜𝑠𝑒
𝐸0

𝑘0𝑇
⁄

.               (3) 
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𝐸0 naxevrad gamtaris aqtivaciis energias uwodeben (𝑘0 - bolcmanis 

mudmivaa). dabal temperaturebze, rodesac 𝑘0𝑇 ≪ 𝐸0 naxevrad gamtaris eleq-

trogamtaroba imdenad mcirea, rom naxevrad gamtari praqtikulad 

dieleqtriki xdeba. gamtarobis gasazrdelad naxevrad gamtars unda 

gadavceT energia, romlis kritikul mniSvnelobas gansazRvravs swored 

aqtivaciis energia. gadacemuli energia midis muxtis Tavisufali 

gadamtanebis koncentraciis (Tavisufali muxtebis raodenoba kristalis 

moculobis erTeulSi) gazrdaze. dieleqtrikSi eleqtronis gamon-

Tavisuflebas Zalian didi energia sWirdeba, amitom dieleqtrikSi 

Tavisufali eleqtronebi ar aris. liTonebSi, piriqiT, nebismier temperatu-

raze Tavisufali eleqtronebis koncentracia Zalian maRali da 

praqtikulad ucvlelia. mxolod naxevrad gamtarebi qmnian nivTierebaTa im 

klass, romlisTvisac damaxasiaTebelia muxtis Tavisufali gadamtanebis 

ricxvis farTo intervalSi cvlileba energiis STanTqmiT an gamosxivebiT. 

sworedes aris is bazisi, romelic saSualebas iZleva SedarebiT martivad 

vcvaloT naxevrad gamtaris fizikuri parametrebi da amdenad, SevqmnaT maT 

safuZvelze sxvadasxva daniSnulebis xelsawyoebi: diodebi da tranzisto-

rebi, foto da Termoelementebi, Suqdiodebi da lazerebi, tenzo da holis 

gadamwodebi da kidev mravali sxva. 

naxevrad gamtarTa klass miekuTvnebian asobiT erTmaneTisagan 

srulebiT gansxvavebuli nivTierebebi – rogorc elementebi (geraniumi, 

siliciumi), aseve qimiuri SenaerTebi (araorganuli da organuli, 

kristaluri da amorfuli, myari da Txevadi, aramagnituri da magnituri). 

dReisaTvis eleqtruli xelsawyoebis dasamzadeblad ZiriTadad iyeneben 

araorganul myar kristalur nivTierebebs. germaniumis da siliciumis 

monokristalebis garda, sul ufro farTod inergeba teqnikaSi sxvadasxva 

SenaerTebi, romelTa Soris SeiZleba gamovyoT AIIIBV (mendeleevis sistemis 

III da V jgufis elementebis safuZvelze Seqmnili SenaerTebi, magaliTad 

GaAs, InSb da a.S.). AIVBVI (PbS, PbSe), AIIBVI (CdS, HgTe) tipis SenaerTebi, maTi 

myari xsnarebi (Al1-x GdxSb) da kidev mravali sxva. 
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Tavi I 

muxtis  gadamtanebis energetikuli speqtri idealur 

naxevrad gamtarSi 

 

1.1. eleqtronebi idealur kristalSi. 

Sredingeris gantoleba. 

 

ganvixiloT eleqtronebis moZraoba idealur usasrulo kristalSi. 

idealuri ewodeba kristals, romlis kristaluri meseri mkacrad 

periodulia, e.i. ionebi ar arian wanacvlebuli wonasworobis mdebareobis 

mimarT, yvela kvanZSi moTavsebulia erTi tipis ionebi da ar Seicavs sxva 

saxis atomebs. 

kristalSi muxtis gadamtanebis moZraoba emorCileba kvanturi fizi-

kis kanonebs, e.i. eleqtronis moZraoba unda ganvixiloT haizenbergis ganu-

zRvrelobis principidan gamomdinare, rac imaSi mdgomareobs, rom eleqt-

ronis koordinati da impulsi erTdroulad SeiZleba ganvsazRvroT mxo-

lod plankis mudmivis sizustiT ∆𝑥 ∙ ∆𝑝 ≥ ℏ, aqedan gamomdinare, kvantur me-

qanikaSi miRebulia eleqtronis statistikuri warmodgena da misi moZraoba 

ganixileba ama Tu im mdgomareobaSi nawilakis moxvedris albaTobis meSve-

obiT. garkveul mdgomareobaSi eleqtronis moxvedris albaTobas gansazRv-

ravs talRuri funqcia. Tu eleqtronis moZraobas warmovidgenT talRis sa-

xiT, maSin am talRis amplitudis kvadrati (romelic axasiaTebs mis inten-

sivobas mocemul wertilSi)gviCvenebs  drois 𝑡 momentisaTvis 𝑟 wertilis 

Semcvel mcire moculobaSi eleqtronis moxvedris albaTobis simkvrives 

|Ψ(r⃗, t)|2 =  Ψ(r⃗, t) ∙ Ψ∗(r⃗, t),             (1.1) 

sadac Ψ∗(r⃗, t) arisΨ(r⃗, t) funqciis kompleqsurad SeuRlebuli funqcia, 

romlis SerCeva xdeba normirebis pirobis gaTvaliswinebiT 

∫ Ψ∗∞

−∞
(𝑟)Ψ(𝑟)𝑑𝑟 = 1.                  (1.2) 

talRuri funqciis sapovnelad gamoiyeneba Sredingeris gantoleba 

𝑖ℏ
𝜕

𝜕𝑡
Ψ(r⃗, t) = ĤΨ(r⃗, t).                  (1.3) 

Ĥ – aris sistemis sruli energiis operatori (hamiltoniani), romelic 

Tavisufal sivrceSi moZravi eleqtronisaTvis SeiZleba gamovsaxoT kineti-

kuri energiis operatorisa �̂� da potenciuri energiis operatoris �̂� jamis 

saxiT: 
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�̂� = �̂� + �̂�.                      (1.4) 

kvantur fizikaSi farTod gamoiyeneba operatoris cneba. zogadad, 

operatori �̂� warmoadgens im moqmedebaTa simbolur aRniSvnas, romlebic 

unda CavataroT 𝜑1 funqciaze, rom miviRoT 𝜑2 

�̂�𝜑1 = 𝜑2                       (1.5) 

ZiriTadad Cven saqme gveqneba e.w. wrfiv da ermitul operatorebTan, 

anu iseT operatorebTan, romlebic Sesabamisad akmayofileben pirobebs 

{�̂�(𝑎𝜑1 + 𝑏𝜑2) = 𝑎�̂�𝜑1 + 𝑏�̂�𝜑2;    ∫ 𝜑1
∗�̂�𝜑2𝑑𝑥 = 𝜑2

∗�̂�∗𝜑1
∗𝑑𝑥},   (1.6) 

sadac  �̂�∗ - �̂� operatoris kompleqsurad SeuRlebuli operatoria. 

SeiZleba SeirCes iseTi funqciebi, romlebzedac �̂� operatoris moqmedeba 

gamoixateba am funqciis raRac mudmivaze namravliT 

�̂�𝜑 = 𝑖𝜑                   (1.7) 

maSin 𝜑 funqcias ewodeba �̂� operatoris sakuTari funqcia, xolo 𝑖 

mudmivas _ �̂� operatoris sakuTari mniSvneloba. mdgomareobas, romlis 

Sesabamis TiToeul sakuTar funqcias erTi sakuTari mniSvneloba See-

sabameba, gadaugvarebeli mdgomareoba ewodeba. xolo, Tu romelime sakuTar 

mniSvnelobas Seesabameba 𝑚 raodenobis sakuTari funqcia, maSin aseT mdgo-

mareobas 𝑚-jer gadagvarebuli mdgomareoba ewodeba. 

Tu Sredingeris gantolebaSi (1.3) sistemis potenciuri energia droze 

ar aris damokidebuli, maSin talRuri funqcia SeiZleba warmovadginoT 

Semdegi saxiT: 

Ψ(r⃗, t) = Ψ0(r⃗)𝑓(t).                   (1.8) 

CavsvaT (1.8) gamosaxuleba (1.3)-Si 

𝑖ℏΨ0(r⃗)
𝜕𝑓(t)

𝜕𝑡
= ĤΨ0(r⃗)𝑓(t),                (1.9) 

Tu gavacalkevebT cvladebs 

      𝑖ℏ
1

𝑓(t)

𝜕𝑓(t)

𝜕𝑡
=

1

Ψ0(r⃗⃗)
ĤΨ0(r⃗) = E ,            (1.10) 

radganac (1.10) gamosaxulebis marcxena nawili damokidebulia 

mxolod 𝑡 droze, xolo marjvena nawili _ mxolod r⃗ koordinatze, amitom 

marjvena nawili warmovadginiT (1.11) formiT 

ĤΨ0(r⃗) = EΨ0(r⃗).                   (1.11) 

(1.7) da (1.11) gamosaxulebebis SedarebiT 𝐸 warmoadgens Ĥ hamiltonia-

nis sakuTar mniSvnelobas (sistemis srul energias), xolo Ψ0(r⃗) _ am 

operatoris sakuTar funqcias. (1.11) gamosaxulebas ewodeba Sredingeris 

stacionaluri gantoleba. 𝐸-s yvela SesaZlo mniSvnelobis erToblioba 

nawilakebis sistemis energetikul speqtrs qmnis. 
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1.2. energetikuli speqtris zonuri xasiaTi 

 

naxevrad gamtar kristalSi mimdinare fizikuri movlenebis umrav-

lesoba muxtis gadamtanebis energetikuli speqtriT ganisazRvreba. ener-

getikuli speqtris dasadgenad, rogorc wina paragrafSi vaCveneT, saWiroa 

kristalis Semadgenel nawilakTa sistemisaTvis Sredingeris gantolebis 

Cawera, amoxsna da misi analizi.vidre gadavidodeT amocanis raodenobriv 

Seswavlaze, xarisxobrivad ganvixiloT am speqtris xasiaTi, izolirebul 

atomSi energetikul doneTa ganlagebis suraTidan gamomdinare. 

izolirebul atomSi saqme gvaqvs energetikul doneTa diskretul 

sistemasTan. energetikuli speqtris diskretuloba atomSi eleqtronebi-

saTvis diskretuli orbitebis arsebobasTan aris dakavSirebuli. orbitebis 

ganlageba da amdenad, eleqtronebis energiac, ganisazRvreba atomis Semad-

genel nawilakTa urTierTqmedebiT. cxadia, rom erTi da igive nivTierebis 

atomebis speqtrebi identuria. 𝑁 raodenobis identuri atomebidan kris-

taluri mesris Camoyalibebisas, Tavdapirvelad, sanam manZili atomebs So-

ris jer kidev sakmarisad didia, TiToeuli atomuri done inarCunebs Tavis 

energias (TiToeuli done 𝑁-jer gadagvarebulia). magram atomebs Soris 

manZilis Semcireba arTulebs da zrdis urTierTqmedebas atomis Semadge-

nel nawilakebs Soris, eski TiToeuli donis 𝑁 energetikul doneTa siste-

mad gaxleCas ganapirobebs. maSasadame, TiToeuli 𝑁-jer gadagvarebuli do-

nis magivrad gaCndeba energetikuli zona, romelic Seicavs 𝑁 raodenobis 

mWidrod ganlagebul doneebs, e.i. muxtis gadamtanebis energetikul speqtrs 

kristalSi zonuri xasiaTi gaaCnia. energetikuli zonebis gaCena atomebis 

miaxloebisas mezobeli atomebis eleqtronuli garsebis Sexebas, gadafar-

vas gamoxatavs. maSasadame, gare garsebis eleqtronebs saSualeba eqnebaT, 

energiis Seucvlelad, gadavidnen erTi atomidan meoreze. aseTi eleqtrone-

bi aRar ekuTvnian erT romelime atoms, aramed mesris Semadgeneli atomebis 

saerTo sakuTrebaa. 

energetikuli zonis sigane, eleqtronebis urTierTqmedebis sidide 

damokidebulia eleqtronis birTvTan bmis xarisxze. rac ufro Zlieria bma, 

rac ufro Rrma garsebs vixilavT, miT ufro viwro iqneba zonis sigane. ise-

ve, rogorc izolirebul atomSi gvxvdeba eleqtronebiT daukavebeli, nawi-

lobriv da mTlianad Sevsebuli garsebi, aseve kristalSi sxvadasxva iqneba 
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energetikuli zonebis Sevsebac. qveda Sevsebul zonebTan erTad speqtrSi 

gveqneba ufro ganieri Tavisufali zonebic. 

daSvebuli (Sevsebuli da Tavisufali) zonebi gamosaxaven eleqtronis 

SesaZlo energiaTa mniSvnelobas, maTi gamyofi energetikuli intervalebi _ 

akrZaluli zonebi _ energiaTa im mniSvnelobebs aerTianeben, romelTa ma-

tarebeli eleqtroni kristalSi ar gvxvdeba. energiis zrdisas daSvebuli 

zonebis sigane (∆𝐸) izrdeba, xolo akrZalulis (∆𝐸𝑔)_ mcirdeba. zogierT 

SemTxvevaSi mezobeli daSvebuli zonebis sigane imdenad didia, rom adgili 

aqvs maT gadafarvas (∆𝐸𝑔 < 0). 

naxevrad gamtaris erT-erT ZiriTad maxasiaTebel parametrs warmoad-

gens im akZaluli zonis sigane, romelic gamoyofs erTmaneTisagan energiis 

mixedviT umaRles Sevsebul (savalento) da udables Tavisufal (gamtaro-

bis) zonebs, e.i. 

∆𝐸𝑔 = 𝐸𝑐 − 𝐸𝑣,                   (1.12) 

sadac 𝐸𝑐 da 𝐸𝑣 Sesabamisad, gamtarobis zonis minimaluri da savalento 

zonis maqsimaluri energiebia. 

 

a                 b 

nax. 1.1.izolirebul atomSi energetikul doneTa (a) da kristalSi energetikuli 
zonebis  (b) diskretul simravleTa sqemebi 1,2 - eleqtronebiT Sevsebuli zonebi; 

3,4,5, - Tavisufali zonebi) 

 

 

 

1.3. adiabaturi da erTeleqtroniani miaxloeba 

 

imisaTvis, rom SeviswavloT savalento da gamtarobis zonebis 

energetikuli speqtri, gavaanalizoT Sredingeris gantoleba 

�̂�Ψ(𝑟) = 𝐸Ψ(𝑟)                    (1.13) 
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kristalis Semadgeneli nawilakebis sistemisaTvis �̂� hamiltoniani 

SeiZleba warmovadginiT xuTi Sesakrebis jamiT: 

�̂� = �̂�𝑒 + �̂�𝑛 + �̂�𝑒 + �̂�𝑛 + �̂�𝑒𝑛            (1.14) 

sadac �̂�𝑒 = ∑ −𝑖
ℏ2

2𝑚0
∆𝑖 da �̂�𝑛 = ∑ −𝑙

ℏ2

2𝑀
∆𝑙 _ eleqtronebisa da birTvebis 

kinetikuri energiebis operatorebia; 

�̂�𝑒 =
1

2
∑

𝑒2

𝜀|𝑟𝑖⃗⃗⃗ ⃗−𝑟𝑗⃗⃗⃗⃗ |
𝑖,𝑗
𝑖≠𝑗

 da �̂�𝑛 =
1

2
∑

𝑍𝑙𝑍𝑘𝑒
2

𝜀|𝑅𝑙⃗⃗⃗⃗⃗−𝑅𝑘⃗⃗⃗⃗ ⃗⃗ |
𝑙,𝑘
𝑙≠𝑘

 _ eleqtronebisa da birTvebis 

potenciuri energiebis operatorebi; �̂�𝑒𝑛 = −∑
𝑍𝑙𝑒

2

𝜀|𝑟𝑖⃗⃗⃗ ⃗−𝑅𝑙⃗⃗⃗⃗⃗|
𝑖,𝑙 _ eleqtronebis birT-

vebTan urTierTqmedebis potenciuri energiis operatori; 𝐸 -sistemis sruli 

energia. maSin (1.13)-Si (1.14)-is gaTvaliswinebiT sistemis Sredingeris 

gantoleba miiRebs saxes: 

{∑ −𝑖
ℏ2

2𝑚0
∆𝑖 + ∑ −𝑙

ℏ2

2𝑀
∆𝑙 +

1

2
∑

𝑒2

𝜀|𝑟𝑖⃗⃗⃗ ⃗−𝑟𝑗⃗⃗⃗⃗ |
𝑖,𝑗
𝑖≠𝑗

+
1

2
∑

𝑍𝑙𝑍𝑘𝑒
2

𝜀|𝑅𝑙⃗⃗⃗⃗⃗−𝑅𝑘⃗⃗⃗⃗ ⃗⃗ |
𝑙,𝑘
𝑙≠𝑘

−

∑
𝑍𝑒𝑒

𝜀|𝑟𝑖⃗⃗⃗ ⃗−𝑅𝑒⃗⃗ ⃗⃗ ⃗|
𝑖,𝑙 }  Ψ(𝑟1⃗⃗⃗ ⃗, 𝑟2⃗⃗⃗⃗ , . . . 𝑟𝑛⃗⃗⃗⃗ ,  𝑅1⃗⃗⃗⃗⃗, 𝑅2⃗⃗ ⃗⃗⃗, . . . 𝑅𝑁⃗⃗⃗⃗⃗⃗ ) = 𝐸Ψ(𝑟1⃗⃗⃗ ⃗, 𝑟2⃗⃗⃗⃗ , . . . 𝑟𝑛⃗⃗⃗⃗ ,  𝑅1⃗⃗⃗⃗⃗, 𝑅2⃗⃗ ⃗⃗⃗, . . . 𝑅𝑁⃗⃗⃗⃗⃗⃗ ),                 (1.15) 

cxadi saxiT talRuri funqciis amoxsna (1.15) formulidan 

SeuZlebelia, radganac gantoleba Seicavs cvladebis Zalian did ricxvs. 

kerZod, damoukidebel cvladTa ricxvi ganisazRvreba kristalSi nawilakTa 

raodenobiT, rac nivTierebis 1sm3 moculobaSi 1023 rigisaa. SesaZlebelia 

(1.15) gantolebisaTvis moiZebnos mxolod miaxloebiTi amoxsna. 

am mizniT ganvixiloT adiabaturi (born-openheimeris) da erTeleqtro-

niani (hartri-fokis) miaxloebani. adiabaturi miaxloebis arsi imaSi 

mdgomareobs, rom Sredingeris gantoleba CavweroT calke eleqtronebisa 

da calke birTvebisaTvis. vinaidan Cven mxolod eleqtronebis moZraoba 

gvainteresebs, amitom SegviZlia aRar gavamaxviloT yuradReba birTvebi-

saTvis Caweril gantolebaze. erTeleqtronian miaxloebaSi ki TiToeuli 

eleqtronis urTierTqmedeba ganixileba ara calkeul eleqtronTan da 

calkeul birTvTan, aramed birTvebisa da danarCeni eleqtronebis mier 

Seqmnil, gasaSualoebul eleqtrul velebTan. 

a) adiabaturi miaxloeba. adiabaturimiaxloeba iTvaliswinebs 

gansxvavebas mZime da msubuqi nawilakebis moZraobis xasiaTSi. naklebad 

inertuli eleqtronebisaTvis mniSvnelovania birTvebis ganlagebis myisieri 

suraTi _ birTvebis mdebareobis nebismieri cvlilebisas, praqtikulad, 



9 
 

myisierad myardeba birTvebis am axali mdebareobis Sesabamisi eleqtrone-

bis sivrculi ganawileba; maSin, rodesac birTvebis inertulobis gamo, 

eleqtronis mdebareobis cvlileba ver axdens mniSvnelovan gavlenas 

birTvis moZraobaze _ am SemTxvevaSi ganmsazRvrelia birTvebis urTi-

erTqmedeba eleqtronebis gasaSualoebuli sivrculi ganawilebiT Seqmnil 

velTan. aRniSnuli msjelobis safuZvelze, eleqtronis moZraoba, simarti-

visaTvis SeiZleba ganvixiloT meserSi, romlis kvanZebi dakavebulia uZravi 

birTvebiT. amdenad, energiis aTvlis donis Sesabamisi SerCeviT nuls gau-

toldeba birTvebis kinetikuri da potenciuri energiebi:  

{∑ −𝑖
ℏ2

2𝑚0
∆𝑖 +

1

2
∑

𝑒2

𝜀|𝑟𝑖⃗⃗⃗ ⃗−𝑟𝑗⃗⃗⃗⃗ |
𝑖,𝑗
𝑖≠𝑗

− ∑
𝑍𝑙𝑒

2

𝜀|𝑟𝑖⃗⃗⃗ ⃗−𝑅𝑙⃗⃗⃗⃗⃗|
𝑖,𝑙 }Ψ𝑙(𝑟1⃗⃗⃗ ⃗, 𝑟2⃗⃗⃗⃗ , . . . 𝑟𝑛⃗⃗⃗⃗ ,  �⃗⃗�1

0, �⃗⃗�2
0, . . . �⃗⃗�𝑛

0) =

                          = 𝐸𝑙Ψ𝑙(𝑟1⃗⃗⃗ ⃗, 𝑟2⃗⃗⃗⃗ , . . . 𝑟𝑛⃗⃗⃗⃗ ,  𝑅⃗⃗⃗⃗ 1
0, �⃗⃗�2

0, . . . �⃗⃗�𝑛
0)             (1.16) 

 𝑅⃗⃗⃗⃗ 1
0 _ uZravi birTvis radius-veqtoria. cvladebis raodenobis kidev 

ufro Sesamcireblad, savalento eleqtronebis garda, yvela danarCeni 

elqtroni da atomis birTvi SeiZleba warmovadginoT ionis saxiT. am dros 

(1.16) gantoleba Caiwereba  mxolod fiqsirebuli ionebis potenciur velSi 

moZravi savalento eleqtronebisaTvis (savalento aproqsimacia). 

b) erTeleqtroniani miaxloeba. mravaleleqtroniani amocanis 

amoxsnis erT-erT yvelaze ufro gavrcelebul xerxs warmoadgens hartri-

fokis meTodi, romelic saSualebas iZleva mravaleleqtroniani gantoleba 

daviyvanoT TiToeuli eleqtronisaTvis Caweril gantolebaTa sistemaze. 

erTi eleqtronis danarCeni eleqtronebis mier Seqmnil gasaSualoebul 

eleqtronul velTan urTierTqmedebis potenciuri energiisaTvis SemoviRoT 

Semdegi aRniSvna: 

1

2
∑

𝑒2

𝜀|𝑟𝑖⃗⃗⃗ ⃗−𝑟𝑗⃗⃗⃗⃗ |
𝑖,𝑗
𝑖≠𝑗

= ∑ Ω𝑖(𝑟𝑖⃗⃗⃗ )𝑖                (1.17) 

Ω𝑖(𝑟𝑖⃗⃗⃗ ) _ damokidebulia ara marto am velis Semqmneli eleqtronebis 

moZraobaze, aramed im eleqtronis moZraobazec, romelic am velSi 

ganixileba, vinaidan misi moZraoba gavlenas axdens danarCeni eleqtronebis 

qcevaze. ramdenadac veli ara marto gansazRvravs mocemuli eleqtronis 

moZraobas, aramed TviTonacaa damokidebuli mis moZraobaze, amitom man 

TviTSeTanxmebuli velis saxelwodeba miiRo. 
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analogiurad, erTi eleqtronis yvela birTvis mier Seqmnil el-

eqtronul velTan urTierTqmedebis potenciuri energia SeiZleba warmovid-

ginoT Semdegi saxiT: 

−∑
𝑍𝑙𝑒

2

𝜀|𝑟𝑖⃗⃗⃗ ⃗−�⃗⃗�𝑙|
𝑖,𝑙 = ∑ V𝑖(𝑟𝑖⃗⃗⃗ )𝑖 .               (1.18) 

(1.16)-Si (1.17) da (1.18)-is gamoyenebiT miviRebT Sredingeris gantolebis 

Semdeg saxes: 

{∑ −𝑖
ℏ2

2𝑚0
∆𝑖 + ∑ Ω𝑖(𝑟𝑖⃗⃗⃗ )𝑖 + ∑ V𝑖(𝑟𝑖⃗⃗⃗ )𝑖 }Ψ𝑙(𝑟1⃗⃗⃗ ⃗, 𝑟2⃗⃗⃗⃗ , . . . 𝑟𝑛⃗⃗⃗⃗ ) =    =

𝐸𝑙Ψ𝑙(𝑟1⃗⃗⃗ ⃗, 𝑟2⃗⃗⃗⃗ , . . . 𝑟𝑛⃗⃗⃗⃗ )                                                            (1.19) 

eleqtronze moqmedi birTvebisa da eleqtronebis mier Seqmnili eleq-

truli velebi SeiZleba ganvixiloT rogorc erTiani velis _ kristaluri 

velis Semadgeneli nawilebi. maSin 

Ω𝑖(𝑟𝑖⃗⃗⃗ ) + V𝑖(𝑟𝑖⃗⃗⃗ ) = U𝑖(𝑟𝑖⃗⃗⃗ )       (1.20) 

(1.20)-is (1.19)-Si gaTvaliswinebiT gveqneba: 

{∑−

𝑖

ℏ2

2𝑚0
∆𝑖 +∑U𝑖(𝑟𝑖⃗⃗⃗ )

𝑖

}Ψ𝑙(𝑟1⃗⃗⃗ ⃗, 𝑟2⃗⃗⃗⃗ , . . . 𝑟𝑛⃗⃗⃗⃗ ) = 𝐸𝑙�̂� = 

= 𝐸𝑙Ψ𝑙(𝑟1⃗⃗⃗ ⃗, 𝑟2⃗⃗⃗⃗ , . . . 𝑟𝑛⃗⃗⃗⃗ )                                      (1.21) 

am gamosaxulebis martivi gardaqmna saSualebas mogvcems daviyvanoT 

is erTparametrian gantolebaTa sistemaze. vinaidan (1.21)-dan gamomdinare, 

sistemis sruli hamiltoniani calkeul eleqtronTa hamiltonianebis jamis 

tolia, sistemis sruli energia tolia calkeul eleqtronTa energiebis 

jamisa, xolo talRuri funqcia _ calkeul eleqtronTa talRuri fun-

qciebis namravlisa: 

{
�̂� = ∑ �̂�𝑖𝑖

𝐸𝑖 = ∑ 𝐸𝑖𝑖

Ψ𝑖 = ∏Ψ𝑖

                     (1.22) 

(1.22)-is gamoyenebiT (1.21) daiyvaneba erTparametrian gantolebaTa sis-
temaze: 

  

{
 
 

 
 
�̂�1Ψ1 = 𝐸1Ψ1
�̂�2Ψ2 = 𝐸2Ψ2
. . . . . . . . . . . . . . .
. . . . . . . . . . . . . .
. . . . . . . . . . . . . .
�̂�𝑛Ψ𝑛 = 𝐸2Ψ𝑛

                    (1.23) 

maSasadame, erTeleqtronian miaxloebaSi eleqtronisaTvis Cawerili 

Sredingeris gantoleba miiRebs Semdeg saxes: 
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{−
ℏ2

2𝑚0
∆ + 𝑈(𝑟)}Ψ(𝑟) = 𝐸𝑙Ψ(𝑟).            (1.24) 

amrigad, erTeleqtroniani miaxloeba saSualebas gvaZlevs eleqtro-

nebi kristalSi warmovidginiT iseTi nawilakebis saxiT, romlebic erTma-

neTTan ar urTierTqmedeben, e.i. moZraoben erTmaneTisgan damoukideblad. 

amis safuZvelze ki gamtarobis eleqtronebis erToblioba SegviZlia 

ganvixiloT rogorc idealuri airi. 

erTeleqtroniani miaxloebis gamoyenebis (Sredingeris gantolebaSi 

maTematikuri sirTuleebis moxsnis) miuxedavad (1.24)-dan eleqtronis tal-

Ruri funqciis da energiis dadgena SeuZlebelia, vinaidan ucnobia cxadi 

saxiT eleqtronis potenciuri energia kristalur velSi. 

 

 

1.4. kristaluri mesris perioduli veli. 

bloxis talRuri funqcia. kvaziimpulsi. 

 

kristalSi eleqtronis talRuri funqciis Sesaxeb msjeloba 

SeiZleba kristalis periodulobis Tvisebaze dayrdnobiT. am TavSi Cven, 

ZiriTadad, vixilavT idealur kristals. cxadia, rom aseT kristalSi 

mesris perioduloba idealurad aris daculi da, maSasadame, eleqtronis 

potenciuri energia kristalur velSi 𝑈(𝑟) aseTive mkacri periodulobiT 

unda xasiaTdebodes.mesrisperiodulobas gamosaxavs translaciis veqtori 

�⃗⃗� = 𝑛1�⃗�1 + 𝑛2�⃗�2 + 𝑛3�⃗�3 ,               (1.25) 

sadac 𝑛1, 𝑛2,  𝑛3 nebismieri mTeli ricxvebia, xolo �⃗�1, �⃗�2, �⃗�3  _ 

sabaziso veqtorebi gansazRvraven mesris periodulobas samive mTavari 

mimarTulebiT. translaciis veqtoriT wanacvleba niSnavs sawyisi 

wertilidan identurSi gadaadgilebas (kristaluri meseri daemTxveva Tavis 

Tavs). maSin 𝑈(𝑟)-is periodulobis Tviseba (nax. 1.2) ase Caiwereba: 

𝑈(𝑟 + �⃗⃗�) = 𝑈(𝑟)                   (1.26) 

(1.26)-dan, anu 𝑟 da 𝑟 + �⃗⃗� wertilebis identurobidan gamomdinare, 

eleqtronis talRuri funqciebic am wertilebSi SeiZleba mxolod mudmivi 

TanamamravliT gansxvavdebodnen erTmaneTisgan. talRuri funqciis nor-

mirebis pirobis (1.2) gaTvaliswinebiT, aRniSnuli koeficientis modulis 

kvadrati erTis toli unda iyos. amdenad, igi unda gamoisaxos warmosax-
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viTi eqsponentiT, riTac gaTvaliswinebuli iqneba is garemoebac, rom tal-

Ruri funqcia axasiaTebs kristalSi eleqtronuli talRis gavrcelebas: 

Ψ(𝑟 + �⃗⃗�) = 𝑒𝑖𝑘ℎ⃗⃗⃗Ψ(𝑟)                (1.27) 

 

nax. 1.2. erTganzomilebiani mesris perioduli 
potencialis sqematuri gamosaxuleba 

 
 (1.27) pirobas eleqtronis talRuri funqciis translaciuri Tviseba 

ewodeba. vinaidan eqsponentis xarisxis maCvenebeli uganzomilebo sidide 

unda iyos, xolo translaciis veqtors �⃗⃗�–s sigrZis ganzomileba aqvs, 

amitom �⃗⃗�-s unda hqondes sigrZis Sebrunebuli ganzomileba. �⃗⃗�-s talRuri 

veqtori ewodeba da is eleqtronuli talRebis gavrcelebas gviCvenebs 

kristalSi. misi moduli talRuri ricxvis saxelwodebas atarebs 

|�⃗⃗�| =
2𝜋

𝜆
,                       (1.28) 

maSasadame, kristalSi eleqtronis talRuri funqcia yovelTvis 

dakavSirebulia talRur veqtorTan, da amdenad, talRur veqtorTan 

dakavSirebuli iqneba Sredingeris gantolebaSi Semavali hamiltonianic da 

eleqtronis energiac.  

�̂��⃗⃗�Ψ�⃗⃗�
(𝑟) = 𝐸�⃗⃗�Ψ�⃗⃗�

(𝑟)                 (1.29) 

eleqtronis energiis mis talRur veqtorze damokidebulebas 

𝐸 = 𝐸(�⃗⃗�)                      (1.30) 

dispensiis kanoni ewodeba da is mTlianad gansazRvravs eleqtronis 

dinamiur Tvisebebs kristalSi. amitom 𝐸(�⃗⃗�) damokidebulebis dadgena zonu-

ri Teoriis ZiriTad amocanas warmoadgens. 

kristaluri velis da talRuri funqciis simetriulobidan gamomdi-

nare, Sredingeris gantolebis amouxsnelad, eleqtronis talRuri funqcia 

kristalSi Semdegi saxiT SeiZleba Caiweros: 
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Ψ�⃗⃗�
(𝑟) = 𝑒𝑖�⃗⃗�𝑟φ�⃗⃗�(𝑟)                 (1.31) 

mas bloxis talRuri funqcia ewodeba. rogorc vxedavT, bloxis tal-

Ruri funqcia warmoadgens brtyel talRas 𝑒𝑖�⃗⃗�𝑟, romelic modulirebulia 

perioduli φ�⃗⃗�(𝑟) funqciiT. am funqciis perioduloba mesris perio-

dulobiT ganisazRvreba: 

φ�⃗⃗�(𝑟 + �⃗⃗�) = φ�⃗⃗�(𝑟).
               (1.32) 

bloxis talRuri funqcis fizikuri arsi imaSi mdgomareobs, rom 

Tavisufali sivrcidan eleqtronis kristalSi gadasvlisas kristaluri 

mesris perioduli veli iwvevs eleqtronis talRuri funqciis amplitudur 

modulacias. 

fizikuri parametrebis kargad cnobili mudmivobis kanonebi (energiis, 

impulsis, moZraobis raodenobis momentis da sxva) gamosaxaven sivrcis da 

drois simetriulobis Tvisebebs. kerZod, sivrcis erTgvarovnebas _ 

nebismieri wanacvlebisas misi Tvisebebis ucvlelobas gamoxatavs impulsis 

mudmivobis kanoni. kristalSi moZravi eleqtronisaTvis impulsis mudmivoba 

unda niSnavdes masze moqmedi yvela Zalebis tolqmedis nulTan tolobas. 

magram eleqtroni kristalSi yovelTvis ganicdis perioduli kristaluri 

velis moqmedebas. maSin, mesris translaciur Tvisebebs unda Seesabamebodes 

garkveuli fizikuri sidide, romelic iqneba mudmivi kristalur velSi na-

wilakis moZraobisas, Tu nawilakze moqmedi gare Zalebi nulis tolia. am 

parameters kvaziimpulss uwodeben da is dakavSirebulia eleqtronis tal-

Rur veqtorTan Semdegi martivi gamosaxulebiT:  

�⃗⃗� = ℏ�⃗⃗�.                       (1.33) 

maSasadame, dispensiis kanoni (1.30), kristalSi moZravi eleqtronis 

energiis mis kvaziimpulsze damokidebulebasac gamoxatavs. 

 

 

1.5. TiTqmis Tavisufali da Zlierad bmuli  

eleqtronis miaxloebebi 

 

rogorc aRvniSneT, erTeleqtronian miaxloebaSi Cawerili Sredin-

geris gantoleba (1.24) marTalia erTparametriania, magram am gantolebidan 

                                                           
SemdgomSi, gamosaxulebis Caweris gamartivebis mizniT indeqsi �⃗⃗� gamoyenebuli ar iqneba. 
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eleqtronis energiis gansazRvra mainc SeuZlebelia, vinaidan ucnobia 

cxadi saxiT kristaluri velis enegiis 𝑈(𝑟)-is gamosaxuleba. amdenad, 

aucilebeli xdeba kvlav miaxloebiTi meTodebis gamoyeneba (1.24) ganto-

lebis SemdgomSi gamartivebisa da eleqtronis energiis dadgnis mizniT. Tu 

gamoviyenebT SeSfoTebis Teoriis meTods, maSin kristalis perioduli 

velis gavlena eleqtronze ganixileba rogorc mcire SeSfoTeba, xolo 

nulovani miaxloebis SerCevis mixedviT mivalT or polarul modelamde. 

a) TiTqmis Tavisufali eleqtronis miaxloeba. es miaxloeba 

gulisxmobs, rom eleqtronis potenciuri energia kristalis periodul 

velSi mniSvnelovnad mcirea eleqtronis kinetikur energisTan SedarebiT. 

amdenad, nulovan miaxloebad miiCneven Tavisufali eleqtronis moZ-

raobas, xolo kristaluri velis gavlena ganixileba rogorc SeSfoTeba 

�̂�(𝑟) = �̂�(𝑟). maSasadame, hamiltoniani (1.24) iqneba warmodgenili rogorc 

�̂� = �̂�0 + �̂�(𝑟)                   (1.34) 

sadac �̂�0 Tavisufali eleqtronis kinetikur energias gamoxatavs 

�̂�0 = −
ℏ2

2𝑚0
∆                     (1.35) 

nulovani miaxloebis Sesabamisi Sredingeris gantolebis 

�̂�0Ψ0(𝑟) = 𝐸0Ψ0(𝑟)                 (1.36) 

amonaxsni kargad aris cnobili _ Ψ0(𝑟) = 𝐴𝑒𝑖�⃗⃗�𝑟 (de broilis brtyeli 

talRa) da 𝐸0 =
ℏ2𝑘2

2𝑚0
 (dispersiis kvadratuli kanoni). amdenad, amocana daiyva-

neba nulovani miaxloebis energiisaTvis Sesworebebis SerCevaze (cxadia, 

rom aseTi midgoma karg raodenobriv Sedegs mogvcems liTonisaTvis). 

pirvel miaxloebaSi perioduli velis gaTvaliswineba SeSfoTebis saxiT 

ganapirobebs mxolod 𝐸0 energiis wanacvlebas mudmivi, �⃗⃗�-gan damoukide-

beli, 𝑈 sididiT, e.i. 𝐸(�⃗⃗�) = 𝐸0(�⃗⃗�) + 𝑈 (nax. 1.3.) 

 

 

 

 

 

 

                    a                                   b 

𝐸0 

�⃗⃗� 

𝐸0 

�⃗⃗� 
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nax. 1.3. eleqtronis energiis speqtri SeSfoTebis Teoriis nulovan (a) da 
pirvel (b) miaxloebebSi 

 

 

meore miaxloebaSi Sesworeba praqtikulad nulis tolia, Tumca 

arsebobs eleqrtonis iseTi mdgomareobebic, romlisTvisac Sesworeba 

miiswrafis usasrulobisken. am wertilebSi energia wyvetas ganicdis. 

eleqtronis aRniSnuli mdgomareobebi ganlagebulni arian sibrtyeebze, 

romlebic akmayofileben vulf-bregis gantolebas: 

(�⃗⃗�,   𝑘⃗⃗⃗ ⃗ + 𝜋�⃗⃗�) = 0                 (1.37) 

𝑏 Sebrunebuli mesris veqtoriada |�⃗⃗�| =
𝑛

𝑑
. aq 𝑑 aris kristaluri 

mesris atomur sibrtyeebs Soris manZili, 𝑛 _ mTeli ricxvi. (1.37) 

gantolebaSi Sebrunebuli mesris veqtoris (eleqtronis talRuri ricxvis 

(|�⃗⃗�| =
2𝜋

𝜆
)) mniSvnelobebis da eleqtronuli talRis atomur sibrtyeze 

dacemis Θ kiTxis (kuTxe sibrtyis normalsa da �⃗⃗� veqtors Soris) gaTvalis-

winebiT miiReba vulf-bregis cnobili gamosaxuleba talRebis interferen-

ciisaTvis kristalSi 

2𝑑𝑐𝑜𝑠Θ = 𝑛𝜆                    (1.38) 

energiis wyveta gamowveulia 𝜆-s (da e.i. �⃗⃗�-s) zogierTi mniSvnelobebi-

saTvis eleqtronuli talRebis CaqrobiT maTi interferenciis gamo. ener-

giis wyveta ganapirobebs energiis speqtris wyvetasac _ yalibdeba akrZalu-

li zonebi (nax. 1.4). daSvebul zonebSi kvlav marTebulia dispersiis 

kvadratuli kanoni. 

 

 
                                                           
Sebrunebuli mesris bazisis veqtorebi ganxilulia II Tavis $2_Si. 
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nax. 1.4. kristalSi moZravi eleqtronis 𝐸(�⃗⃗�) da Tavisufali eleqtronis 

𝐸0(�⃗⃗�) dispersiis kanonebi (wyvetiliT naCvenebia 𝐸(�⃗⃗�) damokidebuleba momijnave 
briluenis zonebSi) 

 

b) Zlierad bmuli (kvazibmuli) eleqtronis miaxloeba. am models 

safuZvlad udevs mosazreba, rom eleqtronis mdgomareoba kristalSi 

umniSvnelod gansxvavdeba misi mdgomareobisagan izolirebul atomSi. 

modeli karg raodenobriv Sedegs iZleva dieleqtrikebisaTvis, xolo 

naxevrad gamtarisaTvis saSualebas gvaZlevs vimsjeloT (realurad mxo-

lod Tvisobrivad) eleqtronis energetikuli speqtris ZiriTad 

kanonzomierebebze. 

simartivisaTvis kvazibmuli eleqtronis modeli ganvixiloT 𝑎 mesris 

mudmivas mqone erTganzomilebiani, erTi tipis atomebisgan Semdgari 

kristalis magaliTze. avirCioT atomebis am jaWvSi 𝑙-uri atomi, romlis 

radius-veqtoria �⃗⃗�𝑙, xolo misi romelime eleqtronis _ 𝑟. maSin am 

eleqtronis radius-veqtori skuTari birTvis mimarT iqneba 𝑟 − �⃗⃗�𝑙 da eleqt-

ronis talRuri funqcia atomSi 

   Ψ𝑙 = Ψ𝑙(𝑟 − �⃗⃗�𝑙)                     (1.39) 

modelis arsidan gamomdinare, eleqtronis talRuri funqcia 

kristalSi SeiZleba Caiweros atomSi talRuri funqciebis wrfivi 

kombinaciebis saxiT 

  Ψ𝑘(𝑟) = ∑ 𝑎𝑙𝑙 Ψ𝑙(𝑟 − �⃗⃗�𝑙)                (1.40) 

imisaTvis, rom Ψ(𝑟)-s hqondes bloxis talRuri funqciis saxe, 

aucilebelia 𝑎𝑙 koeficientis Semdegnairad warmodgena: 

𝑎𝑙 = 𝑒𝑖�⃗⃗��⃗⃗�𝑙                      (1.41) 

gamoviyenoT (1.40) Sredingeris (1.29) gantolebaSi, maSin: 

∑ 𝑎𝑙𝑙 {ĤΨ𝑙 − EΨ𝑙} = 0,               (1.42) 

sadac (1.24) –is Sesabamisad 

�̂� = −
ℏ2

2𝑚0
∆ + U(𝑟)               (1.43) 

kvazibmuli eleqtronis modeli gvaZlevs uflebas erTeleqtronian 

miaxloebaSi Cawerili Sredingeris gantolebis Semdgomi gamartivebisas, 

kristalSi da izolirebul atomSi eleqtronis energiaTa SedarebiT, nawi-

lobriv mainc avuaroT gverdi U(𝑟)-Tan dakavSirebul sirTuleebs. izo-
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lirebul atomSi raRac 𝑎-ur doneze myofi, Ua(𝑟) potenciuri energiis 

mqone eleqtronis Sredingeris gantolebaa 

�̂�𝑎Ψ𝑙 = E𝑎Ψ𝑙                 (1.44) 

sadac 

�̂�𝑎 = −
ℏ2

2𝑚0
∆ + Ua(𝑟)                (1.45) 

maSin (1.43) da (1.45)–is SedarebiT gveqneba: 

�̂� − �̂�𝑎 = U(𝑟) − Ua(𝑟)               (1.46) 

an 

�̂� = �̂�𝑎 +W(𝑟)                    (1.47) 

(1.47) gamosaxulebaSi 

W(𝑟) = U(𝑟) − Ua(𝑟)                 (1.48) 

SeSfoTebis energias warmoadgens. igi gansazRvravs eleqtronis 

potenciuri energiis cvlilebas izolirebuli atomidan kristaluri mes-

ris Camoyalibebisas. cxadia, rom kvazibmuli eleqtronis modelis 

farglebSi W(𝑟) mcired gansxvavdeba nulisgan. 

gaviTvaliswinoT (1.47) hamiltoniani (1.42)–Si, maSin 

  ∑ 𝑎𝑙{�̂�𝑎Ψ𝑙 +  W(𝑟)Ψ𝑙 − 𝐸Ψ𝑙} = 0𝑙          (1.49) 

Tu (1.44) CavsvaT (1.49)–Si: 

∑ 𝑎𝑙{W(𝑟)Ψ𝑙 + (𝐸𝑎 − 𝐸)Ψ𝑙} = 0𝑙             (1.50) 

(1.50)-dan eleqtronis 𝐸 energiis gansasazRvravad gavamravloT es 

gantoleba mezobeli kvanZisaTvis Cawerili eleqtronis talRuri funqciis 

kompleqsur SeuRlebulze Ψ𝑙′
∗ da movaxdinoT integreba kristalis mTel V 

moculobaze, miviRebT 

∑ 𝑎𝑙 {∫ Ψ𝑙 V
W(𝑟)Ψ𝑙′

∗𝑑𝑉 + (𝐸𝑎 − 𝐸)∫ Ψ𝑙Ψ𝑙′
∗𝑑𝑉

V
} = 0𝑙     (1.51) 

am ukanasknel gamosaxulebaSi Semaval orive integrals metad Rrma 

fizikuri Sinaarsi gaaCnia. 

ganvixiloT jer pirveli integrali, romelic gacvliTi integralis 

saxelwodebiT aris cnobili. 

∫ Ψ𝑙 V
W(𝑟)Ψ𝑙′

∗𝑑𝑉 ≡ 𝐴(�⃗⃗�𝑙 − �⃗⃗�𝑙′),           (1.52) 

rogorc (1.52) gamosaxulebidan gamomdinareobs, misi sidide or faq-

torzea damokidebuli: 1) eleqtronuli garsebis gadafarvis xarisxze. 

kvazibmuli eleqtronis modelis arsidan gamomdinare, garsebis gadafarva 
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umniSvneloa da amdenad, nulisken unda miiswrafodes am gadafarvis gamom-

xatveli talRuri funqciebis namravli. 2) SeSfoTebis energiaze (W(𝑟) = 0). 

amrigad, gacvliTi integrali gansxvavebulia yovelTvis nulisgan, 

Tumca misi sidide mcirea, amitom:  

1) kvazibmuli eleqtronis modelis farglebSic ki eleqtronis moZ-

raoba daSvebulia. 

2) eleqtronis moZraoba kristalSi SesaZlebelia mxolod uaxloes 

mezobel atomebs Soris eleqtronebis gacvliT. 

meore integrali (1.51)-Si mxolod talRuri funqciebis namravlzea 

damokidebuli, e.i. ganisazRvreba mxolod eleqtronuli garsebis gada-

farvis xarisxiT 

∫ Ψ𝑙 V
Ψ𝑙
∗𝑑𝑉 ≡ 𝑆(�⃗⃗�𝑙 − �⃗⃗�𝑙′),             (1.53) 

amdenad, misi mniSvneloba kvazibmuli eleqtronis modelis 

farglebSi nulis tolad SeiZleba CaiTvalos mezobeli atomebisaTvisac ki 

𝑆(�⃗⃗�𝑙 − �⃗⃗�𝑙′) = {
0  თუ    �⃗⃗�𝑙 ≠ �⃗⃗�𝑙′

1  თუ    �⃗⃗�𝑙 = �⃗⃗�𝑙′
            (1.54) 

(1.52) da (1.53) gamosaxulebebi CavsvaT (1.51)-Si 

∑ 𝑎𝑙{𝐴(�⃗⃗�𝑙 − �⃗⃗�𝑙′) + (𝐸𝑎 − 𝐸)𝑆(�⃗⃗�𝑙 − �⃗⃗�𝑙′)} = 0𝑙       (1.55) 

gavamravloT (1.55) Semdeg eqsponentaze 𝑒𝑖�⃗⃗�𝑅𝑙⃗⃗⃗⃗⃗ da SemovitanoT aRniSvna 

�⃗⃗�𝑙 − �⃗⃗�𝑙′ = �⃗�,                   (1.56) 

sadac  �⃗� aris ori 𝑙 da 𝑙′ atomebis SemaerTebeli veqtori, maSin  

∑ 𝑒𝑖�⃗⃗��⃗⃗�{𝐴(�⃗�) + (𝐸𝑎 − 𝐸)𝑆(�⃗�)} = 0𝑞            (1.57) 

am ukanaskneli gamosaxulebidan ganvsazRvroT kristalSi eleqtronis 

energiis sidide 

𝐸 = 𝐸𝑎 +
∑ 𝑒𝑖�⃗⃗⃗��⃗⃗⃗�𝐴(�⃗⃗�)𝑞

∑ 𝑒𝑖�⃗⃗⃗��⃗⃗⃗�𝑆(�⃗⃗�)𝑞

  .                 (1.58) 

(1.58)-dan gamomdinareobs, rom izolirebuli atomebis eleqtronebis 

diskretuli energetikuli doneebi, am atomebidan kristalis Camoyalibebi-

sas, iSlebian energetikul zonebad, romelTa sazRvrebi damokidebulia 

(1.58) gamosaxulebis meore Sesakrebis minimalur da maqsimalur mniSvnelo-

baze. 

(1.54) gamosaxulebis ZaliT, kvazibmuli eleqtronis modelis far-

glebSi 
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∑ 𝑒𝑖�⃗⃗��⃗⃗�𝑆(�⃗�)𝑞 = 1                  (1.59) 

da (�⃗�) = 0 mniSvnelobisaTvis gacvliTi integrali iqneba �⃗⃗�-gan damouki-

debeli mudmivi sidide 

𝐴(0) = ∫ |Ψ𝑙|
2W(𝑟)𝑑𝑉 = 𝐶,  V

             (1.60) 

Zlierad bmuli eleqtronis modelis arsidan gamomdinare, azri aqvs 

ganvixiloT gacvliTi integrali mxolod uaxloesi mezobeli atomebisa-

Tvis. erTi tipis atomebisgan Semdgari erTganzomilebiani atomuri jaWvisa-

Tvis (1.58)-Si gaTvaliswinebuli unda iyos 𝑞 = +𝑎 da 𝑞 = −𝑎 sidideTa Se-

sabamisi, da cxadia, erTmaneTis toli gacvliT integralis mniSvnelobani: 

𝐴(𝑎) = 𝐴(−𝑎) ≡ 𝐴                  (1.61) 

da aseve: 

∑𝑒𝑖�⃗⃗��⃗⃗� = 𝑒𝑖𝑘𝑥⃗⃗⃗⃗⃗⃗ 𝑎 + 𝑒−𝑖𝑘𝑥⃗⃗⃗⃗⃗⃗ 𝑎+𝑒𝑖𝑘𝑦
⃗⃗⃗⃗⃗⃗ 𝑎+𝑒−𝑖𝑘𝑦

⃗⃗⃗⃗⃗⃗ 𝑎+𝑒𝑖𝑘𝑧⃗⃗ ⃗⃗⃗𝑎+𝑒−𝑖𝑘𝑧⃗⃗ ⃗⃗⃗𝑎 = 

= 2(𝑐𝑜𝑠𝑘𝑥𝑎 + 𝑐𝑜𝑠𝑘𝑦𝑎 + 𝑐𝑜𝑠𝑘𝑧𝑎)             (1.62) 

(1.59)-(1.62) gamosaxulebebis (1.58)-Si gaTvaliswinebiT eleqtronis 

energiisaTvis miviRebT 

𝐸 = 𝐸0 + 𝐶 + 2𝐴(𝑐𝑜𝑠𝑘𝑥𝑎 + 𝑐𝑜𝑠𝑘𝑦𝑎 + 𝑐𝑜𝑠𝑘𝑧𝑎)       (1.63) 

am formulis analizi saSualebas gvaZlevs gavakeToT Semdegi 

daskvnebi: 

1) izolirebuli atomis nebismieri energetikuli done kristaluri 

mesris Camoyalibebisas wainacvlebs 𝐶 sididiT, Tanac 𝐶 SeiZleba iyos ro-

gorc dadebiTi, aseve uaryofiTi. 

2) (1.63) gamosaxulebis mesame Sesakrebis ZaliT gacvliTi urTierTqme-

deba unda ganapirobebdes energetikuli donis energetikul zonad gaxleC-

vas (nax. 1.5). 
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nax. 1.5. energetikuli doneebidan energetikuli zonebis Camoyalibebis sqema 

3) zonis minimaluri da maqsimaluri energiebi damokidebulia 𝐴 sidi-

deze da dakavSirebulia 𝑐𝑜𝑠-is funqciis eqstremumebis 𝑐𝑜𝑠𝑘𝑖𝑎 = ±1 mniSvne-

lobebTan 

{
𝐸𝑚𝑎𝑥 = 𝐸𝑎 + 𝐶 + 6𝐴
𝐸𝑚𝑖𝑛 = 𝐸𝑎 + 𝐶 − 6𝐴

                 (1.64) 

4) daSvebuli zonis sigane mxolod 𝐴 gacvliTi integraliT ganisa-

zRvreba 

∆𝐸 = 𝐸𝑚𝑎𝑥 − 𝐸𝑚𝑖𝑛 = 12𝐴              (1.65) 

5) daSvebuli zonis sigane izrdeba energiis zrdasTan erTad, radga-

nac gare garsebisaTvis gadafarvis xarisxi matia. rogorc wesi, amas Tan 

axlavs akrZaluli zonis siganis Semcireba. 

6) kristalSi eleqtronis energia damokidebulia talRur veqtorze. 

Tanac, igi luwi funqciaa. 

𝐸(�⃗⃗�) = 𝐸(−�⃗⃗�)                    (1.66) 

7) krisralze gareSe zemoqmedebis (temperatura, wneva, eleqtruli ve-

li da a.S.) Sedegad icvleba atomebs Soris manZili da, Sesabamisad, gacv-

liTi integralis sididec; cxadia, rom amis gamo Seicvleba energetikuli 

zonis siganec ∆𝐸 da akrZaluli zonis siganec ∆𝐸𝑔. 

 

 

1.6. eleqtronis mdgomareobaTa raodenoba 

daSvebul zonaSi 
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davadginoT daSvebul zonaSi eleqtronisaTvis energetikuli goneebis 

raodenoba. sakiTxis ganxilvisas gveqneba agreTve saSualeba ganvsazRvroT 

eleqtronis talRuri veqtoris cvlilebis are. 

dasmuli amocanis gadasawyvetad aviRoT paralelepipedis formis 

kristali, romlis zomebia 𝐿𝑥, 𝐿𝑦, 𝐿𝑧, xolo mesris mudmiva𝑎, maSin 

𝐿𝑥 = 𝑎𝑁𝑥; 𝐿𝑦 = 𝑎𝑁𝑦;  𝐿𝑧 = 𝑎𝑁𝑧;             (1.67) 

sadac 𝑁𝑥, 𝑁𝑦, 𝑁𝑧 atombis raodenobaa Sesabamis mimarTulebebze. 

gamoviyenoT am kristalisaTvis born-karmanis cikluri piroba, rome-

lic moiTxovs mopirdapire waxnagebze eleqtronis talRuri funqciis to-

lobas 

Ψ(x + 𝐿𝑥, 𝑦𝑡𝐿𝑦, 𝑧 + 𝐿𝑧) = Ψ(x, y, z).          (1.68) 

am pirobas ar axlavs araviTari fizikuri SezRudva, magram, cxadia, 

talRuri funqcia bloxis pirobas unda akmayofilebdes 

Ψk⃗⃗⃗
(𝑟) = 𝑒𝑖�⃗⃗�𝑟𝜑k⃗⃗⃗(𝑟)                (1.69) 

imisaTvis,rom (1.68) da (1.69) gamosaxulebebi erTdroulad Sesruldes, 

saWiroa (1.68) pirobis marcxena mxare Semdegnairad warmovadginoT: 

Ψ(x + 𝐿𝑥, 𝑦𝑡𝐿𝑦, 𝑧 + 𝐿𝑧) = 𝑒
𝑖�⃗⃗�𝑟𝑒𝑖𝑘𝑥𝐿𝑥𝑒𝑖𝑘𝑦𝐿𝑦𝑒𝑖𝑘𝑧𝐿𝑧 ,     (1.70) 

Tu (1.70)-s gaviTvaliswinebT (1.68)-Si gveqneba 

𝑒𝑖𝑘𝑥𝐿𝑥𝑒𝑖𝑘𝑦𝐿𝑦𝑒𝑖𝑘𝑧𝐿𝑧=1                   (1.71) 

es piroba Sesruldeba im SemTxvevaSi, Tu eqsponentis maCvenebeli 2𝜋-

ze gamravlebul mTel ricxvs warmoadgens 

𝑘𝑥𝐿𝑥 = 2𝜋𝑛𝑥, 𝑘𝑦𝐿𝑦 = 2𝜋𝑛𝑦,  𝑘𝑧𝐿𝑧 = 2𝜋𝑛𝑧,       (1.72) 

sadac 𝑛𝑖 = 0,±1,±2,… am ukanaskneli (1.72) gamosaxulebidan martivad 

ganvsazRvravT kristalSi myofi eleqtronisaTvis talRuri veqtoris SesaZ-

lo mniSvnelobebs 

𝑘𝑥 =
2𝜋𝑛𝑥

𝐿𝑥
=

2𝜋𝑛𝑥

𝑎𝑁𝑥
=

2𝜋

𝑎
∙
𝑛𝑥

𝑁𝑥

𝑘𝑦 =
2𝜋𝑛𝑦

𝐿𝑦
=

2𝜋𝑛𝑦

𝑎𝑁𝑦
=

2𝜋

𝑎
∙
𝑛𝑦

𝑁𝑦

𝑘𝑧 =
2𝜋𝑛𝑧

𝐿𝑧
=

2𝜋𝑛𝑧

𝑎𝑁𝑧
=

2𝜋

𝑎
∙
𝑛𝑧

𝑁𝑧}
 
 

 
 

𝑁𝑖 = 1,2,3, …    (1.73) 

(1.73) gamosaxuleba saSualebas gvaZlevs gavakeToT Semdegi daskvna �⃗⃗�-s 

mniSvnelobaTa simravlis Sesaxeb - eleqtronis talRuri veqtoris mniSvne-

lobaTa simravle diskretulia. aqedan gamomdinare, dakvantulia daSvebul 

zonaSi eleqtronis energiac. 
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talRuri veqtoris cvlilebis sazRvrebis dasadgenad daveyrdnoT 

kvazibmuli eleqtronis modelSi Caweril talRuri funqciis gamosaxule-

bas erTganzomilebian SemTxvevaSi 

Ψ(x) = ∑ 𝑒𝑙
𝑖𝑘𝑥𝑎𝑙 Ψ𝑙 = ∑ 𝑒𝑙

𝑖
2𝜋𝑛𝑥
𝑁𝑥 Ψ𝑙 ,           (1.74) 

sadac gaTvaliswinebulia, rom 𝑅𝑙 = 𝑎𝑙, 𝑙 _ atomis nomeria (e.i. mTeli 

ricxvia), 𝐿𝑥 = 𝑎𝑁𝑥. Ψ(x)funqcia periodulad miiRebs erTi da igive sidides 

rodesac -𝑛𝑥 = 0 da ±𝑁𝑥, 𝑛𝑥 = 1 da ±(𝑁𝑥 + 1) da a.S. 𝑛𝑥 iRebs mxolod 

dadebiT mniSvnelobebs (1.66)-dan gamomdinare 

0 ≤ {

𝑛𝑥
𝑛𝑦
𝑛𝑧
} < {

𝑁𝑥
𝑁𝑦
𝑁𝑧

}                    (1.75) 

(1.75) pirobis (1.73)-Si gaTvaliswinebiT 

{
 
 

 
 0 ≤ 𝑘𝑥 ≤

2𝜋

𝑎

0 ≤ 𝑘𝑦 ≤
2𝜋

𝑎

0 ≤ 𝑘𝑧 ≤
2𝜋

𝑎 }
 
 

 
 

    ან    −
𝜋

𝑎
≤ {

𝑘𝑥
𝑘𝑦
𝑘𝑧

} <
𝜋

𝑎
          (1.76) 

am (1.76) gamosaxulebiT gansazRvrul �⃗⃗� talRuri veqtoris mniSvnelo-

baTa ares briluenis pirvel anu dayvanil zonas uwodeben. �⃗⃗�-s mniSvneloba-

Ta ricxvi 𝑁 = 𝑁𝑥𝑁𝑦𝑁𝑧 ganisazRvreba Sesabamisi mimarTulebiT atomebis rao-

denobebis namravliT. energiis talRur veqtorze damokidebulebis gamo, 

cxadia, daSvebuli zonis farglebSi energetikul doneTa ricxvic iqneba 𝑁, 

romlis SedarebiT martivi gziT dasadgenad gamoviyenoT kristalis xazo-

vani zomebi 

𝑁 = 𝑁𝑥𝑁𝑦𝑁𝑧 =
𝐿𝑥𝐿𝑦𝐿𝑧

𝑎3
=

𝑉

𝑎3
              (1.77) 

(1.77) gamosaxulebis ZaliT zonaSi energetikul doneTa ricxvi gani-

sazRvreba kristalis moculobis fardobiT am kristalis elementaruli 

ujredis moculobasTan (anu kritalSi elementaruli ujredebis raode-

nobiT). vinaidan, paulis principis Tanaxmad, doneze SeiZleba ganlagdes 

ori eleqtroni sapirispiro spinebiT, amitom eleqtronisaTvis kvantur 

mdgomareobaTa ricxvi iqneba 𝑁𝑒 = 2𝑁. 

SevafasoT kvantur mdgomareobaTa ricxvi realuri kristalisaTvis, 

romlis moculoba aviRoT 1sm3-is, xolo mesris mudmiva 5Å-is tolad. 

(1.77)-Si am ricxviTi mniSvnelobebis gaTvaliswinebiT miviRebT 1022 doneTa 

ricxvs. 1ev siganis daSvebuli zonisaTvis doneTa Soris energetikuli Rre-
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Co gamova imdenad mcire (10-22ev), rom eleqtronis energia zonis farglebSi 

kvaziuwyvetad SeiZleba miviCnioT. 

 

 

1.7. eleqtronis energiis talRur veqtorze 

damokidebulebis saxe 

 

eleqtronis talRuri veqtoris mniSvnelobebis saxis da cvlilebis 

aris dadgenis Semdeg SesaZlebeli xdeba kvazibmuli eleqtronis modelSi 

eleqtronis energiisaTvis miRebuli (1.63) gamosaxulebis Semdgomi gamar-

tiveba da analizi. 

simartivisaTvis, Tavdapirvelad, ganvixiloT erTganzomilebiani Sem-

Txveva da Semdeg ganvazogadoT igi samganzomilebiani kristalisaTvis. Se-

movitanoT aRniSvna 

𝐸0 = 𝐸𝑎 + 𝐶                     (1.78) 

maSin (1.78)-is gaTvaliswinebiT (1.63) miiRebs saxes 

  𝐸 = 𝐸0 + 2𝐴𝑐𝑜𝑠𝑘𝑥𝑎.                  (1.79) 

gacvliTi integrali 𝐴, romelic damokidebulia SeSfoTebis ener-

giasa da talRuri funqciebis gadafarvis xarisxze, SeiZleba iyos rogorc 

dadebiTi aseve uaryofiTi. 

1) sferuli eleqtronuli garsis mqone 𝑠 – atomuri mdgomareobebisa-

Tvis 𝐴 < 0, e.i. 

𝐸 = 𝐸0 − 2|𝐴|𝑐𝑜𝑠𝑘𝑥𝑎                (1.80) 

warmovadginoT (1.80) gamosaxuleba grafikulad 𝑘𝑥-s mniSvnelobaTa 

cvlilebis aris gaTvaliswinebiT (nax. 1.6). rogorc garafikidan Cans, 

gacvliTi integralis uaryofiTi mniSvnelobis SemTxvevaSi briluenis 

zonis centrs (𝑘𝑥 = 0) Seesabameba eleqtronis energiis minimaluri 

mniSvneloba, xolo briluenis zonis kideebze (|(𝑘𝑥)|) =
𝜋

𝑎
 eleqtronis ener-

gia iRebs Tavis maqsimalur mniSvnelobas. aseTi saxis damokidebuleba 

energiasa da talRur veqtors Soris damaxasiaTebelia idealuri naxevrad 

gamtaris gamtarobis zonisaTvs. 
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nax. 1.6.  𝐸(𝑘𝑥) damokidebuleba 𝑠 - mdgomareobebiT Seqmnili zonisTvis 
 

2) 𝑝–atomuri mdgomareobisaTvis 𝐴 > 0 da 

𝐸 = 𝐸0 + 2|𝐴|𝑐𝑜𝑠𝑘𝑥𝑎                  (1.81) 

(1.81)-is Sesabamisi grafikuli gamosaxuleba mocemulia nax. 1.7-ze. am 

SemTxvevaSi briluenis zonis centrs (𝑘𝑥 = 0)Seesabameba energiis maqsima-

luri mniSvneloba, xolo briluenis zonis kideebze (|(𝑘𝑥)|) =
𝜋

𝑎
 gvaqvs ener-

giis minimaluri mniSvneloba. aseTi saxis damokidebuleba damaxasiaTebelia 

idealuri naxevrad gamtaris savalento zonisaTvis. 

amrigad, zonebis eqstremaluri mdgomareobani (gamtarobis zonis mini-

mumi da savalento zonis maqsimumi) idealur naxevrad gamtarSi ganlage-

bulia briluenis zonis centrSi �⃗⃗� = 0 wertilSi. 

rogorc am Tavis dasawyisSi aRvniSneT, naxevrad gamtarSi mimdinare 

esa Tu is fizikuri mavlena ZiriTadad eleqtronebTanaa dakavSirebuli da 

rogorc wesi, am movlenebSi mniSvnelovan rols TamaSobs is eleqtronebi, 

romelTa energia Seesabameba an savalento zonis Wers, an gamtarobis zonis 

fskers. amrigad, idealuri naxevrad gamtaris ganxilvisas, umetes SemTxve-

vaSi, SeiZleba SemovifargloT �⃗⃗�-s im mniSvnelobebiT, romlebic briluenis 

zonis centris maxloblad arian ganlagebulni. 
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nax. 1.7. 𝐸(𝑘𝑥)damokidebuleba 𝑝 – mdgomareobebiT Seqmnili zonisaTvis 
 

ganvazogadoT miRebuli Sedegebi samganzomilebiani kristalis Sem-

TxvevisaTvis. Tu gaviTvaliswinebT, rom sakmarisia SemovifargloT tal-

Ruri veqtoris nulisgan mcired gansxvavebuli mniSvnelobebiT, maSin eleq-

tronis energiis gamosaxuleba SeiZleba warmovadginoT mwkrivis saxiT. 

1) gavaanalizoT (1.63) formula gamtarobis zonis fskeris maxlobeli 

mdgomareobebisaTvis (𝐴 < 0), maSin  

𝐸 = 𝐸0 − 2|𝐴| {[1 −
1

2
(𝑘𝑥𝑎)

2] + [1 −
1

2
(𝑘𝑦𝑎)

2
] + [1 −

1

2
(𝑘𝑧𝑎)

2]} = 

= 𝐸0 − 6|𝐴| + |𝐴|𝑎
2(𝑘𝑥

2 𝑘𝑦
2𝑘𝑧

2) = (𝐸0 − 6|𝐴|) + |𝐴|𝑎
2𝑘2        (1.82) 

Tu (1.82) gamosaxulebaSi aviRebT �⃗⃗� = 0 mniSvnelobas maSin eleqtronis 

energia toli iqneba 𝐸 = 𝐸0 − 6|𝐴| da, e.i. gamtarobis zonis minimaluri ener-

gia ganisazRvreba formuliT 

𝐸𝐶 = 𝐸0 − 6|𝐴|                  (1.83) 

(1.83)-is gaTvaliswinebiT (1.82)-Si miviRebT 

𝐸 = 𝐸𝐶 + |𝐴|𝑎
2𝑘2                 (1.84) 

am ukanasknel gamosaxulebas ewodeba dispersiis kanoni idealuri na-

xevrad gamtaris gamtarobis zonisaTvis da, rogorc vxedavT, es dispersiis 

kanoni kvadratuli da izotropulia. 

2) ganvixiloT savalento zonis Weris maxlobeli mdgomareobebi 

(𝐴 > 0) 

𝐸 = 𝐸0 + 2|𝐴| {[1 −
1

2
(𝑘𝑥𝑎)

2] + [1 −
1

2
(𝑘𝑦𝑎)

2
] + [1 −

1

2
(𝑘𝑧𝑎)

2]} = 

= 𝐸0 + 6|𝐴| − |𝐴|𝑎
2(𝑘𝑥

2 𝑘𝑦
2, 𝑘𝑧

2) = (𝐸0 + 6|𝐴|) − |𝐴|𝑎
2𝑘2       (1.85) 

Tu (1.85)-Si ganvixilavT isev SemTxvevas, roca �⃗⃗� = 0, maSin  

     𝐸𝑉 = 𝐸0 + 6|𝐴|                    (1.86) 

(1.86)-is gaTvaliswinebiT (1.85)-Si, miviRebT dispersiis kanonis gamosa-

xulebas idealuri naxevrad gamtaris savalento zonisaTvis  

𝐸 = 𝐸𝑉 − |𝐴|𝑎
2𝑘2                   (1.87) 

da gamtarobis zonis msgavsad. es dispersiis kanonic kvadratuli da 

izotropulia. 

Tu ganvixilavT impulsur (talRuri vaqtoris) sivrces, maSin 𝐸(�⃗⃗�) 

damokidebuleba gansazRvravs am sivrceSi mudmivi energiis mqone zedapirs 
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(izoenergetikul zedapirs 𝐸(�⃗⃗�) = 𝑐𝑜𝑛𝑠𝑡) (1.84) da (1.87) gamosaxulebebis Ta-

naxmad, gamtarobis zonis fskersa da savalento zonis WerTan eleqtrone-

bis energia ar aris damokidebuli �⃗⃗� veqtoris mimarTulebaze da amdenad, 

izoenergetikuli zedapirebi xasiaTdebian umaRlesi simetriiT – sferuli 

simetriiT. 

 

 

 

 

 

1.8. zonebis eleqtronuli mdgomareobebis Sevseba.  

myari sxeulebis klasifikacia 

  

SesavalSi warmodgenili iyo myari sxeulebis klasifikacia, romelic 

eyrdnoba eleqtrogamtarobis Taviseburebebs.magram gacilebiT gasagebi gax-

deba liTonis, naxevrad gamtaris da dieleqtrikis TvisebaTa gansxvaveba 

Tu maT klasifikacias safuZvlad daedeba zonebis agebuleba da maTi 

eleqtronuli mdgomareobebis Sevseba, radgan, swored isini gansazRvraven 

fizikuri procesebis udides umravlesobas. ganxilva CavataroT 

temperaturis absolutur nulze. 

1) gamtarobisa da savalento zonebs Soris arsebobs energetikuli 

RreCo  ∆𝐸𝑔 > 0, magram savalento zona ar aris mTlianad Sevsebuli eleqt-

ronebiT (nax. 1.8,a) – nivTiereba warmoadgens liTons da misi kargi gam-

taroba, aixsneba imiT, rom zonaSi Tavisufali mdgomareobebis gamo, gareSe 

eleqtruli velis zemoqmedebiT eleqtronebs saSualeba aqvT Seicvalos 

energia da monawileoba miiRos muxtis gadatanaSi. nawilobriv Sevsebuli 

savalento zona gaaCniaT erTvalentian pirveli jgufis elementebs _ 

𝐿𝑖, 𝑁𝑎, 𝐾, 𝐾𝑏, 𝐶𝑠 da keTilSobil liTonebs -𝐶𝑢, 𝐴𝑔, 𝐴𝑢. 
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a                        b                            g 
nax. 1.8. zonebis ganlagebisa da kvantur mdgomareobaTa Sevsebis sqema 

 
 

2) savlento zonaSi yvela SesaZlo eleqtronuli mdgomareoba 

dakavebulia, magram xdeba misi gadafarva carieli gamtarobis zonasTan 

∆𝐸𝑔 < 0 (nax. 1.8,b). am SemTxvevaSi savalento zonis eleqtronebi gareSe el-

eqtruli velis gavleniT gadadian Tavisufali zonis energetikul done-

ebze da monawileobas iReben muxtis gadatanaSi – nivTiereba naxevrad li-

Tons warmoadgens da aseTi zonebiT xasiaTdebian, magaliTad, meore jgufis 

elementebi. 

3) savalento zona mTlianad Sevsebulia da ar aris gadafaruli gam-

tarobis zonasTan, ∆𝐸𝑔 > 0 (nax. 1.8,g). akrZaluli zonis siganis ricxviTi 

mniSvnelobis mixedviT nivTiereba miekuTvneba an naxevrad gamtarebs, an 

dieleqtrikebs. pirobiTad miRebulia, rom Tu ∆𝐸𝑔 < (3 ÷ 5)ev – nivTiereba 

naxevrad gamtaria, xolo Tu ∆𝐸𝑔 > (3 ÷ 5)ev – dieleqtriki. 

amrigad, naxevrad gamtarSi absolutur nul temperaturaze savalen-

to zona mTlianad Sevsebulia, xolo gamtarobis zona – mTlianad Tavisu-

fali. 

 

1.9. muxtis gadamtanebis efeqturi masa. 

dispersiis kvadratuli izotropuli kanoni. 

 

efeqturi masa aris koeficienti (parametri), romlis meSveobiTac 

SesaZlebeli xdeba gaviTvaliswinoT muxtis gadamtanebze kristalis Siga 

Zalebis  (kristaluri velis) moqmedeba. efeqturi masis cnebis Semosatanad 

gaviTvaliswiniT, rom eleqtronis moZraoba SeiZleba ganvixiloT rogorc 

talRuri procesi – talRaTa jgufi, romelic vrceldeba sivrceSi drois 

ganmavlobaSi �̅� jgufuri siCqariT. maSin, es siCqare SeiZleba davukavSiroT 

ciklur sixSires 

�̅� =
𝑑𝜔

𝑑𝑘
 ,                     (1.88) 

gardavqmnaT (1.88) gamosaxuleba ise, rom davakavSiroT siCqare 

eleqtronis energiasTan 

�̅� =
𝑑(ℏ𝜔)

𝑑(ℏ𝑘)
=

𝑑𝐸

𝑑𝑃
                   (1.89) 
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gareSe zemoqmedebisas, magaliTad, kristalis 𝜉 daZabulobis 

eleqtrul velSi moTavsebisas, eleqtronis aCqarebasa da 𝐹 gareSe Zalas 

Soris kavSiri Caiwereba Semdegi TanafardobiT: 

�̅� =
𝑑�̅�

𝑑𝑡
=

𝜕�̅�

𝜕𝑃
∙
𝜕𝑃

𝜕𝑡
=

𝜕�̅�

𝜕𝑃
𝐹                (1.90) 

Tu (1.89) gamosaxulebas gaviTvaliswinebT (1.90)-Si miviRebT 

�̅� =
𝜕2𝐸

𝜕𝑃2
𝐹                      (1.91) 

SevadaroT (1.91) klasikuri nawilakisaTvis arsebul moZraobis ganto-

lebas 

𝑎 =
1

𝑚0
𝐹 = −

1

𝑚0
𝑒𝜉                 (1.92) 

(1.91) da (1.92)-is SedarebiT cxadi xdeba, rom am gamosaxulebebSi 

erTmaneTs emTxveva koeficientebis ganzomilebebi da swored amis gamo 
𝜕2𝐸

𝜕𝑃2
 

koeficientma miiRo Sebrunebuli efeqturi masis saxelwodeba 

         [
𝜕2𝐸

𝜕𝑃2
] = [

1

𝑚0
]                     (1.93) 

𝜕2𝐸

𝜕𝑃2
=

1

ℏ2
𝜕2𝐸

𝜕𝑘2
=

1

𝑚∗ ,                 (1.94) 

sadac 
1

𝑚∗
 aris Sebrunebuli efeqturi masa. 

aRsaniSnavia, rom araviTari fizikuri msgavseba masasa (klasikuri 

gagebiT) da efeqtur masas Soris ar arsebobs. efeqturi masa ar aris iner-

tulobis zoma da ar aris dakavSirebuli gravitaciul ZalasTan. ufro 

metic, efeqturi masa, namdvili masisgan gansxvavebiT, SeiZleba iyos ro-

gorc dadebiTi, aseve uaryofiTi sidide. efeqturi masa aris koeficienti, 

romelic akavSirebs eleqtronis aCqarebas moqmed gareSe ZalasTan da misi 

meSveobiT xdeba eleqtronze kristaluri perioduli velis moqmedebis gaT-

valiswineba. 

konkretuli amocanis gadawyvetisas, xSirad saWiro xdeba aCqarebis 

komponentebis cal-calke ganxilva 

𝑎𝑥 =
𝜕2𝐸

𝜕𝑃𝑥
2 𝐹𝑥 +

𝜕2𝐸

𝜕𝑃𝑥𝜕𝑃𝑦
𝐹𝑦 +

𝜕2𝐸

𝜕𝑃𝑥𝜕𝑃𝑧
𝐹𝑧

𝑎𝑦 =
𝜕2𝐸

𝜕𝑃𝑦𝜕𝑃𝑥
𝐹𝑥 +

𝜕2𝐸

𝜕𝑃𝑦
2 𝐹𝑦 +

𝜕2𝐸

𝜕𝑃𝑦𝜕𝑃𝑧
𝐹𝑧

𝑎𝑧 =
𝜕2𝐸

𝜕𝑃𝑧𝜕𝑃𝑥
𝐹𝑥 +

𝜕2𝐸

𝜕𝑃𝑧𝜕𝑃𝑦
𝐹𝑦 +

𝜕2𝐸

𝜕𝑃𝑧
2 𝐹𝑧}

 
 

 
 

           (1.95) 

vinaidan kristali, zogadad, anizotropuli sistemaa, amitom aCqarebis 

veqtoris mimarTuleba ar emTxveva gareSe Zalis veqtoris mimarTulebas. 
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(1.95) gamosaxulebidan gamomdinare, Sebrunebuli efeqturi masa meore 

rangis tenzors warmoadgens kristalSi 

{𝑚𝑖𝑗
∗−1} =

‖

‖

𝜕2𝐸

𝜕𝑃𝑥
2

𝜕2𝐸

𝜕𝑃𝑥𝜕𝑃𝑦

𝜕2𝐸

𝜕𝑃𝑥𝜕𝑃𝑧

𝜕2𝐸

𝜕𝑃𝑦𝜕𝑃𝑥

𝜕2𝐸

𝜕𝑃𝑦
2

𝜕2𝐸

𝜕𝑃𝑦𝜕𝑃𝑧

𝜕2𝐸

𝜕𝑃𝑧𝜕𝑃𝑥

𝜕2𝐸

𝜕𝑃𝑧𝜕𝑃𝑦

𝜕2𝐸

𝜕𝑃𝑧
2

‖

‖
=
‖

‖

𝑚𝑥𝑥
∗−1𝑚𝑥𝑦

∗−1𝑚𝑥𝑧
∗−1

𝑚𝑦𝑥
∗−1𝑚𝑦𝑦

∗−1𝑚𝑦𝑧
∗−1

𝑚𝑧𝑥
∗−1𝑚𝑧𝑦

∗−1𝑚𝑧𝑧
∗−1

‖

‖
    (1.96) 

tenzori (1.96) simetriulia mTavari diagonalis mimarT - 
𝜕2𝐸

𝜕𝑃𝑖𝜕𝑃𝑗
=

𝜕2𝐸

𝜕𝑃𝑗𝜕𝑃𝑖
, 

e.i. 𝑚𝑖𝑗
∗−1 = 𝑚𝑗𝑖

∗−1 amitom, SeiZleba moxdes matricis diagonalizacia da 

gveqneba 

{𝑚∗−1} = ‖

𝑚𝑥𝑥
∗−1      0          0

0         𝑚𝑦𝑦
∗−1       0

0     0     𝑚𝑧𝑧
∗−1

‖             (1.97) 

radgan arsebobs Sebrunebuli efeqturi masis tenzori, martivad Se-

gviZlia gadavideT efeqturi masis tenzorzec (Tu Sesabamisi determinanti 

nulisgan gansxvavebulia) 

{𝑚𝑖𝑗
∗−1}

−1
= {𝑚𝑖𝑗

∗ } = ‖

𝑚1     
∗ 0      0

0     𝑚2     
∗ 0 

0     0    𝑚3 
∗
‖           (1.98) 

idealur naxevrad gamtarSi eleqtronis efeqturi masa 𝑚𝑛 
∗  izotropu-

lia - 𝑚1
∗ = 𝑚2

∗ = 𝑚3
∗ . zemoTqmulidan gamomdinare 

𝑚𝑛
∗ = ℏ2 (

𝜕2𝐸

𝜕𝑘2
)
−1

                   (1.99) 

cxadia, kavSiri kristalSi eleqtronis siCqaresa da mis kvaziimpulss 

Soris xorcieldeba efeqturi masis saSualebiT 

�⃗⃗� =
1

𝑚𝑛
∗ �⃗⃗�                      (1.100) 

efeqturi masis Semotanis Semdeg ufro moxerxebuli saxiT Caiwereba 

dispersiis kanonic. gamtarobis zonisaTvis miRebuli kvadratuli 

izotropuli kanoni 

   𝐸 = 𝐸𝐶 + |𝐴|𝑎
2𝑘2                 (1.101) 

SevadaroT Tavisufali eleqtronis dispersiis kanons 

𝐸 =
ℏ2𝑘2

2𝑚0
                      (1.102) 

Tu gaviTvaliswinebT (1.101) da (1.102) formulebis msgavsebas da Tavi-

sufali eleqtronis masas eleqtronisaTvis kristalSi SevcvliT efeqturi 
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masiT, maSin idealuri naxevrad gamtaris gamtarobis zonisaTvis dispersiis 

kanoni miiRebs Semdeg saxes: 

𝐸 = 𝐸𝐶 +
ℏ2𝑘2

2𝑚𝑛
∗                   (1.103) 

analogiurad, savalento zonisaTvis 

    𝐸 = 𝐸𝑉 − |𝐴|𝑎
2𝑘2                (1.104) 

da 

𝐸 = 𝐸𝑉 −
ℏ2𝑘2

2𝑚𝑛
∗                   (1.105) 

rogorc vxedavT, arsebobs ukuproporciuli kavSiri gacvliT integ-

ralsa da 𝑚𝑛
∗ efeqtur masas Soris. vinaidan gacvliTi integrali gansa-

zRvravs daSvebuli zonis siganes, amitom SegviZlia gavakeToT metad 

mniSvnelovani daskvna: rac ufro ganieria zona (energiis mixedviT), miT 

mcire iqneba am zonaSi eleqtronis efeqturi masa. 

 

nax. 1.9. eleqtronis efeqturi masis Tvisebebis  
grafikuli analizi 

zemoT aRniSnuli iyo, rom muxtis gadamtanebis efeqturi masa 

SeiZleba iyos rogorc dadebiTi, aseve uaryofiTi. eleqtronis efeqturi 

masa daSvebuli zonis fskerTan dadebiTia, xolo WerTan _ uaryofiTi. 

sailustraciod grafikuli analizi Catarebulia nax. 1.9. -ze.  

 

1.10. efeqturi masis meTodi 

 

rogorc viciT, naxevrad gamtarebSi ama Tu im konkretuli efeqtis 

axsna ZiriTadad xerxdeba eleqtronebis energetikuli zonuri struqturis 
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safuZvelze da, swored amitom, aseTi didi adgili davuTmeT Sredingeris 

gantolebis amoxsnis miaxloebiT meTodebs. 

vinadan naxevrad gamtaris praqtikuli gamoyeneba yovelTvis 

dakavSirebulia kristalze garkveul zemoqmedebasTan, aucilebeli xdeba am 

zemoqmedebis gavlenis gaTvaliswineba muxtis gadamtanebis energetikul 

speqtrze. formalurad es niSnavs, rom erTeleqtronian miaxloebaSi 

Caweril Sredingeris gantolebas Seecvalos saxe iseTnairad, rom masSi 

gaTvaliswinebuli iyos gareSe zemoqmedebiT gamowveuli cvlilebac. aseT 

SemTxvevaSi 

   {−
ℏ2

2𝑚0
∆ + 𝑈(𝑟) + 𝑈′(𝑟)}Ψ�⃗⃗�

(𝑟) = 𝐸Ψ�⃗⃗�
(𝑟)       (1.106) 

𝑈′(𝑟)warmoadgens eleqtronis potenciuri energiis im namats, romelic 

gareSe zemoqmedebiT aris ganpirobebuli. zustad (1.106) gantolebis amoxsna 

SeuZlebelia, radgan ucnobia konkretulad 𝑈(𝑟)-is saxe. am siZnelis 

Tavidan asacileblad moviqceT Semdegnairad: viciT, rom efeqturi masa 

saSualebas gvaZlevs gaviTvaliswinoT kristalis Siga Zalebis moqmedeba 

da, aqedan gamomdinare, efeqturi masis gamoyenebiT kristalSi myofi 

eleqtronis Sredingeris gantolebas mivceT formalured iseTi saxe, 

rogorc am gantolebas gaaCnia Tavisufali eleqtronisaTvis 

(−
ℏ2

2𝑚∗ ∆)Ψ�⃗⃗�
(𝑟) = 𝐸0Ψ�⃗⃗�

(𝑟)             (1.107) 

maSin sxvadasxva SeSfoTebis pirobebSi kristalSi eleqtronis 

energiis speqtris gansazRvrisaTvis unda gamoviyenoT gamosaxuleba 

   {−
ℏ2

2𝑚∗ ∆ + 𝑈′(𝑟)}Ψ�⃗⃗�
(𝑟) = 𝐸Ψ�⃗⃗�

(𝑟)         (1.108) 

romelic ukve aRar Seicavs mesris 𝑈(𝑟) potenciur energias. amocanis 

gadawyvetis aseTi gza efeqturi masis meTodis saxelwodebiTaa cnobili. 

igi sakmaod farTod gamoiyeneba naxevrad gamtarebze sxvadasxva gareSe 

zemoqmedebaTa Seswavlisas. 

 

 

1.11. kristalSi eleqtronis moZraobis 

Taviseburebani 
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Tumca kristalis idealuri meseri ar ganabnevs eleqtrons, mesris 

potenciuri veli mainc axdens zemoqmedebas eleqtronis moZraobaze.amitom, 

eleqtronis moZraobaze gareSe Zalebis zegavlenis ganxilvisas, 

gaTvaliswinebul unda iyos Siga Zalebis moqmedebac. 

ganvixiloT idealuri naxevrad gamtari. �⃗⃗�0-iT aRvniSnoT energiis 

eqstremumebis Sesabamisi talRuri veqtori (nax. 1.6; 1.7; 𝑘𝑥 RerZis nulovani 

wertili), xolo �⃗⃗�0-iT Sesabamisi kvaziimpulsi. maSin 

�⃗⃗� =
1

{𝑚∗}
(�⃗⃗� − �⃗⃗�0),                (1.109) 

sadac {𝑚∗} efeqturi masis tenzoria; (�⃗⃗� − �⃗⃗�0)   - izoenergetikuli zeda-

piris radius-veqtori; xolo �⃗⃗� - eleqtronis siCqare, romelic gasaSuale-

bulia energiis mixedviT. 

cnobilia, rom ama Tu im sididis gradienti mimarTulia am sididis 

izozedapiris normalis gaswvriv. radganac eleqtronis moZraobis siCqare 

kvaziimpulsis sivrceSi energiis gradients warmoadgens (�⃗⃗� =
𝜕𝐸

𝜕�⃗⃗�
), amitom 

siCqaris veqtoris mimarTuleba emTxveva izoenergetikuli zedapiris 

normalis veqtoris mimarTulebas. Tu gaviTvaliswinebT, rom eleqtronis 

efeqturi masa SeiZleba iyos ara marto dadebiTi, aramed uaryofiTic, 

cxadi iqneba, rom siCqaris veqtoris mimarTuleba SeiZleba aRmoCndes 

radius-veqtoris rogorc paraleluri, aseve antiparaleluri (nax. 1.10). 

 

    a                         b 

nax. 1.10. siCqarisa da impulsis veqtorebis mimarTulebebiizoenergetikuli 

zedapiris mimarT, a) 𝑚𝑛
∗ > 0, �⃗⃗� ⇈ �⃗⃗�b) 𝑚𝑛

∗ < 0, �⃗⃗� ↑↓ �⃗⃗� 
 

 

vinaidan sferuli izoenergetikuli zedapiris SemTxvevaSi saqme 

gvaqvs dispersiis kvadratul izotropul kanonTan, siCqaris (1.109) formu-
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laSi martivad SegviZlia gadavideT kvaziimpulsidan energiis mniSvnelo-

baze idealuri naxevrad gamtarisaTvis 

𝑉 =
𝑃−𝑃0

𝑚𝑛
∗ = √

2(𝐸−𝐸0)

𝑚𝑛
∗  .              (1.110) 

idealuri naxevrad gamtaris meseris mkacri periodulobis gamo eleq-

tronis moZraobas kristali xels ar uSlis da amitom, Tu gareSe Zala 

�⃗�𝑒 = 0, maSin mxolod Siga Zalebis moqmedebiT eleqtronis saSualo siCqa-

ris mniSvnelobis cvlilebas adgili ara aqvs da amrigad, idealur 

periodul velSi aCqareba ar Cndeba, e.i. Tu gareSe Zala nulis tolia, ma-

Sin mxolod Siga Zalis �⃗�𝑖 arsebobisas kvaziimpulsi mudmivi rCeba. 

Siga Zalebis ZiriTadi Tviseba imaSi mdgomareobs, rom igi periodu-

lia da misi cvlilebis periodi emTxveva mesris periods 

�⃗�𝑖(𝑟 + �⃗⃗�) = �⃗�𝑖(𝑟),                (1.111) 

�⃗⃗� translaciis veqtoria. 

ganvixiloT SemTxveva roca kristalze moqmedebs gareSe Zalac �⃗�𝑒 ≠ 0. 

am dros kvaziimpulsic aRar rCeba mudmivi - misi cvlileba gareSe ZaliT 

ganisazRvreba da radgan kvaziimpulsi ar aris mudmivi (�⃗⃗� ≠ 𝑐𝑜𝑛𝑠𝑡), es niS-

navs, icvleba muxtis gadamtanebis energiac (𝐸 ≠ 𝑐𝑜𝑛𝑠𝑡). cxadia, eleqtronis 

aCqareba am SemTxvevaSi gareSe Zalis sididiT ganisazRvreba, magram, amave 

dros, is uSualo kavSirSia eleqtronis efeqtur masasTanac 

�⃗� =
1

{𝑚𝑛
∗ }
�⃗�𝑒                   (1.112) 

zemoTqmulis safuZvelze SeiZleba gakeTdes daskvna: _ aCqarebas gan-

sazRvravs mxolod gareSe Zala �⃗�𝑒 . Siga Zala ar aniWebs eleqtrons aCqa-

rebas, magram is zegavlenas axdens eleqtronis moZraobaze. swored amitom 

eleqtronis dinamiuri Tvisebebi kristalSi ganisazRvreba efeqturi 𝑚∗ 

masiT da ara nominaluri 𝑚0 masiT. 

idealur naxevrad gamtarSi tenzoruli efeqturi masis nacvlad 

SesaZlebelia (1.9) skalaruli efeqturi masis gamoyeneba (𝑚1
∗ = 𝑚2

∗ = 𝑚3
∗ = 𝑚𝑛

∗ ) 

da Tu 𝑚𝑛
∗ > 0, maSin aCqarebis mimarTuleba emTxveva gareSe Zalis mimarTu-

lebas, xolo Tu 𝑚𝑛
∗ < 0, maSin eleqtroni gareSe Zalis zemoqmedebiT Sei-

Zens aCqarebas, romlis mimarTuleba am Zalis mimarTulebis sapirispiroa. 

magaliTisTvis ganvixiloT kristali 𝜉 daZabulobis gareSe eleq-

trul velSi. am SemTxvevaSi aCqareba 
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�⃗� =
�⃗�𝑒

𝑚𝑛
∗ =

−|𝑒|�⃗⃗�

𝑚𝑛
∗ = {

−|𝑒|�⃗⃗�

𝑚𝑛
∗ , თუ      𝑚𝑛

∗ > 0 

|𝑒|�⃗⃗�

𝑚𝑛
∗ , თუ       𝑚𝑛

∗ < 0
       (1.113) 

energiis maqsimumis maxloblad, sadac eleqtronis efeqturi masa 

uaryofiTia (𝑚𝑛
∗ < 0), eleqtroni moZraobs ise, TiTqos mas gaaCnia dadebiTi 

muxti da dadebiTi efeqturi masa. 
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Tavi II 

muxtis gadamtanebis energetikuli zonuri 

struqturis elementebi realur naxevrad gamtarSi 

 

2.1. naxevrad gamtaris sakuTari gamtaroba. xvrelebi 

  

nebismieri maravalnawilakiani sistemis mdgradoba da kerZod, krista-

lis mdgradobac ganpirobebulia mis Semadgenel nawilakebs Soris arse-

buli urTierTqmedebiT. kristalis mdgradoba SeiZleba avxsnaT im qimiuri 

bmebis saSualebiT, romelic xorcieldeba kristalur meserSi Semaval 

atomebs Soris. viciT, rom arsebobs ramodenime saxis qimiuri bma. naxevrad 

gamtarebSi ZiriTadad gvxvdeba sami saxis bma: kovalenturi, ionuri da 

Sereuli -kovalentur - ionuri. cxadia, yvela SemTxvevaSi bmis ganmaxorcie-

lebeli nawilaki savalento eleqtronia. gamtarobis modelis Camosayali-

beblad mniSvneloba ar aqvs, Tu romel bmas avirCevT magaliTis saxiT. 

simartivisaTvis aviRoT elementaruli anu iseTi naxevrad gamtari, 

romlis SemadgenlobaSi erTi elementis atomebi Sedian (mag. 𝑆𝑖). igi meoTxe 

jgufis elementia, 𝑇 = 0𝐾 temperaturaze Semdegi eleqtronuli konfigura-

ciiT: 1𝑆22𝑆22𝑃23𝑆23𝑃2. siliciumis kristalis Camoyalibebisas TiToeuli 

atomis 4 savalento eleqtroni (3𝑆23𝑃2) qmnis oTx, sivrculad eqvivalen-

tur kavSirs, ris Sedegadac TiToeuli atomi garSemortymuli aRmoCnda 4 

uaxloesi mezobeli atomiT (nax. 2.1, a,b). 

Tu CavTvliT, rom kristalSi defeqtebi ar aris, maSin absolitur 

nul temperaturaze yvela bma arsebobs, anu energetikuli zonuri struq-

turis TvalsazrisiT savalento zona mTlianad dakavebulia eleqtrinebiT, 

radgan swored aq aris Tavmoyrili bmaSi monawile savalento eleqtro-

nebis energiebi. gamtarobis zona mTlianad Tavisufalia (nax. 2.1, g). cxadia, 

aseT SemTxvevaSi kristalis eleqtrogamtaroba nulis tolia, vinaidan ara 

gvaqvs muxtis Tavisufali gadamtanebi. 

pirveli nabiji, romelic unda gadaidgas eleqtruli gamtarobis aR-

saZravad aris eleqtronis bmidan gamonTavisufleba, rasac sWirdeba 

garkveuli energia da siliciumis zonuri struqturidan gamomdinare TiTo-

euli eleqtronis gamosaTavisufleblad unda daixarjos 1,1ev energia; swo-

red is energia, romliTac gamtarobis zona dacilebulia savalentosagan. 
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kristalisaTvis energiis miwodebis gzas mniSvneloba ar aqvs. es SeiZleba 

moxdes kristalis gaTbobiT, eleqtromagnituri gamosxivebiT, damuxtuli 

nawilakebiT, dabombviT a.S. 

 

 

nax. 2.1. a) siliciumis kristalSi kovalenturi kavSirebisSeqmna;  
b) kristaluri mesris sibrtyiTi gamosaxuleba;  

g) siliciumis savalento eleqtronebis energetikuli zonuri diagrama 𝑇 = 0𝐾 
temperaturaze 

 
vTqvaT, energiis miwodebis Semdeg moxerxda bmis gawyveta, meserSi 

gaCnda Tavisufali eleqtroni, anu eleqtroni savalento zonidan gamtaro-

bis zonaSi iqna gadayvanili (nax. 2.2.). meserSi darCa gawyvetili bma. ionebis 

dadebiTi muxti am lokalur adgilas eleqtronebis muxtiT mTlianad 

gakompensirebuli aRar aris, anu savalento zonaSi darCa Seuvsebeli va-

kansia. yvela kvanturi mdgomareoba aRar aris eleqtronebiT  dakavebuli. 

 

a                               b 

nax. 2.2. savalento kavSiris gawyvetis modeli 
 sibrtyiT gamosaxulebaSi (a) da  
energetikul zonur diagramaSi (b) 

 

kristalze 𝜉 daZabulobis eleqtruli velis modebis SemTxvevaSi gan-

Tavisuflebuli (gamtarobis zonaSi gadasuli) eleqtronebi Seqmnian dens, 
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romlis simkvrive maTi koncentraciiTa da dreifuli siCqariT ganisa-

zRvreba 

𝐽𝑛 = 𝑒𝑛�⃗⃗�𝑑𝑛,                     (2.1) 

𝑛 eleqtronebis koncentracia; �⃗⃗�𝑑𝑛 -eleqtronebis dreifuli siCqare 

(eleqtruli velis zegavleniT ganpirobebuli mimarTuli moZraobis 

siCqare). imisaTvis, rom denis simkvrive davakavSiroT eleqtruli velis 

daZabulobasTan (2.1), gamosaxuleba gadavweroT Semdegi saxiT: 

𝐽𝑛 = 𝑒𝑛
𝑉𝑑𝑛

𝜉
𝜉 = 𝑒𝑛𝜇𝑛𝜉,                 (2.2) 

𝜇𝑛 eleqtronis Zvradobaa. es aris fizikuri sidide, romelic axasiaTebs 

eleqtronebis kristalSi moZraobis unars da warmoadgens eleqtronis 

dreiful siCqares erTeulovan eleqtrul velSi 

𝜇𝑛 =
𝑉𝑑𝑛

𝜉
 .                      (2.3) 

(2.2) gamosaxulebidan gamomdinare eleqtrogamtaroba Semdegnairad 

ganisazRvreba: 

      𝜎𝑛 = 𝑒𝑛𝜇𝑛                      (2.4) 

naxevrad gamtaris eleqtrogamtarobis Tavisebureba imaSi gamoixateba, 

rom Tavisufal eleqtronebTan erTad gamtarobaSi monawileobis saSualeba 

uCndebaT bmul eleqtronebsac. marTlac, mas Semdeg, rac gawyda Tundac 

erTi bma meserSi, eleqtrons mezobeli bmidan mieca saSualeba eleqtruli 

velis mimarTulebis sapirispirod gadavides da Seavsos gawyvetili bma. 

vinaidan am or bmaSi eleqtronis mdgomareoba savsebiT ganurCevelia, 

naxtomis Sesasruleblad sakmarisi iqneba eleqtruli velidan miRebuli 

mcire energia, e.i. am energiis xarjze eleqtroni savalento zonis 

farglebSi gadava erTi energetikuli donidan meore, SedarebiT maRla gan-

lagebul energetikul doneze. 

cxadia, bmuli eleqtronebis mTeli simravlidan gawyvetili bmebis 

meSveobiT moZraobas erTdroulad SeZlebs mxolod imdeni eleqtroni, 

ramdeni gawyvetili bmacaa kristalSi. eleqtronis bmebis saSualebiT 

moZraoba SeiZleba ganxiluli iyos rogorc gawyvetili bmis moZraoba sapi-

rispiro mimarTulebiT. swored amitom mosaxerxebelia gamtarobaSi bmuli 

eleqtronebiT gadatanili uaryofiTi muxtis wvlilis nacvlad vilapa-

rakoT vakansiis dadebiTi muxtis TiTqosda sapirispiro mimarTulebiT 

moZraobaze. gawyvetil bmas gaukompensirebeli dadebiTi muxtiT an vakantur 
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mdgomareobas savalento zonaSi, romelsac mivawerT dadebiT muxts, uwode-

ben xvrels. ar unda avurioT erTmaneTSi xvreli da ioni. magaliTad, eleq-

trolitSi ionizirebuli atomi eleqtruli velis gavleniT gadaadgildeba 

sivrceSi; kristalur meserSi ki atomebi ar gadaadgildebian - isini sta-

cionalurad arian ganlagebuli mesris kvanZebSi. xvrelis moZraoba war-

moadgens uZravi atomebis morigeobiT ionizacias. amdenad, sxvadasxva fizi-

kuri procesis aRweris gamartivebis mizniT xelsayrelia xvreli nawilakis 

saxiT ganvixiloT. maSin (2.1)-(2.4)formulebis msgavsad SegviZlia CavweroT 

gamosaxulebebi xvreluri gamtarobisaTvis 

𝐽𝑝 = 𝑒𝑝�⃗⃗�𝑑𝑝;                    (2.5) 

  𝐽𝑝 = 𝑒𝑝𝜇𝑝𝜉;                     (2.6) 

      𝜎𝑝 = 𝑒𝑝𝜇𝑝.                     (2.7) 

aq 𝑝 xvrelebis koncentraciaa; 𝜇𝑝 -maTi Zvradoba. 

rogorc ganxilulidan gamomdinareobs, Tu kristali ar Seicavs de-

feqts, maSin Tavisufali eleqtronebis da gawyvetili bmebis anu xvrelebis 

raodenoba yovelTvis erTmaneTs utoldeba. iseT naxevrad gamtars, 

romelSic daculia piroba 𝑛 = 𝑝, ewodeba sakuTari naxevrad gamtari, xolo 

mis gamtarobas _ sakuTari gamtaroba, romlis sidide gamoiTvleba Semdegi 

formuliT: 

𝜎 = 𝜎𝑛 + 𝜎𝑝 = 𝑒𝑛𝜇𝑛 + 𝑒𝑝𝜇𝑝 = 𝑒(𝑛𝜇𝑛 + 𝑝𝜇𝑝) = 

= 𝑒𝜇𝑛(𝑛 + 𝑏𝑝) = 𝑒𝑛𝜇𝑛(1 + 𝑏)              (2.8) 

sadac 𝑏-iT aRniSnulia xvrelebisa da eleqtronebis Zvradobebis fardoba 

𝑏 =
𝜇𝑝

𝜇𝑛
 .                       (2.9) 

xvrelis cnebis Semotanis Semdeg SesaZlebelia saboloo saxiT Caiwe-

ros dispersiis kvadratuli izotropuli kanoni idealuri naxevrad gam-

taris ara marto gamtarobis, aramed savalento zonisTvisac, kerZod, 

𝐸 = 𝐸𝑉 +
ℏ2𝑘2

2𝑚𝑝
∗                    (2.10) 

sadac gaTvaliswinebulia, rom 𝑚𝑝
∗ = −𝑚𝑛

∗ . 

xvrelTan dakavSirebiT SeiZleba xazi gaesvas Semdeg mosazrebas: 

1) energis maqsimumis maxloblobaSi xvreli moZraobs rogorc dade-

biTi muxtis mqone nawilaki dadebiTi masiT, energiis minimumis maxloblad 

xvrelis efeqturi masa gaxdeba uaryofiTi. 
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2) xvrelis siCqare _ Tavisufali mdomareobis moZraobis siCqarea. 

maSasadame, Tu eleqtroni gamtarobis zonis minimumTan moZraobs 

eleqtruli velis sapirispiro mimarTulebiT (�⃗⃗�𝑑𝑛 = −𝜇𝑛𝜉; �⃗⃗�𝑑𝑛 ↑↓ 𝜉), xvreli 

savalento zonis maqsimumTan imoZravebs eleqtruli velis mimarTulebiT 

(�⃗⃗�𝑑𝑝 = 𝜇𝑝𝜉; �⃗⃗�𝑑𝑝 ↑↑ 𝜉). 

3) xvreluri gamtarobis SemoReba maSin aris gamarTlebuli, Tu saqme 

gvaqvs naxevarze metad Sevsebul zonaSi bmuli eleqtronebiT ganpirobebul 

gamtarobasTan. amdenad, xvrelis Tvisebebi mTlianad ganisazRvreba sava-

lento zonis eleqtronis TvisebebiT, oRond maTi (xvrelebis) koncentra-

cia yovelTvis zonaSi vakansiebis koncentraciis tolia. 

 

 

2.2 briluenis zonebi 

 

idealuri perioduli kristaluri mesris ganxilvisas mis Semadgenel 

nawilakebs Soris mxolod ZiriTadi elementaluri urTierTqmedebebis 

gaTvaliswinebiT davadgineT, rom sakmarisia SeviswavloT 𝐸(�⃗⃗�) damokidebu-

lebis saxe talRuri veqtoris mniSvnelobaTa pirveli arisaTvis, romelsac 

briluenis pirveli (dayvanili) zona ewodeba 

−
𝜋

𝑎
≤ 𝑘1 <

𝜋

𝑎

−
𝜋ℏ

2
≤ 𝑃1 <

𝜋ℏ

2

}                    (2.11) 

sadac 𝑖 = 𝑥, 𝑦, 𝑧. 

aseTi idealuri naxevrad gamtarisaTvis briluenis pirveli zonis 

farglebSi 𝐸(�⃗⃗�) damokidebulebas sakmaod martivi saxe aqvs da orive zonis 

(savalento da gamtarobis zonebis) eqstremumebi ganlagebulia briluenis 

zonis centrSi-�⃗⃗� = 0 wertilSi. swored amitom, dispersiis kanonebis 

ganxilvisas Cven SemovifargloT �⃗⃗� = 0 wertilis maxlobeli ariT. 

realur kristalebSi nawilakebs Soris urTierTqmedeba ufro rTuli 

da mravalferovania da, aqedan gamomdinare, energetikuli zonebis eqstre-

mumebi briluenis zonis sxvadasxva wertilSi SeiZleba ganlagdes. 

realur naxevrad gamtarSi 𝐸(�⃗⃗�) damokidebulebis Taviseburebebis 

ganxilvisas aucilebelia jer ganvixiloT am kristalebis Sesabamisi 

briluenis zonebis konkretuli saxe impulsur sivrceSi. briluenis zonis 
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geometriuli saxe impulsur sivrceSi uSualo kavSirSia naxevrad gamtaris 

kristalur struqturasTan da arsebobs meTodi, romlis meSveobiTac 

SesaZlebelia avagoT nebismieri kristalis briluenis zona. briluenis 

zonis asagebad pirvel rigSi, pirdapiri mesridan unda gadavideT Sebrune-

buli mesris sivrceSi, e.i. Tu kristali xasiaTdeba (�⃗�1, �⃗�2, �⃗�3) mesris mud-

mivebiT, maTi meSveobiT unda moiZebnos Sebrunebuli mesris parametrebi 

(�⃗⃗�1, �⃗⃗�2, �⃗⃗�3), rac xorcieldeba Semdegnairad: 

{�⃗⃗�1 =
�⃗⃗�2 ∙�⃗⃗�3

𝑉
;   �⃗⃗�2 =

�⃗⃗�3 ∙�⃗⃗�1

𝑉
;  �⃗⃗�3 =

�⃗⃗�1 ∙�⃗⃗�2

𝑉
},          (2.12) 

sadac 
𝑉 = �⃗�1 ∙ [�⃗�2∙�⃗�3]                     (2.13) 

elementaruli ujredis moculobaa. 

Sebrunebuli mesris dadgenis Semdeg unda avirCioT masSi romelime 

kvanZi. es kvanZi veqtorebiT SevaerToT yvela uaxloes mezobel kvanZTan, 

Semdgom am veqtorebis Sua wertilebze avagoT veqtorTa marTobuli sibr-

tyeebi da maT mier SemosazRvruli impulsuri sivrcis are mogvcems bri-

luenis pirvel zonas. nax. 2.3.-ze warmodgenilia kuburi mesris mqone kris-

talebis briluenis pirveli zonebi. 

 

nax. 2.3. briluenis pirveli zona kuburi mesrisaTvis:  
a) martivi; b) moculobiT centrirebuli; g) waxnagcentrirebuli 

 

realuri naxevrad gamtarebis sakmaod didi raodenoba (mag.: 

𝑆𝑖, 𝐺𝑒, 𝐴𝐼𝐼𝐼𝐵𝑉tipis naxevrad gamtarebi) xasiaTdebian waxnagcentrirebuli ku-

buri struqturiT, romlis Sebrunebuli meseri iqneba moculobacentrire-

buli kuburi meseri. briluenis zonis asagebad avirCioT am kubis centrSi 

ganlagebuli kvanZi. mas uaxloes mezoblad aqvs 14 kvanZi, maTgan 8 ganla-

gebulia kubis wveroebSi, xolo 6 _ mezobeli kubebis centrebSi. amdenad, 

am mezoblebTan SemaerTebeli veqtorebis Sua wertilebze aigeba 14 sibr-

tye, romelTa gadakveTa impulsur sivrceSi mogvcems 8 eqvskuTxedisa da 6 

kvadratisgan Semdgar wakveTil oqtaedrs nax. 2.3,g da swored igi warmoad-
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gens waxnagcentrirebuli kuburi mesris Sesabamis briluenis pirvel zonas. 

aRmoCnda, rom 𝐸(�⃗⃗�) damokidebulebis eqstremaluri mniSvnelobebi bri-

luenis zonis mxolod maRali simetriis wertilebSi gvxvdeba. ganvixiloT 

wakveTili oqtaedris (nax. 2.3,g) maRali simetriis wertilebi da RerZebi. 

yvelaze maRali simetriis wertilia briluenis zonis centri -Γ{000} 

wertili. cxadia, aseTi wertili erTia zonaSi (𝑀 = 1), simetriis Tval-

sazrisiT Semdgom unda gamoiyos ∆{100} RerZi (briluenis zonis centris 

kvadratis centrTan, 𝑋 wertilTan SemaerTebeli RerZi). vinaidan wakveTili 

oqtaedri Seicavs 6 kvadrats, amitom ∆ RerZebis raodenobac 6-is tolia -

 [100], [010], [001], [1̅00], [01̅0], [001̅]. 𝜆{111} RerZi aerTebs Γ wertils 

eqvskuTxedis centrTan, 𝐿 wertilTan.am SemTxvevaSi 𝑀 = 8 -  [111], [1̅11],

[11̅1], [111̅], [1̅1̅1], [1̅11̅], [11̅1̅], [1̅1̅1̅]. Σ{110} RerZi Γ wertils aerTebs 

eqvskuTxedis wibos centrTan, 𝐾 wertilTan. 𝑀 = 12 − [110],   [101],

[011],   [1̅10], [11̅0],   [1̅01],   [101̅], [01̅1],   [011̅], [1̅1̅0], [1̅01̅], [01̅1̅]. unda aRiniSnos, 

rom am RerZis simetria SedarebiT dabalia da amitom Σ RerZis wertilebSi 

zonis eqstremumi iSviaTad gvxvdeba. 

 

 

2.3. efeqturi masis anizotropia. dispersiis 

kvadratuli anizotropuli kanoni 

 

idealuri naxevrad gamtarisaTvis Sredingeris gantolebis Cawerisa 

da amoxsnisas Cven vamaxvilebdiT yuradRebas mxolod im ZiriTad urTierT-

qmedebaze (kulonur urTierTqmedebaze), romelic arsebobs kristalis 

Semadgenel nawilakebs Soris. aseTi gamartivebuli midgomiT, da Tanac 

mesris periodulobis idealurobidan gamomdinare, muxtis gadamtanebis 

energetikuli speqtrisaTvis sakmaod martivi suraTi miviReT _ gamtarobisa 

da savalento zonebs aqvT paraboluri saxe, romelTa energiebis eqstrema-

luri mniSvnelobebi ganlagebulia briluenis zonis centrSi. zonis sferu-

li simetriis gamo eleqtronisa da xvrelis efeqturi masebi izotropulia. 

Tumca realur kristalebSi nawilakebs Soris urTierTqmedeba mniS-

vnelovnad rTulia, da amdenad, rTuldeba savalento da gamtarobis zo-

nebis agebulebac, zonebis eqstremumebi SeiZleba ganlagdnen ara marto 

briluenis zonis centrSi (�⃗⃗� = 0), aramed sxva maRali simetriis werti-

lebSic (�⃗⃗�0 = 0), magram aqac zogierT zonas SeiZleba gaaCndes sferuli  



42 
 

simetria. aseTi zonebisaTvis samarTliani darCeba dispersiis kvadratuli 

izotropuli kanoni 

  𝐸(�⃗⃗�) = 𝐸(�⃗⃗�0) +
ℏ2(�⃗⃗�−�⃗⃗�0)

2𝑚∗               (2.14) 

zogadad, rogorc eleqtronis, aseve xvrelis efeqturi masa sxvada-

sxva mimarTulebiT SeiZleba iyos sxvadasxva. efeqturi masis anizotropu-

lobidan gamomdinare, saqme gveqneba dispersiis kvadratul anizotropul 

kanonTan 

𝐸(�⃗⃗�) = 𝐸(�⃗⃗�0) +
ℏ2

2
[
(�⃗⃗�𝑥−�⃗⃗�0𝑥)

2

𝑚1
∗ +

(�⃗⃗�𝑦−�⃗⃗�0𝑦)
2

𝑚2
∗ +

(�⃗⃗�𝑧−�⃗⃗�0𝑧)
2

𝑚3
∗ ].      (2.15) 

Tu SemovifarglebiT kuburi simetriis kristalebis ganxilviT, 

gamtarobis zonisaTvis izoenergetikul zedapirs aqvs sferuli an 

brunviTi elifsoidis forma (nax. 2.4.) 

 

a                              b 
nax. 2.4. gamtarobis zonis izoenergetikuli zedapirebi  

a) sferuli; b) brunviTi elifsoidi 
 

brunviTi elifsoidis SemTxvevaSi elifsis RerZis gaswvriv efeqturi 

masis mniSvneloba 𝑚3
∗ = 𝑚||

∗  gansxvavdeba danarCeni ori RerZis Sesabamisi 

𝑚1
∗ = 𝑚2

∗ = 𝑚⊥
∗ masebis mniSvnelobebisgan. amdenad, dispersiis kanoni 

Caiwereba ase: 

𝐸(�⃗⃗�) = 𝐸𝐶 +
ℏ2

2
[
(�⃗⃗�𝑥−�⃗⃗�0𝑥)

2
+(�⃗⃗�𝑦−�⃗⃗�0𝑦)

2

𝑚⊥
∗ +

(�⃗⃗�𝑧−�⃗⃗�0𝑧)
2

𝑚||
∗ ].       (2.16) 

xSirad, efeqturi masis anizotropiis miuxedavad, mosaxerxebelia 

gamtarobaSi monawile eleqtroni daxasiaTdes erTi, gasaSualebuli 

efeqturi masiT 

1

𝑚𝑛
∗ =

1

3
(
2

𝑚⊥
∗ +

1

𝑚||
∗)                        (2.17) 

savalento zonis dispersiis kanonebi ganxiluli iqneba Semdeg para-

grafSi. 
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2.4. spin-orbituli urTierTqmedeba. savalento zonis maqsimumis 

agebuleba 

 

kristalis Semadgenel nawilakebs Soris rTuli xasiaTis urTierT-

qmedeba, ZiriTadi _ kulonuri urTierTqmedebis garda, Seicavs mraval naz 

urTierTqmedebasac. maT Soris muxtis gadamtanebis energetikuli speqtris 

TvalsazrisiT mniSvnelovani roli ganekuTneba e.w. spin-orbitul urTierT-

qmedebas. am urTierTqmedebis arsSi gasarkvevad gavixsenoT, Tu ra zegav-

lenas axdens magnituri veli eleqtronis energetikul mdgomareobaze. ro-

gorc viciT, paulis akrZalvis principis Tanaxmad, TiToeul energetikul 

doneze SeiZleba ganlagdes ori eleqtroni sapirispiro proeqciis spine-

biT. Tu es eleqtronebi aRmoCndebian gareSe magnitur velSi, maSin am magni-

turi velis zemoqmedeba gansxvavebuli spinebis mqone eleqtronebze sxvada-

sxva iqneba da amitom magnitur velSi energetikuli done gaixliCeba orad. 

kristalSi yovelTvis arsebobs magnituri mikro velebi, romlebic 

iqmnebian atomSi eleqtronebis orbituli moZraobiT. es magnituri mikro 

velebi zegavlenas axdenen ra eleqtronebze, sxvadasxvanairad moqmedeben 

sxvadasxva spinis proeqciis mqone muxtis gadamtanebze. eleqtronis spinuri 

momentisa da orbituli brunviT ganpirobebuli magnituri velis urTierT-

qmedeba cnobilia spin-orbituli urTierTqmedebis saxelwodebiT. es 

urTierTqmedeba garkveuli potenciuri energiiT xasiaTdeba da mas spin-or-

bituli urTierTqmedebis energia ewodeba. 

izolirebul atomSi aRniSnuli energiis daTvla sakmaod martivad 

SeiZleba 

      𝐸𝑠𝑜 =
𝑍𝑒2

2𝐶2𝑚0
2𝑟3
𝑆𝑙.                    (2.18) 

ra Tqma unda es gamosaxuleba, romelic samarTliania atomisaTvis, ar 

gvaZlevs zust raodenobriv Sedegs kristalisaTvis, magram eleqtronis 

nominaluri 𝑚0 masis nacvlad efeqturi masis gamoyenebiT SeiZleba xaris-

xobrivad SevafasoT spin-orbituli urTierTqmedebis energia kristalisa-

Tvisac. (2.18) gamosaxulebidan Cans, rom rac ufro mZimea elementi da rac 

ufro mcirea am kristalSi eleqtronis efeqturi masa, miT ufro 

mniSvnelovnad iqneba gamoxatuli spin-orbituli urTierTqmedeba. 

zonuri struqturis cvlilebis TvalsazrisiT SevCerdeT spin-or-

bituli urTierTqmedebis or zegavlenaze. pirveli imaSi mdgomareobs, rom 
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spin-orbituli urTierTqmedeba ganapirobebs zonebis wanacvlebas talRuri 

veqtoris mixedviT nax. 2.5,a,b, magram es wanacvleba imdenad mcirea da es 

efeqti _ imdenad susti, rom mas, rogorc wesi, ar iTvaliswineben da 

Tvlian, rom ∆�⃗⃗� → 0, samagierod uaRresad mniSvnelovania meore zemoqmedeba 

_ energiis mixedviT zonebis wanacvleba nax. 2.5,a,g. 

 

nax. 2.5. spin-orbituli urTierTqmedebis zegavlena savalentozonis 
maqsimumis agebulebaze (a-𝐸𝑠𝑜 = 0) 

 

ganvixiloT realuri naxevrad gamtaris savalento zonis maqsimumis 

agebuleba Γ wertilSi nax. 2.5,d. mraval realur naxevrad gamtarSi sava-

lento zonis absoluturi maqsimumi samjer gadagvarebuli mdgomareobaa 

(spinis gauTvaliswineblad). Tu gaviTvaliswinebT spin-orbitul urTierTq-

medebas aRmoCndeba, rom es samjer gadagvarebuli mdgomareoba ixliCeba 

orad: _ orjer gadagvarebul da gadaugvarebel mdgomareobad.am mdgoma-

reobebs Soris energetikuli RreCo ∆ ganisazRvreba spin-orbituli urTi-

erTqmedebis energiiT. 

rogorc nax. 2.5,d-dan Cans, savalento zonis maqsimumi Sedgeba sami 

qvezonisagan 𝑉1, 𝑉2 da 𝑉3 da TiToeul qvezonaSi xvrels eqneba sakuTari 

efeqturi masa _ 𝑚ℎ𝑝
∗ , 𝑚𝑙𝑝

∗  da 𝑚𝑠𝑜
∗ . 

𝑉1 zonas mZime xvrelebis qvezonas uwodeben, vinaidan swored am zo-

naSi xvrelebis efeqturi masa maqsimaluria, xolo 𝑉2-s msubuqi xvrelebis 

qvezona ewodeba - aq masa SedarebiT mcirea. 𝑉3-s uwodeben spin-orbituli 

xvrelebis qvezonas, vinaidan igi spin-orbituli urTierTqmedebiT aris 

gamoyofili. 

rac Seexeba savalento zonis izoenergetikul zedapirebs, 𝑉3 qvezona 

sferuli simetriiT xasiaTdeba. 𝑉1 da 𝑉2 qvezonebis Sesabamisi izoenergeti-
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kuli zedapirebi deformirebulia (amis mizezi gadagvarebis arsebobaa Γ 

wertilSi, nax. 2.6). maT gofrirebul zedapirebs uwodeben. 

 

nax. 2.6. Γ wertilis maxloblad savalento zonis izoenergetikuli 
zedapirebis Wrili 

 
miuxedavad imisa, rom es qvezonebi ar xasiaTdebian mkacri sferuli 

simertiiT, miiCneven, rom 𝑉1 da 𝑉2 qvezonebSi, iseve rogorc 𝑉3-Si, efeqturi 

masa izotropulia, aqedan gamomdinare, saqme gveqneba dispersiis 

izotropul kanonTan samive qvezonisaTvis  

𝐸 = 𝐸𝑉 −
ℏ2𝑘2

2𝑚ℎ𝑝
∗ .                  (2.19) 

  𝐸 = 𝐸𝑉 −
ℏ2𝑘2

2𝑚𝑙𝑝
∗ .                  (2.20) 

𝐸 = 𝐸𝑉 −
ℏ2𝑘2

2𝑚𝑠𝑜
∗ .                   (2.21) 

am gamosaxulebaSi niSani “minusi” ganpirobebulia imiT, rom energiis 

aTvla warmoebs savalento zonis Weridan. 

 

 

 

2.5. realuri naxevrad gamtarebis zonuri 

agebulebis magaliTebi 

 

gavecnoT realuri naxevrad gamtarebis energetikul zonur struqtu-

ras. am mizniT, aq warmodgenili iqneba dReisaTvis ukeT Seswavlili da 

teqnikaSi farTod gamoyenebuli elementaruli naxevrad gamtarebis 𝐺𝑒 da 

𝑆𝑖-is, xolo SenaerTebidan 𝐴𝐼𝐼𝐼𝐵𝑉 tipis naxevrad gamtarebis zonuri struq-

turebi (spin-orbituli urTierTqmedebis gaTvaliswinebis gareSe). 



46 
 

 

nax. 2.7. 𝑆𝑖 (a) da 𝐺𝑒 (b) energetikuli zonuri struqtura 
 

siliciumisa da germaniumis zonuri struqturebi moyvanilia nax. 2.7-ze. 

orive naxevrad gamtaris savalento zonis absoluturi maqsimumi briulenis 

zonis centrSi Γ(�⃗⃗� = 0) wertilSia moTavsebuli, xolo gamtarobis zonis 

absolutur eqstremumebs talRuri veqtoris nulisagan gansxvavebuli mniS-

vnelobebi Seesabameba. 𝑆𝑖-is absoluturi minimumi devs ∆ RerZze briluenis 

zonis SigniT, xolo 𝐺𝑒-is - zonis kideze {111} mimarTulebiT 𝐿 wertilSi. 

orive naxevrad gamtarSi gamtarobis zonis absoluturi minimumis 

izoenergetikuli zedapiri brunviTi elifsoidia (nax. 2.8). eqstremumis lo-

kalizaciidan gamomdinare, siliciumis gamtarobis (Tavisufali) eleqtro-

nebi Tanabrad iqnebian ganawilebuli eqvs elifsoidze (nax. 2.8,a), xolo 

germaniumis _ oTxze (Tumca minimumi devs 𝜆 RerZze da aseTi RerZi rvaa, 

magram gveqneba mxolod oTxi sruli elifsoidi), vinaidan 𝐿 wertilSi 

ganlagebuli TiToeuli elifsoidis mxolod naxevari ekuTvnis briluenis 

pirvel zonas (nax. 2.8,b). 

 

 
nax. 2.8. 𝑆𝑖 (a) da 𝐺𝑒 (b) gamtarobis zonis eqstremumis izoenergetikuli 

zedapirebi 
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siliciumisa da germaniumis briluenis zonis sxvadasxva wertilSi Zi-

riTadi energetikuli RreCoebi, savalento zonis spin-orbituli urTierT-

qmedebis ∆ da muxtis Tavisufali gadamtanebis efeqturi masebis mniSvnelo-

bani Tavmoyrilia cxrilSi 2.1. 

 

cxrili 2.1 

siliciumisa da germaniumis zonuri struqturis 
ZiriTadi parametrebi 

 

𝐸, ev 
𝑆𝑖 𝐺𝑒 

Teoria eqsperimenti Teoria eqsperimenti 

Γ2 − Γ25 3.3-3.8 3.8 0.9-1.2 0.89 

Γ15 − Γ25 2.8-3.4 3.4 2.8-3.1 2.98 

Γ1 − Γ25 1.8-1.9 1.9 ∆𝐸𝑔0.7 − 0.9 ∆𝐸𝑔
0.76(0𝐾)

0.67(300𝐾)
 

∆1 − Γ25 ∆𝐸𝑔1.5 − 1.4 ∆𝐸𝑔
1.17(0𝐾)

1.12(300𝐾)
   

𝑋1 − Γ25   1.2-1.3 1.2 

𝐿1 − 𝐿3 2.9-3.2 3.2 1.9-2.0 2.0 

𝑋1 − 𝑋4 4.0-4.2 4.1 4.1-4.5 4.3 

∆(Γ25) 0.044 0.046 0.29 0.296 
𝑚||
∗

𝑚0

(𝐸𝑐)  0.916  1.588 

𝑚⊥
∗

𝑚0

(𝐸𝑐)  0.191  0.81 

𝑚𝑛
∗

𝑚0

(𝐸𝑐)  0.26  0.12 

𝑚𝑛
∗

𝑚0

(𝑟2)  0.16  0.04 

𝑚ℎ𝑝
∗

𝑚0

(𝐸𝑐)  0.56  0.33 

𝑚𝑙𝑝
∗

𝑚0

(𝐸𝑐)  0.18  0.042 

 

nax. 2.9._2.10.-ze moyvanilia 𝐴𝐼𝐼𝐼𝐵𝑉 tipis zogierTi SenaerTis zonuri 

struqturebi. yvela am naxevrad gamtaris savalento zonis absoluturi 

maqsimumi (iseve, rogorc siliciumsa da germaniumSi) briluenis zonis 

centrSi, Γ wertilSia moTavsebuli. 
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nax. 2.9. pirdapirzoniani naxevrad gamtarebis -𝐺𝑎𝐴𝑠 (1), 𝐺𝑎𝑆𝑏 (2), 𝐼𝑛𝑆𝑏 (3), 𝐼𝑛𝑃 (4) 
zonuri struqturebi 

 

 
1       2 

nax. 2.10. arapirdapirzoniani naxevrad gamtarebis 
𝐺𝑎𝑃 (1) da 𝐴𝑙𝑆𝑏 (2) zonuri struqturebi 

 

galiumis arsenidi, galiumisa da indiumis anTimonidebi, indiumis 

fosfidi pirdapirzonian naxevrad gamtarebs miekuTvnebian, e.i. maTi 

gamtarobis zonis absoluturi minimumi imave wertilSia ganlagebuli, 

sadac savalento zonis absoluturi maqsimumi (Γ wertili). amdenad, 

gamtarobis zonis eqstremaluri mdgomareoba mxolod erT minimums Seicavs, 

Tanac is sferuli simetriisaa. zonuri struqturis ZiriTadi parametrebi 

moyvanilia cxrilSi 2.2. 

galiumis arsenidisa da galiumis anTimonidis zonuri struqturis 

Taviseburebebs Soris unda aRiniSnos gamtarobis zonis ori eqstremumis 

energetikuli siaxlove. 𝐺𝑎𝐴𝑠-Si Γ1 absoluturi eqstremumisagan 0,36ev-iT 

maRla devs X1 minimumi, xolo 𝐺𝑎𝑆𝑏-Si kidev ufro axlos Γ1 minimumidan, 
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0,08ev-is maRla ganlagebulia minimumi L1. es garemoeba mniSvnelovan ze-

gavlenas axdens am masalebis (gansakuTrebiT 𝐺𝑎𝑆𝑏-is) fizikur Tvisebebze. 

sayuradReboa agreTve savalento zonis mniSvnelovani gaxleCa spin-orbi-

tuli urTierTqmedebiT galiumis anTimonidSi (0,8ev), romelic akrZaluli 

zonis siganes uaxlovdeba. 

 

cxrili 2.2 
𝐴𝐼𝐼𝐼𝐵𝑉tipis naxevrad gamtarebis zonuri struqturis ZiriTadi 

parametrebi (ev). 
 
 

1. Teoria 
2. eqsperimenti 𝐺𝑎𝐴𝑠 𝐺𝑎𝑆𝑏 𝐼𝑛𝑆𝑏 𝐼𝑛𝑃 𝐺𝑎𝑃 𝐴𝑙𝑆𝑏 

Γ
1
𝐶 − Γ

15
𝑉  

1.4-1.7 
1.517∆𝐸𝑔 

0.9-1.1 
0.813∆𝐸𝑔 

0.4-0.5 
0.27∆𝐸𝑔 

1.5-1.6 
1.416∆𝐸𝑔 

2.7-2.9 
2.8 

1.9-2.4 
2.1 

Γ
15
𝐶 − Γ

15
𝑉  

4.5-4.6 
4.6 

3.5-4.4 
4.0 

3.8-4.1 
3.7 

4.6-4.7 
4.4 

4.7-5.3 
4.9 

4.1 
3.9 

L
1
𝐶 − Γ

15
𝑉  

1.7-2.0 
2.0 

1.0-1.2 
1.16 

1.3-1.5 
1.3 

1.9-2.0 
1.8 

2.5-2.7 
- 

1.5-2.1 
- 

X
1
𝐶 − Γ

15
𝑉  

1.8-1.9 
1.9 

1.2-1.3 
1.38 

1.7-2.5 
- 

2.3-2.4 
2.1 

2.2-2.3 
2.325∆𝐸𝑔 

1.8-2.0 
1.65∆𝐸𝑔 

L
1
𝐶 − L

3
𝑉 

2.6-2.9 
2.5 

2.0-2.2 
1.8 

1.9-2.1 
1.9 

2.8 
3.1 

3.4-3.6 
3.6 

2.8 
2.9 

X
1
𝐶 − 𝑋5

𝑉 
4.2-4.8 
4.6 

3.9-4.1 
4.3 

3.5-4.4 
4.0 

4.2-4.8 
4.2 

4.6-4.9 
5.1 

3.9-4.2 
4.2 

X
3
𝐶 − 𝑋1

𝐶 
0.3-0.6 
0.4 

0.4 
0.37 

0.4-0.5 
0.5 

0.3-0.5 
0.3 

0.2-0.4 
0.2-0.3 

0.4 
0.4 

∆(Γ15
V ) 

0.34 
0.341 

0.8 
0.749 

0.81-0.82 
0.803 

0.18 
- 

0.10 
- 

0.76 
0.75 

𝑚𝑛(𝐸𝑐)
∗

𝑚0
 0.067 0.047 0.0155 0.077 

0.34 
0.28(⊥) 
1.18(||) 

 
0.25(⊥) 
1.36(||) 

𝑚ℎ𝑝
∗ (𝐸𝑐)

𝑚0
 0.5 0.39 0.5 0.2 0.5 0.4-0.9 

𝑚𝑙𝑝
∗ (𝐸𝑐)

𝑚0
 0.12 0.053 0.015 0.053 0.13 0.12 

 

 

galiumis fosfidi da aluminis anTimonidi arapirdapirzoniani na-

xevrad gamtarebia, maTi gamtarobis zonis absoluturi eqstremumi brilu-

enis zonis kideze, 𝑋 wertilSia ganlagebuli, Tavisufali eleqtronebis 

efeqturi masa anizotropulia (izoenergetikuli zedapiri brunviTi elif-

soidia). absoluturi minimumis 𝑋1-is Tavze devs kidev erTi minimumi 𝑋3. 

garkveul pirobebSi SesaZlebeli xdeba Tavisufali eleqtronebis 

pirdapiri Sidazonuri gadasvlebi 𝑋1 → 𝑋3.  
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2.6. defeqtebi naxevrad gamtarebSi. minareuli gamtaroba 

 

realur kristalSi, idealurisgan gansxvavebiT, mesris idealuri 

perioduloba daculi ar aris. idealuri periodulobidan gadaxras SeiZ-

leba mravali mizezi ganapirobebdes da aseTi nebismieri gadaxra ganixi-

leba rogorc kristaluri mesris defeqti. arsebobs defeqtebis klasifi-

kacia, romelic eyrdnoba defeqtis ganzomilebas (𝑛) da aqedan gamomdinare, 

gvxvdeba defeqtebis oTxi klasi: 

1. 𝑛 = 3 _ makroskopuli, sivrculi defeqtebi (daxuruli da Ria fo-

rebi, bzarebi, gansxvavebuli fazis CanarTebi). 

2. 𝑛 = 2 _ brtyeli defeqtebi (kristalisa da marcvlebis sazRvrebi). 

3. 𝑛 = 1 _ xazovani defeqtebi. xazovani defeqtia dislokacia anu wiri, 

romlis gaswvriv an maxloblad darRveulia atomuri sibrtyeebis kanonzo-

mieri ganlageba. dislokaciebi mniSvnelovan zegavlenas axdenen naxevrad 

gamtarebis fizikur, gansakuTrebiT meqanikur Tvisebebze. 

4. 𝑛 = 0 _ wertilovani defeqtebi (vakansiebi, kvanZTaSorisi atomebi, 

minareuli atomebi). 

Tu meserSi kvanZi ar aris dakavebuli ioniT (atomiT), maSin aseT 

defeqts vakansia ewodeba. vakansia, iseve rogorc kvanZTaSorisi atomi, 

ganapirobebs lokaluri eleqtruli velis aRZvras. imis da mixedviT, Tu 

sad wavida kvanZidan amovardnili atomi ganasxvaveben ori tipis vakansias: 

Sotkisa da frenkelis vakansias. Tu kvanZidan amovardnili atomi gavida 

kristalis an marcvlis sazRvarze amboben, rom saqme gvaqvs Sotkis 

vakansiasTan (nax. 2.11,a). frenkelis vakansiis SemTxvevaSi kvanZidan amovar-

dnili atomi ganlagdeba kvanZebs Soris (nax. 2.11,b). 

 

 

nax. 2.11. vakansiebi kristalSi  
a) Sotkis vakansiebi b) frenkelis vakansiebi 
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wertilovan defeqtebs miekuTvneba minareuli atomic. meserSi ganla-

gebis mixedviT SeiZleba vilaparakoT ori saxis minareul atomze: Canac-

vlebul da Canergil minareul atomze. Canacvlebuli niSnavs, rom mina-

reulma atomma Secvala kvanZSi ZiriTadi atomi (nax. 2.12,a), xolo Caner-

gilia im SemTxvevaSi, Tu minareuli atomi ganlagdeba kvanZTa Soris 

(nax. 2.12,b). naxevrad gamtarebis fizikis TvalsazrisiT ufro mniSvnelova-

nia Canacvlebuli minareuli atomi. 

 
 

nax. 2.12. kristalSi minareuli atomebis SesaZlo ganlagebani  
a) Canacvlebuli minareuli atomi; b) Canergili minareuli atomi 

 
cxadia, rom meserSi minareuli atomebis arseboba zegavlenas axdens 

kristalur velze. amave dros, energetikuli speqtris konkretuli cvlile-

bis xasiaTi damokidebulia imaze, Tu rogoria minareuli atomebis fardo-

biTi ricxvi. minarevebis mcire koncentraciisas (nmin<<nZir) minareuli ato-

mis zegavlena kristalur velze gamomJRavndeba mxolod mis maxloblad 

(minareuli atomis moqmedeba lokalizebulia). minarevebis eleqtronuli 

garsebi ar gadafaraven erTmaneTs da amitom maT SenarCunebuli eqnebaT 

atomuri diskretuli xasiaTi. maSasadame, energetikul speqtrSi, daSvebul 

zonebTan erTad, gaCndeba minareul doneTa sistema. 

SesaZlebelia agreTve, kristalSi Seyvanili iyos minarevebis didi 

raodenoba (nmin≤nZir). am SemTxvevaSi minareuli atomebi ganlagdebian ra 

sakmaod axlos erTmaneTTan, maTi energetikuli garsebis gadafarvis gamo, 

Seqmnian zonebs - e.w. minareul zonebs, e.i. energetikul speqtrSi daSvebuli 

zonebis maxloblad ganlagdebian minareuli zonebi. 

gamtarobis TvalsazrisiT minarevi maSin aris saintereso, rodesac 

misi valentoba gansxvavdeba ZiriTadi atomis valentobisagan. valentobis 

mixedviT minarevebi SeiZleba or jgufad davyoT: 1. is minarevebi, romelTa 

valentoba ±1-iT gansxvavdeba ZiriTadi atomis valentobisgan (∆𝜐 = ±1) da 

2. gansxvaveba valentobaSi Seadgens ±2-s an mets (∆𝜐 ≥ ±2). 
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SedarebiT ufro kargad aris Seswavlili da farTod gamoiyeneba is 

minarevebi, romelTa valentoba mxolod erTiT gansxvavdeba ZiriTadi ato-

mis valentobisgan. ganvixiloT iseTi minarevi, romlis valentoba erTiT 

Warbobs ZiriTadi atomis valentobas. aseT minarevs donoruli minarevi 

ewodeba, vinaidan, rodesac is Caenacvleba ZiriTad atoms, mas meserSi 

moaqvs erTi zedmeti eleqtroni. magaliTad, siliciumis (oTxvalentiani) 

meserSi CavanacvloT fosforis (xuTvalentiani) atomi (nax. 2.13,a). absolu-

tur nul temperaturaze fosforis oTxi eleqtroni monawileobs ra bmaSi, 

energetikulad ganlagdeba savalento zonaSi, xolo mexuTe (bmaSi armona-

wile) eleqtronis energia savalento zonas aRar Seesabameba. amave dros, 

unda aRiniSnos, rom es eleqtroni sustad aris dakavSirebuli Tavis birT-

vTan, vinaidan masa da birTvs Soris arsebuli kulonuri urTierTqmedeba 

Sesustebulia kristalis dieleqtrikuli SeRwevadobiT da mis gasanTavi-

sufleblad mcire energiaa saWiro (es energia gacilebiT mcirea rogorc 

izolirebuli atomis ionizaciis energiaze, aseve naxevrad gamtaris akrZa-

luli zonis siganeze). maSasadame, am eleqtronis atomuri xasiaTis energe-

tikuli done ganlagdeba akrZalul zonaSi gamtarobis zonis maxloblad 

(nax. 2.13,b). energetikuli Sualedi am dones da gamtarobis zonis minimums 

Soris gansazRvravs kristalSi myofi atomis ionizaciis energias. am 

SemTxvevaSi donoruli donis energias uaryofiTad miiCneven, radgan misi 

aTvla warmoebs gamtarobis zonis fskeridan. cxadia, ramdeni minareuli 

atomic iqneba kristalSi, imdeni donoruli done warmoiqmneba. 𝑇 = 0𝐾 tem-

peraturaze donorul doneebze ganlagebuli eleqtronebis koncentracia 

ganisazRvreba TviT donoruli atomebis koncentraciiT.  

 

nax. 2.13. minareuli eleqtronuli gamtarobis warmoqmnis modeli: 
a) sibrtyiTi gamosaxuleba; b) energetikuli zonuri diagrama 
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temperaturis momatebisas, rodesac Sesabamisi siTburi energia 

donoris ionizaciis energiis rigisaa, SeiZleba adgili hqondes donoruli 

donidan eleqtronis gadasvlas gamtarobis zonaSi, ris Sedegadac izrdeba 

Tavisufali muxtis gadamtanebis koncentracia, kristalSi gveqneba 

Tavisufali eleqtronebi, romelTa koncentracia ganisazRvreba donoruli 

doneebisa da maTze darCenili eleqtronebis koncentraciaTa sxvaobiT. am 

SemTxvevaSi gamtaroba ganpirobebuli iqneba mxolod Tavisufali eleqtro-

nebiT (𝜎 = 𝜎𝑛 = 𝑒𝑛𝜇𝑛), vinaidan donorul doneeebze darCenil vakansiebs 

energiis cvlilebis unari ar gaaCnia da amitom Tavisufal xvrelebad ar 

SeiZleba iyvnen ganxiluli 𝜎𝑝 = 0. 

SemdgomSic, rodesac temperatura imdenad gaizrdeba, rom adgili eq-

neba eleqtronebis gadasvlas savalento zonidan gamtarobis zonaSi, eleq-

tronebis koncentracia yovelTvis meti darCeba xvrelebis koncentraciaze. 

ganvixiloT meore SemTxveva: minarevis valentoba 1-iT naklebia 

ZiriTadi atomis valentobaze (aqceptoruli minarevi) magaliTad, indiumis 

atomi Canacvlebulia siliciumis meserSi nax. 2.14,a. 

 

nax. 2.14. minareuli xvreluri gamtarobis warmoqmnis modeli: 
a)  sibrtyiTi gamosaxuleba; b) energetikulizonuri diagrama 

 
vinaidan indiums mxolod sami savalento eleqtroni gaaCnia, mis max-

loblad erTi bma darCeba Seuvsebeli. cxadia, am Seuvsebeli bmis dakavebas 

temperaturis gazrdisas martivad SeZlebs ZiriTadi atomis savalento 

eleqtroni da amdenad, martivad warmoiqmneba xvreli Tavisufali eleqt-

ronis warmoqmnis gareSe; es ki energetikuli diagramis enaze niSnavs, rom 

rodesac eleqtroni gadava savalento zonidan minareuli atomis 

(aqceptoris) mier Seqmnil doneze, kristalSi gaCndeba Tavisufali xvrele-

bis garkveuli koncentracia, romelic aqceptoruli doneebis da am 
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doneebze darCenili daukavebeli mdgomareobebis koncentraciaTa sxvaobiT 

ganisazRvreba (nax. 2.14,b). vinaidan mcire energiaa saWiro mezobeli bmidan 

Seuvsebel bmaze eleqtronis gadasayvanad, aqceptoruli done ganlagdeba 

akrZalul zonaSi, savalento zonis Weris maxloblad. 𝑇 = 0𝐾 tempera-

turaze es done mTlianad Tavisufalia. dabal temperaturaze, 𝑘0T ≪ ∆𝐸𝑔 

gamtarobas eqneba mxolod xvreluri xasiaTi (𝜎 = 𝜎𝑝 = 𝑒𝑛𝜇𝑝), maRal tempera-

turaze, rodesac gamovlindeba sakuTari gamtaroba, xvrelebis koncentra-

cia mainc yovelTvis meti iqneba eleqtronebis koncentraciaze. 

amrigad, SeiZleba vilaparakoT naxevrad gamtarebSi sami tipis gamta-

robaze: 

1. sakuTari gamtaroba _ 𝑛𝑖 = 𝑝𝑖; (𝜎𝑛 > 𝜎𝑝, radganac 𝜇𝑛 > 𝜇𝑝); 

2. 𝑛 _ tipis gamtaroba _ 𝑛 > 𝑝; (𝜎𝑛 > 𝜎𝑝); 

3. 𝑝 _ tipis gamtaroba _ 𝑝 > 𝑛; (aRsaniSnavia, rom am SemTxvevavSi 

𝜎𝑝 > 𝜎𝑛 ar iqneba aucileblad daculi, vinaidan 𝜇𝑝 < 𝜇𝑛 yovelTvis). 

𝑛 da 𝑝 tipis naxevrad gamtarebTan erTad xSirad gamoiyeneba agreTve 

termini - kompensirebuli naxevrad gamtari. es iseTi naxevrad gamtaria, ro-

melSic Seyvanilia rogorc donoruli, aseve aqceptoruli minarevebi. 

cxadia, es minareuli atomebi akompensireben erTmaneTs da sabolood, naxev-

rad gamtaris tipi damokidbulia imaze, Tu romeli tipis minarevis 

koncentraciaa meti. 

 

 

2.7. minareuli mdgomareobis elementaruli Teoria 

 

minarevis atomuri xasiaTis energetikuli mdgomareobis lokalizacia 

akrZalul zonaSi damokidebulia imaze, minarevis valentoba gansxvavdeba 

erTiT (∆𝜐 = ±1), Tu metad (∆𝜐 ≥ ±2) ZiriTadi atomis valentobisagan. praq-

tikaSi farTod gamoiyeneba iseTi naxevrad gamtarebi, romelTa maxa-

siaTebeli parametrebis garkveuli mniSvnelobebi miiRweva ZiriTadad iseTi 

minarevebiT legirebisas, rom ∆𝜐 = ±1. aseTi minarevebi (maT wyalbadis-

magvar minarevebs uwodeben) qmnian Txel doneebs, romelTa energetikuli 

daSoreba Sesabamisi daSvebuli zonidan mcirea. aseTi minarevebis ioniza-

ciis energiis SefasebisaTvis SegviZlia daveyrdnoT wyalbadis atomisaTvis 

Caweril Sredingeris gantolebas  
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{−
ℏ2

2𝑚0
∆ +

e2

|𝑟|
} Ψ(𝑟) = 𝐸Ψ(𝑟).           (2.22) 

imisaTvis, rom gamoviyenoT es gantoleba wyalbadismagvari minarevi-

saTvis, saWiroa eleqtronis nominaluri masa 𝑚0 SecvaloT misi efeqturi 

𝑚∗ mniSvnelobiT, kulonur urTierTqmedebaSi gaviTvaliswinoT kristalis 

dieleqtrikuli SeRwevadoba 𝜀∗ da talRur funqcias mieceT bloxis tal-

Ruri funqciis saxe. maSin donorisa da aqceptorisaTvis Sredingeris 

gantoleba ase gadaiwereba: 

{−
ℏ2

2𝑚∗
∆ +

e2

𝜀∗|𝑟|
} Ψk⃗⃗⃗

(𝑟) = 𝐸Ψk⃗⃗⃗
(𝑟).       (2.23) 

aqedan martivad davadgenT kristalSi minareuli donis energias 

|𝐸| =
𝑒4

2ℏ2
𝑚∗

𝜀2
1

𝑛2
.                  (2.24) 

Tu am ukanasknelSi SevitanT 𝑒,  𝑚0da ℏ-is ricxviT mniSvnelobas da 

energias gamovsaxavT eleqtronvoltebSi, maSin gveqneba: 

|𝐸| =
13,52

𝜀2
𝑚∗

𝑚0

1

𝑛2
 ,              (2.25) 

sadac 𝑛 kvanturi ricxvia, romelic gansazRvravs minarevis aRgznebis 

sxvadasxva dones (𝑛 > 1). vinaidan energiis simciris gamo, minarevis aRgzne-

bul mgdomareobebze eleqtronis dafiqsireba SesaZlebelia mxolod 

absoluturi nulis maxlobel temperaturebze, amitom umetes SemTxvevaSi 

ganixileba minarevis mxolod ZiriTadi (𝑛 = 1) mdgomareoba. 

SevafasoT realur naxevrad gamtar kristalSi donorisa da aqcepto-

ris ionizaciis energiebi. CavTvaloT, rom 𝜀∗ = 15; 𝑚𝑛
∗ = 0,2𝑚0;   𝑚𝑝

∗ = 0,6𝑚0;  

(2.25) gamosaxulebaSi am monacemebis gamoyenebiT miviRebT 𝐸𝐷 = −0,01 ev, 𝐸𝐴 =

−0,03 ev. eqsperimentis SedegebTan SedarebiT aRmoCnda, rom aseTi elementa-

ruli Teoria saSualebas gvaZlevs sworad SevafasoT minarevis ionizaciis 

energiis rigi. amave dros, am Teorias aqvs erTi mniSvnelovani nakli. 

kerZod, (2.25) gamosaxulebaSi ar Sedis TviT minarevis maxasiaTebeli arc 

erTi sidide, e.i. ionizaciis energia gamodis damokidebuli mxolod im niv-

Tierebaze, romelSic minarevebi ganixileba da konkretul naxevrad gam-

tarul kristalSi yvela minarevisaTvis misi mniSvneloba erTi da igive 

gamodis. cdam gviCvena, rom es sinamdviles ar Seesabameba (cxrili 2.3) da 

ar SeiZleba ionizaciis energia damokidebuli ar iyos konkretul minarul 

atomze. 



56 
 

Tu minarevis valentoba ±2 an metad gansxvavdeba ZiriTadi atomis 

valentobisagan, maSin lokaluri minareuli doneebis ganlageba energe-

tikul zonur struqturaSi mniSvnelovnad icvleba. jer erTi, aseTi done 

gacilebiT ufro Rrmad iqneba ganlagebuli akrZalul zonaSi, meorec, Ti-

Toeul minareul atoms Seswevs unari Seqmnas akrZalul zonaSi ramdenime 

minareuli done. magaliTad, spilenZis atomebi germaniumSi qmnian sam aqcep-

torul dones, romlebic Seesabamebian ionebis sam tips _ 𝐶𝑢1−, 𝐶𝑢2−, 𝐶𝑢3− 

da romelTa energiebi Sesabamisad tolia: 0,04 ev, 0,33 ev da 0,5 ev. 

 

cxrili 2.3 

sxvadasxva minarevis ionizaciis energiebi siliciumsa da germaniumSi 
 

 ∆𝐸𝑔 
|𝐸𝐷|, ev |𝐸𝐴|, ev 

𝑃 𝐴𝑠 𝑆𝑏 𝐵𝑖 𝐵 𝐴𝑙 𝐺𝑎 𝐼𝑛 𝑇𝑙 

𝑆𝑖 1.11 0.044 0.049 0.069 0.046 0.057 0.065 0.16 0.26  

𝐺𝑒 0.67 0.012 0.0127 0.0096 - 0.0104 0.0102 0.0108 0.0112 0.01 

 

aRsaniSnavia, rom zogierTi minarevi (mag. oqro germaniumsa da 

siliciumSi) akrZalul zonaSi qmnis rogorc donorul, aseve aqceptorul 

mdgomareobebs. aseT minarevs amfoteruli minarevi ewodeba. 

 

 

2.8. eqsitoni. polaroni 

  

Tu mkacrad ganvixilavT defeqtis arss, e.i. defeqtad CavTvliT 

nebismier gadaxras mesris periodulobidan, maSin, albaT, defeqtad unda 

miviCnioT kvanZSi ganlagebuli iseTi ionic, romelmac raRac cvlilebebi 

ganicada Tavis konfiguraciaSi, anu romlis erTi eleqtroni an 

eleqtronebis garkveuli raodenoba imyofeba aRgznebul mdgomareobaSi, 

Tumca kvlav urTierTqmedebs Tavis sakuTar birTvTan. aseT defeqts 

kristalSi moZraobis unaric gaaCnia, vinaidan aRgzneba erTi ionidan 

SeiZleba gadaeces meore ions. 

amave dros, Semdgomi ganxilvisaTvis metad mniSvnelovania is 

garemoebac, rom aseTi defeqtis arsebobas da moZraobas Tan ar axlavs 

muxtis an masis gadatana meserSi. Cven mier ganxilul defeqts eqsitoni 
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ewodeba. eqsitoni Tavdapirvelad Teoriulad iyo nawinaswarmetyvelebi da 

mxolod Semdeg aRmoCenili eqsperimentuladac. 

principulad, eqsitonis warmoqmna SesaZlebelia nebismier myar 

sxeulSi, magram aRmoCnda, rom urTierTqmedeba aRgznebul eleqtronsa da 

mis ions Soris mniSvnelovnad gansxvavdeba sxvadasxva tipis sxeulebSi. 

liTonebSi eqsitonebi praqtikulad ar gvxvdeba. dieleqtrikebSi eqsitonis 

SemadgenlobaSi Semavali eleqtroni Zlier urTierTqmedebaSia Tavis 

birTvTan da misi orbitis radiusi mesris mudmivis rigisaa. aseT eqsitons 

frenkelis eqsitoni ewodeba. naxevrad gamtarSi aRgznebuli elqtroni 

gacilebiT ufro sustad urTierTqmedebs Tavis birTvTan da SeiZleba 

mniSvnelovnad dacildes mas. orbitis radiusi ~10𝑎 rigisaa. aseT eqsitons 

vanie-motis eqsitoni ewodeba. naxevrad gamtarebis fizikis TvalsazrisiT 

eqsitoni aris eleqtron-xvrelis bmuli mdgomareoba, romelsac Seswevs 

unari imoZraos kristalSi. 

eqsitonis orbitis radiusisa da eqsitonis bmis energiis (eqsitonis 

daSlisaTvis saWiro energiis) dasadgenad, iseve rogorc wyalbadismagvari 

minarevisaTvis, SegviZlia daveyrdnoT wyalbadis atomis Teorias, maSin 

orbitis radiusis gamosaTvlelad visargebloT formuliT 

𝑟 = 𝜀∗
𝑚0

𝑚𝑟
∗ 𝑟0,                   (2.26) 

sadac 𝑟0 boris pirveli radiusia; 𝑚𝑟
∗ ewodeba dayvanili efeqturi masa, 

romelic eleqtronisa da xvrelis efeqturi masebis kombinacias 

warmoadgens 

 𝑚𝑟
∗ =

𝑚𝑛
∗𝑚𝑝

∗

𝑚𝑛
∗+𝑚𝑝

∗  ,                  (2.27) 

SevafasoT am gamosaxulebiT eqsitonis orbitis radiusi. vTqvaT, 𝑚𝑟
∗ =

0.1𝑚0,   𝜀
∗ = 15, maSin 𝑟 ≈ 100Å e.i.𝑟 ≫ 𝑎. 

rac Seexeba eqsitonis energias 

  |𝐸𝑒𝑥| =
13,52

𝜀∗2
𝑚𝑟
∗

𝑚0

1

𝑛2
 ,               (2.28)  

roca 𝑛 = 1, miviRebT eqsitonis bmis energias, romelic gamtarobis 

zonis Ziridan aiTvleba. Tu (2.28) gamosaxulebis saSualebiT SevafasebT 

eqsitonis bmis energias vnaxavT, rom es energia 𝐸𝑒𝑥~0.01 − 0.001 ev rigisaa 

da igi ramdenadme naklebia, vidre donoris ionizaciis energia 

wyalbadismagvari minarevis miaxloebaSi. es arcaa gasakviri, radgan (2.28) 
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formulaSi arsebuli 𝑚𝑟
∗ yovelTvis naklebia eleqtronis efeqtur masaze 

𝑚𝑟
∗ < 𝑚𝑛

∗ . eqsitoni rom warmoiqnas, saWiroa energia, romelic ganisazRvreba 

akrZaluli zonis siganisa da eqsitonis bmis energiebis sxvaobiT. 

Tu gamtarobis eleqtroni sivrculad lokalizebuli iqneba meserSi. 

am adgilas moxdeba mesris periodulobis damaxinjeba _ gamovlindeba io-

nis polarizacia da Tanac eleqtroniT ganpirobebuli axali mdgomareoba 

urTierTqmedebaSi iqneba TviT polarizaciis gamomwvev eleqtronTan. am 

kombinacias, eleqtronisa da mesris polarizaciis kombinacias, warmoad-

genen kvanzinawilakis – polaronis saxiT. mas meserSi gadaadgilebis unari 

gaaCnia, magram misi efeqturi masa mniSvnelovnad metia eleqtronis efeqtur 

masaze 𝑚𝑝1
∗ ≫ 𝑚𝑛

∗ . 
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Tavi III. 

muxtis gadamtanebis statistika 

naxevrad gamtarebSi. 

 
3.1. ganawilebis funqcia. fermis energia 

 

idealuri da realuri naxevrad gamtarebis energetikuli speqtris 

ganxilvisas Cven veyrdnobiT ZiriTadad kvanturi fizikis kanonebs da 

naklebad vaqcevdiT yuradrebas im garemoebas, rom eleqtronebi da 

xvrelebi mravalnawilakian sistemas qmnian da maTTvis samarTliani unda 

iyos statistikuri fizikis kanonebi. klasikuri statistikuri fizika ar 

iTvaliswinebs nawilakTa kvanturi Tvisebebis specifiurobas da amitom 

eleqtronebisa da xvrelebisaTvis statistikuri fizikis kanonebSi gaTva-

liswinebuli unda iyos is Taviseburebebi, romlebic nawilakebis kvanturi 

bunebidan gamomdinareobs.  

muxtis gadamtanebis statistika ramdenime ZiriTad cnebas eyrdnoba, 

romelTagan umniSvnelovanesia ganawilebis funqcia da fermis energia. 

ganawilebis funqciis Semosatanad ganvixiloT 𝑁 eleqtroniani sis-

tema da am sistemidan gamovyoT 𝑁1 raodenoba im eleqtronebisa, romelTa 

koordinatebi moTavsebulia ∆𝑥, ∆𝑦, ∆𝑧 SualedSi, xolo kvaziimpulsebi ∆𝑃𝑥,

∆𝑃𝑦, ∆𝑃𝑧 . cxadia, rom eleqtronebis es 𝑁1 raodenoba miT ufro meti iqneba, 

rac ufro didi moculobis elementebs gamovyofT koordinatTa da 

impulsur sivrceebSi 

𝑁1~(∆𝑥 ∙  ∆𝑦 ∙  ∆𝑧 ∙ ∆𝑃𝑥  ∙  ∆𝑃𝑦  ∙  ∆𝑃𝑧),          (3.1) 

an, Tu SemoklebiT CavwerT, 

𝑁1~(∆𝑉 ∙ ∆𝑉𝑝).                    (3.2) 

imisaTvis, rom proporciulobidan tolobaze gadavideT, unda 

gamoviyenoT koeficienti da es koeficienti Tavad iqneba koordinatebisa 

da kvaziimpulsebis funqcia. 

   𝑊 = 𝑊(𝑥, 𝑦, 𝑧, 𝑃𝑥, 𝑃𝑦 , 𝑃𝑧 , 𝑡),              (3.3) 

maSin 

  𝑁1 = 𝑊∆𝑉 ∙ ∆𝑉𝑝.                   (3.4) 
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koordinatTa sivrcisa da impulsuri sivrcis cal-calke ganxilvis 

nacvlad mosaxerxebelia SemovitanoT erTiani sivrce, romelic ∆𝑉 ∙ ∆𝑉𝑝 

namravliT ganisazRvreba da fazuri sivrce ewodeba. 

𝑁1 = 𝑊∆𝛾.                      (3.5) 

am ukanaskneli gamosaxulebidan 𝑊 fizikuri Sinaarsi SeiZleba 

Semdegnairad CamovayaliboT: 𝑊 aris ∆𝛾 fazuri sivrcis elementSi drois 

mocemul momentSi 𝑁1 raodenobis eleqtronebis moxvedris albaToba 

   𝑊 =
𝑁1

∆𝛾
 .                      (3.6) 

praqtikuli amocanebis gadawyvetisas xSirad saqme gvaqvs nawilakTa 

ara absolutur (𝑁1), aramed fardobiT (
𝑁1

𝑁
) ricxvTan. amitom mosaxerxe-

belia CavweroT 

𝑓 =
𝑊

𝑁
=

𝑁1
𝑁

∆𝛾
 .                   (3.7) 

ganawilebis funqcia 𝑓 gviCvenebs ∆𝛾 fazuri sivrcis elementSi drois 

𝑡 momentSi nawilakTa 
𝑁1

𝑁
 fardobiTi ricxvis moxvedris albaToba.  

eleqtronebisa da xvrelebis ganawilebis funqciebi unda iTvaliswi-

nebdes im garemoebas, rom kristalSi saqme gvaqvs kvanturi nawilakebis _ 

fermionebis simravlesTan (fermioni aris naxevarspiniani nawilaki, romlis 

spinis proeqcia dakvantvis RerZze Rebulobs or mniSvnelobas 𝑆𝑍 = ±
1

2
) da 

aqedan gamomdinare, erT kvantur mdgomareobaSi (𝐾𝑥, 𝐾𝑦, 𝐾𝑧,𝑆𝑧), paulis 

principis Tanaxmad, SeiZleba ganlagdes mxolod erTi eleqtroni. 

yovelive zemoT aRniSnulis safuZvelze SeiZleba vTqvaT, rom gana-

wilebis funqcia 𝑓 axasiaTebs kvantur mdgomareobebze muxtis gadamtanTa 

ganawilebis albaTobis simkvrives. amitom 𝑓 ganawilebis funqcias ganawi-

lebis simkvrivesac uwodeben. misi fizikuri arsidan gamomdinare SegviZlia 

martivad CavweroT normirebis piroba 

∫ 𝑓∆𝛾 = 1
Γ

                   (3.8) 

(integreba warmoebs mTel Γ fazur moculobaze). 

SemovitanoT fermis energiis cneba. amisaTvis eleqtronebis 𝑁 

simravle ganvixiloT 0𝐾 temperaturaze. simravlis energia aRvniSnoT 𝐸-Ti. 

klaskuri fizikis TvalsazrisiT 𝑇 = 0𝐾 aRniSnuli sistemis energiis 

cvlileba SeiZleba dakavSirebuli iyos mxolod Tavisufali energiis 𝐹0 
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cvlilebasTan. Tu gaviTvaliswinebT, rom sistema kvanturi Tvisebebis mata-

rebelia da aseT sistemaSi nawilakTa raodenoba SeiZleba Seicvalos, maSin 

energiis cvlileba 0𝐾 temperaturaze nawilakTa raodenobis cvlilebiTac 

SeiZleba iyos gamowveuli 

𝑑𝐸|𝑇=0𝐾 = 𝑑𝐹0 + 𝜇𝑑𝑁,                (3.9) 

𝜇  qimiur potencials uwodeben. misi fizikuri arsis dasadgenad CavTvaloT, 

rom 𝑑𝐸 = 0, maSin 

𝜇 = |
𝑑𝐹0

𝑑𝑁
| ,                     (3.10) 

anu qimiuri potenciali gviCvenebs sistemis Tavisufali energiis 

cvlilebis sidides nawilakTa ricxvis erTiT cvlilebisas. 

gaviTvaliswinoT agreTve, rom aRniSnuli kvanturi sistema damuxtul 

nawilakTa erTobliobas warmoadgens, amitom energiis cvlilebas SeiZleba 

adgili hqondes muxtis cvlilebis gamoc, rodesac icvleba nawilakTa 

ricxvi sistemaSi 

𝑑𝐸|𝑇=0𝐾 = 𝑑𝐹0 + 𝜇𝑑𝑁 +Ψ𝑑𝑞,            (3.11) 

cxadia 

𝑑𝑞 = −𝑒𝑑𝑁                     (3.12) 

da e.i.   

𝑑𝐸|𝑇=0𝐾 = 𝑑𝐹0 + (𝜇 − 𝑒Ψ)𝑑𝑁            (3.13) 

Ψ-s eleqtrostatikuri potenciali ewodeba, xolo 

𝐹 ≡ 𝜇∗ = 𝜇 − 𝑒Ψ                   (3.14) 

uwodeben eleqtroqimiur potencials an fermis energias. Tu 𝑑𝐸 = 0, maSin 

(3.13)-dan 

𝐹 = |
𝑑𝐹0

𝑑𝑁
| ,                      (3.15) 

e.i. fermis energia (3.15)-is mixedviT SeiZleba warmovadginoT rogorc 

damuxtul kvantur nawilakTa sistemis Tavisufali energiis cvlilebis 

sidide, am nawilakTa raodenobis erTiT cvlilebisas. 

cxadia, fermis energias energetikul zonur struqturaSi SeiZleba 

SevusabamoT garkveuli energetikuli done, romelsac fermis done ewodeba. 

fermis energia, anu fermis done energiis is mniSvnelobaa, romlis qvemoT 

yvela arsebuli kvanturi energetikuli mdgomareobebi 𝑇 = 0𝐾 temperatura-

ze dakavebulia eleqtronebiT, xolo mis zemoT _ Tavisufali, an fermis 
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done aris is maqsimaluri energia, romelic eleqtrons am temperaturaze 

SeiZleba gaaCndes liTonSi. 

Tu CavTvliT, rom eleqtronebi (fermionebi) ar urTierTqmedeben 

erTmaneTTan, anu qmnian idealur fermi gazs, maSin fermis energia SeiZleba 

gamovTvaloT formuliT 

   𝐹 =
ℏ2

2𝑚0
[

3𝑛

4𝜋2(2𝑆+1)
]

2

3
 ,               (3.16) 

sadac 𝑛 koncentraciaa; 𝑆 _ spini. 

fermis energiis saSualebiT SeiZleba gansazRvruli iyos fermi-

impulsi 

  𝑃𝐹 = √2𝑚0𝐹,                     (3.17) 

romlis fizikuri arsi imaSi mdgomareobs, rom 𝑇 = 0𝐾 Tu 𝑃 < 𝑃𝐹 maSin 

yvela mdgomareoba dakavebulia eleqtronebiT, xolo 𝑃 > 𝑃𝐹 _ Tavisufali. 

amdenad, idealuri fermi-gazis Semadgeneli nawilakebi 𝑇 = 0𝐾-ze moTavse-

buli aRmoCndebian sferoSi, romlis radiusi 𝑃𝐹-iT ganisazRvreba. es sfero 

qmnis impulsur sivrceSi fermi-zedapirs. amave dros, fermi-impulsi 

gansazRvravs eleqtronis maqsimalur siCqares 0𝐾 temperaturaze _ fermi-

siCqares 

𝑉𝐹 =
𝑃𝐹

𝑚0
.                      (3.18) 

cnobilia, rom liTonebSi fermis energia 𝐹~(1 − 10)ევ, gadagvarebul 

naxevrad gamtarebSi ki _ 𝐹~(0.01 − 1)ev. 

 

 

3.2. mdgomareobaTa simkvrive. mdgomareobaTa 

simkvrivis efeqturi masa 

 

muxtis gadamtanebis statistikis erT-erTi ZiriTadi amocanaa daS-

vebul zonebsa da lokalur doneebze muxtis gadamtanebis koncentraciis 

dadgena. daSvebul zonebSi am amocanis gadawyveta moiTxovs pirvel etapze 

zonaSi kvanturi mdgomareobebis ricxvis codnas. am mizniT Semotanilia 

mdgomareobaTa simkvrivis ricxvis cneba _ kristalis erTeulovan 

energetikul intervalSi kvantur mdgomareobaTa ricxvi 

                                                           
amis Sesaxeb dawvrilebiT ixileT 3.3-Si. 
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𝜌(𝐸) =
𝑑𝑁

𝑑𝐸
 ,                    (3.19) 

𝑁 kvantur mdgomareobaTa ricxvia. 

imisaTvis, rom 𝜌(𝐸) damokidebulebas mivceT konkretuli saxe, Tavda-

pirvelad ganvixiloT martivi, sferuli simetriis gamtarobis zona, rom-

lisTvisac samarTliania dispersiis kvadratuli izotropuli kanoni (1.103). 

gamovyoT gamtarobis zonis farglebSi energetikuli Sualedi 𝐸-dan 𝐸 + 𝑑𝐸-

mde (nax. 3.1.a). kvanturi mdgomareobebis raodenoba dakavSirebulia impul-

sur sivrceSi gamoyofili intervalis moculobis elementTan Semdegi 

gamosaxulebiT: 

𝑑𝑁 = 2
𝑑𝑉𝑃

𝑉𝑃
′ = 2

𝑑𝑉𝑃

ℎ3
 ,                (3.20) 

 

nax. 3.1. sferuli simetriis gamtarobis zonaSi gamoyofili 𝑑𝐸 energetikuli 
intervali (a); am intervalis moculoba impulsur sivrceSi (b). 

 
sadac 𝑉𝑃

′ aris erT kvantur mdgomareobaze mosuli fazuri sivrcis 

moculoba, koeficienti "2" iTvaliswinebs TiToeul energetikul doneze  

ori kvanturi mdgomareobis arsebobis SesaZleblobas. 𝜌(𝐸) damokidebule-

bis saboloo gamosaxulebis dasadgenad gamoyofili moculobis elementi 

𝑑𝑉𝑃 = 4𝜋𝑃2𝑑𝑃                   (3.21) 

ganvsazRvroT dispersiis kanonis gamoyenebiT 

𝑃2 = ℏ2𝑘2 = 2𝑚𝑛
∗ (𝐸 − 𝐸𝐶);            (3.22) 

   𝑑𝑃 =
1

2
(2𝑚𝑛

∗ )
1

2 (𝐸 − 𝐸𝐶)
1

2𝑑𝐸 .             (3.23) 

Tu (3.21-3.23) gamosaxulebebs gaviTvaliswinebT (3.20)-Si gveqneba: 

𝑑𝑁 = 4𝜋 (
2𝑚𝑛

∗

ℎ2
)

3

2
(𝐸 − 𝐸𝐶)

−
1

2𝑑𝐸 .           (3.24) 

(3.24) formulis (3.19) gamosaxulebaSi CasmiT miviRebT gamtarobis zonis 

mdgomareobaTa simkvrives sferuli simetriis zonisaTvis 
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𝜌𝐸 = 4𝜋 (
2𝑚𝑛

∗

ℎ2
)

3

2
(𝐸 − 𝐸𝐶)

1

2 .             (3.25) 

am ukanaskneli gamosaxulebidan gamomdinareobs, rom mdgomareobaTa 

simkvrive damokidebulia muxtis gadamtanebis efeqtur masaze da energiaze 

𝜌(𝑚∗, 𝐸). 

magaliTisaTvis ganvixiloT ori gamtarobis zona, romlebic akmayofi-

leben Semdeg pirobebs: 𝑚𝑛1
∗ >𝑚𝑛2

∗ . vinaidan pirvel zonaSi efeqturi masa uf-

ro metia, vidre meore zonaSi, amitom mdgomareobaTa simkvrive pirvel 

zonaSi gadaaWarbebs meore zonaSi mdgomareobaTa simkvrives. es ki niSnavs, 

rom erTi da igive raodenobis eleqtronebi pirvel gamtarobis zonaSi 

Seavseben ufro mcire energiaTa intervals, vidre meore zonaSi. 

imisaTvis, rom (3.25) gamosaxuleba samarTliani iyos nebismieri simet-

riis da briluenis zonis nebismier wertilSi ganlagebuli gamtarobis 

zonis eqstremumisaTvis, gamoviyenoT sxva koeficienti, romelsac mdgo-

mareobaTa simkvrivis efeqturi masa ewodeba 

𝑚𝑑𝑛
∗ = 𝑀

2

3(𝑚1
∗𝑚2

∗𝑚3
∗)

1

3 ,                (3.26) 

sadac 𝑀 eqvivalenturi minimumebis raodenobaa. kerZo SemTxvevaSi, roca 

saqme gvaqvs brunviT elifsoidTan (3.26) gamosaxuleba miiRebs saxes 

𝑚𝑑𝑛
∗ = 𝑀

2

3(𝑚⊥
∗ 2𝑚||

∗)
1

3 .                 (3.27) 

maSasadame, gamtarobis zonis mdgomareobaTa simkvrivis formula zogadad 

ase Caiwereba: 

𝜌𝐶(𝐸) = 4𝜋 (
2𝑚𝑑𝑛

∗

ℎ2
)

3

2
(𝐸 − 𝐸𝐶)

1

2 .             (3.28) 

martivi agebulebis, sferuli simetriis savalento zonisaTvis, 

romlisTvisac samarTliania dispersiis kvadratuli izotropuli kanoni  

𝜌𝑉(𝐸) = 4𝜋 (
2𝑚𝑃

∗

ℎ2
)

3

2
(𝐸𝑉 − 𝐸)

1

2 .           (3.29) 

realuri, kuburi simetriis naxevrad gamatarebisaTvis, rogorc viciT 

(ix. Tavi II), savalento zonis absoluturi maqsimumi rTuli agebulebisaa 

da Sedgeba sami qvezonisagan: _ mZime, msubuqi da spin-orbituli xvrelebis 

qvezonebisagan. vinaidan xvrelebi yovelTvis cdiloben daikavon 

maqsimalurad maRali energetikuli mdgomareoba, amitom spin-orbituli 

xvrelebis qvezonaSi maTi arsebobis albaToba Zalian mcirea. aqedan 
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gamomdinare, mdgomareobaTa simkvrivis efeqturi masis ganxilvisas savalen-

to zonisaTvis SegviZlia SemovifargloT mxolod zeda ori qvezoniT. 

Tu gavixsenebT, rom savalento zonebis izoenergetikuli zedapirebis 

deformaciis miuxedavad maT mainc sferul simetrias mivakuTvnebT, maSin 

mdgomareobaTa simkvrivis efeqturi masisaTvis gveqneba 

𝑚𝑑𝑝
∗ = (𝑚ℎ𝑝

∗
3

2+𝑚⊥
∗
3

2)

2

3
                  (3.30) 

da savalentozonis mdgomareobaTa simkvrive Caiwereba Semdegi Tanafardo-

biT: 

𝜌𝑉(𝐸) = 4𝜋 (
2𝑚𝑑𝑃

∗

ℎ2
)

3

2
(𝐸𝑉 − 𝐸)

1

2 .            (3.31) 

 

 
3.3. fermi-dirakis ganawilebis funqcia 

 

daSvebul zonebSi Tavisufali eleqtronebisa da xvrelebis 

koncentraciis dasadgenad cnobili unda iyos mdgomareobaTa simkvrive da 

ganawilebis funqcia. gavecnoT ganawilebis funqciis konkretul saxes. 

amisaTvis gamoviyenoT statistikuri fizikis ori cnobili gamosaxuleba: 

1. Teorema saSualo mniSvnelobis Sesaxeb 

𝑓 =
∑ 𝑁𝑖𝑁 𝜔𝑖

∑ 𝜔𝑖𝑁
.O                    (3.32) 

2. gibsis ganawileba 

𝜔 = 𝐶𝑒
−
𝐸−𝑁𝐹

𝐾0𝑇 .                    (3.33) 

am TanafardobebSi 𝐶 mudmivaa; 𝑁  -nawilakebis raodenoba energetikul 

mdgomareobaSi; 𝐹-fermis energia. 

gaviTvaliswinoT, rom garkveuli mdgomareobis sruli energia 𝐸 es 

aris energetikuli donis energiis namravli am doneze arsebuli nawila-

kebis ricxvze 

𝐸 = 𝑁𝑖𝐸𝑖 .                     (3.34) 

(3.33) da (3.34) gamosaxulebebi gaviTvaliswinoT (3.32)-Si 

 𝑓(𝐸) =
∑ 𝑁𝑖𝑒𝑥𝑝[−

𝑁𝑖(𝐸𝑖−𝐹)

𝐾0𝑇
]𝑁

∑ 𝑒𝑥𝑝[−
𝑁𝑖(𝐸𝑖−𝐹)

𝐾0𝑇
]𝑁

                (3.35) 

ajamva unda vawarmooT paulis principis gaTvaliswinebiT, e.i. 𝑁𝑖-s SeuZlia 

miiRos mxolod ori mniSvneloba: an 0 (kvanturi mdgomareoba daukavebelia 
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eleqtroniT) an 1 (eleqtrons ukavia mocemuli kvanturi mdgomareoba). maSin 

miviRebT gamosaxulebas: 

𝑓(𝐸) =
1

1+𝑒
𝐸−𝐹
𝐾0𝑇

,                    (3.36) 

romelsac fermi-dirakis ganawilebis funqcia ewodeba. am ganawilebas 

emorCileba fermionebi da amdenad, naxevrad gamtarSi myofi eleqtronebic. 

gavaanalizoT (3.36) formula. Tavdapirvelad ganvixiloT SemTxveva, 

roca 𝑇 = 0𝐾. am dros SesaZlebelia realizebul iqnas ori varianti: 

a) 0 < 𝐸 < 𝐹, ganawilebis funqcia 𝑓 =
1

1+𝑒−∞
= 1; 

b) 𝐸 > 𝐹 maSin  𝑓 =
1

1+𝑒∞
= 0, 

e.i. 𝑇 = 0𝐾 ganawilebis funqcias unda hqondes sul ori mniSvneloba 0 

an 1. maSasadame, Tu saqme gvaqvs iseT mdgomareobasTan, romlis energia nak-

lebia fermis energiaze, maSin is aucileblad dakavebulia eleqtroniT, 

xolo Tu mdgomareobis energia fermis energiaze metia, maSin 𝑇 = 0𝐾-ze es 

mdgomareoba aucileblad daukavebelia (nax. 3.2). grafikze, garda amisa, 

naCvenebia, rom temperaturis zrdasTan erTad ganawilebis funqciis 

energiaze damokidebuleba sul ufro scildeba im idealur saxes, romelic 

mas absolutur nulze gaaCnia, magram amave dros nebismier temperaturaze 

ganawilebis funqciis Tavisebureba mdgomareobs imaSi, rom igi 1 2⁄ -s utol-

deba, roca eleqtronis energia emTxveva fermis energias 𝑓 =
1

1+𝑒0
=

1

2
. 

 

nax. 3.2. fermi-dirakis ganawilebis funqciis grafikuli gamosaxuleba 
 
Catarebuli analizidan gamomdinare, SeiZleba CamovayaliboT fermis 

donis kidev erTi ganmarteba; fermis done is donea, romlis eleqtroniT 

dakavebis albaToba nebismier temperaturaze 1 2⁄ -is tolia. 

Tu cnobilia eleqtronis ganawilebis funqcia, maSin metad martivad 

davadgenT xvrelis ganawilebis funqciasac. 
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𝑓𝑃(𝐸) = 1 − 𝑓(𝐸);                 (3.37) 

Tu gaviTvaliswinebT (3.36) gamosaxulebas, miviRebT 

    𝑓𝑃(𝐸) =
1

1+𝑒
𝐹−𝐸
𝐾0𝑇

 .                 (3.38) 

naxevrad gamtarebSi sakmaod xSirad eleqtronis energia mniSvnelov-

nad Warbobs fermis energias(𝐸 ≫ 𝐹 da 𝐸 − 𝐹 ≫ 𝐾0𝑇). maSin (3.36) formulaSi 

eqsponenta mniSvnelovnad aWarbebs erTs da ganawilebis funqcia martiv 

saxes miiRebs 

𝑓(𝐸) = 𝑒
𝐹−𝐸

𝐾0𝑇 ,                   (3.39) 

romelic cnobilia bolcmanis ganawilebis funqciis saxelwodebiT. 

rodesac muxtis gadamtanebi naxevrad gamtarSi emorCileba bolcmanis 

statistikas, maSin amboben, rom naxevrad gamtari gadaugvarebelia, xolo 

Tu muxtis gadamtanebi emorCileba fermi-dirakis ganawilebas, maSin eleq-

tronuli airi da Sesabamisad, naxevrad gamtaric gadagvarebulia. gadagvare-

bis SedarebiT zusti kriteriumi ganxiluli iqneba qvemoT. 

 

 
 

3.4. muxtis gadamtanebis koncentracia daSvebul 

zonebSi da lokalur doneebze 

 

davadginoT Tavisufali eleqtronebis koncentracia gamtarobis 

zonaSi, Tavisufali xvrelebisa _ savalento zonaSi, lokalizebuli 

eleqtronebisa 𝐸𝐷 energiis donorul doneze da lokalizebuli xvrelebis 

𝐸𝐴 aqceptorul donze. amisaTvis, cnobili unda iyos daSvebul zonebSi 

mdgomareobaTa simkvriveebi (𝜌𝐶(𝐸); 𝜌𝑉(𝐸)) da ganawilebis funqciebi 

(𝑓(𝐸); 𝑓𝑃(𝐸)). minareul doneTa koncentraciebi (𝑁𝐷; 𝑁𝐴) da am doneebisaTvis 

ganawilebis funqciebi (𝑓𝐷(𝐸); 𝑓𝐴(𝐸)). maSin muxtis gadamtanebis koncentraci-

ebi gamoiTvleba Semdeg gamosaxulebebze dayrdnobiT: 

𝑛 = ∫ 𝜌𝐶(𝐸)𝑓(𝐸)𝑑𝐸
∞

𝐸𝐶

𝑝 = ∫ 𝜌𝑉(𝐸)𝑓𝑃(𝐸)𝑑𝐸
𝐸𝑉

−∞

} I         (3.40),(3.41) 

     {
𝑛𝐷 = 𝑁𝐷𝑓𝐷(𝐸)

𝑝𝐴 = 𝑁𝐴𝑓𝐴(𝐸)
} II            (3.42),(3.43) 
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Tu (3.28) da (3.36) gamosaxulebebs gaviTvaliswinebT (3.40)-Si, (3.31) da 

(3.38) ki (3.41)-Si, maSin eleqtronebisa da xvrelebisaTvis Sesabamisad mivi-

RebT 

𝑛 = 4𝜋 (
2𝑚𝑑𝑛

∗

ℎ2
)

3

2
∫

(𝐸−𝐸𝐶)
1
2

1+𝑒𝑥𝑝
(𝐸−𝐹)

𝐾0𝑇

 𝑑𝐸;  
∞

𝐸𝐶
         (3.44) 

𝑝 = 4𝜋 (
2𝑚𝑑𝑃

∗

ℎ2
)

3

2
∫

(𝐸𝑉−𝐸)
1
2

1+𝑒𝑥𝑝
(𝐹−𝐸)

𝐾0𝑇

 𝑑𝐸;  
𝐸𝑉

−∞
          (3.45) 

(3.44) da (3.45)-is gamartivebis mizniT SemoviRoT fardobiTi (uganzo-

milebo) energiebi. amisaTvis SemovitanoT Semdegi aRniSvnebi 𝜀 _ gansazRv-

ravs eleqtronis fardobiT energias 𝐾0𝑇 erTeulebSi da misi aTvla xdeba 

gamtarobis zonis Ziridan, 𝜀𝑃 _ xvrelis fardobiT energias, aTvla xdeba 

savalento zonis Weridan; 𝜀𝑔 _ akrZaluli zonis fardobiT siganes; 𝜂 _ day-

vanil fermis dones, romelic agreTve aTvlilia gamtarobis zonis Ziridan 

{
𝐸−𝐸𝐶

𝐾0𝑇
= 𝜀;  

𝐸𝑉−𝐸

𝐾0𝑇
= 𝜀𝑃;  

𝐸𝐶−𝐸𝑉

𝐾0𝑇
= 𝜀𝑔 ;   

𝐹−𝐸𝐶

𝐾0𝑇
= 𝜂 } ,   (3.46) 

maSin 

{𝑑𝐸 = 𝐾0𝑇𝑑𝜀;  
𝐸 − 𝐹

𝐾0𝑇
=
(𝐸 − 𝐸𝐶) − (𝐹 − 𝐸𝐶)

𝐾0𝑇
= 𝜀 − 𝜂; 

𝐹−𝐸

𝐾0𝑇
=

(𝐹−𝐸𝐶)+(𝐸𝑉−𝐸)+(𝐸𝐶−𝐸𝑉)

𝐾0𝑇
= 𝜂 + 𝜀𝑃 + 𝜀𝑔}.          (3.47)  

zemoT moyvanili aRniSvnebis gaTvaliswinebiT (3.44) da (3.45) gamosaxulebebi 

miiRebs Semdeg saxes: 

𝑛 = 4𝜋 (
2𝑚𝑑𝑛

∗ 𝐾0𝑇

ℎ2
)

3

2
∫

𝜀
1
2𝑑𝜀

1+𝑒𝑥𝑝(𝜀−𝜂)
 ;  

∞

0
         (3.48) 

𝑝 = 4𝜋 (
2𝑚𝑑𝑃

∗ 𝐾0𝑇

ℎ2
)

3

2
∫

𝜀𝑃
1
2

1+𝑒𝑥𝑝(𝜂+𝜀𝑃+𝜀𝑔)
 ;  

0

−∞
         (3.49) 

kidev erTxel SemovitanoT aRniSvnebi 

{
 
 

 
 
𝜌𝐶
∗ = 2(

2𝜋𝑚𝑑𝑛
∗ 𝐾0𝑇

ℎ2
)

3
2

                                                            (3.50)

𝜌𝑉
∗ = 2(

2𝜋𝑚𝑑𝑃
∗ 𝐾0𝑇

ℎ2
)

3
2

                                                           (3.51)

 

𝐹1
2

(𝜂) =
2

√𝜋
∫

𝜀
1
2𝑑𝜀

1+𝑒𝑥𝑝(𝜀−𝜂)
 ;  

∞

0
             (3.52) 

𝐹1
2

(−𝜂 − 𝜀𝑔) =
2

√𝜋
∫

𝜀𝑃

1
2 ∙𝑑𝜀

1+𝑒𝑥𝑝(𝜂+𝜀𝑃+𝜀𝑔)
 ,

0

−∞
       (3.53) 



69 
 

sadac 𝜌𝐶
∗ da 𝜌𝑉

∗ aris mdgomareobaTa simkvrivis efeqturi mniSvnelobebi, 

xolo 𝐹1
2

(𝜂) da 𝐹1
2

(−𝜂 − 𝜀𝑔) _ cnobili arian 1/2 rigis fermis integralebis 

saxelwodebiT (integralis rigi ganisazRvreba energiis xarisxis 

maCveneblis mixedviT). 

sabolood eleqtronebisa da xvrelebis koncentraciebisaTvis mivi-

RebT Semdeg gamosaxulebebs: 

  𝑛 = 𝜌𝐶
∗𝐹1

2

(𝜂) .                    (3.54) 

𝑃 = 𝜌𝑉
∗𝐹1

2

(−𝜂 − 𝜀𝑔) .                 (3.55) 

fermis integralebs analizuri amonaxsni ara aqvT, amitom gamoiyeneba 

miaxloebiTi gamosaxulebebi, romelTa saxe ganisazRvreba fermis donis en-

ergetikuli mdgomareobiT: 

1. Tu _ −∞ < {
𝜂

(−𝜀𝑔 − 𝜂)
} < 1, maSin fermis integralebi gamoiTvleba 

rogorc 

𝐹1
2

(𝜂) = 𝑒𝜂                    (3.56) 

𝐹1
2

(−𝜂 − 𝜀𝑔) = 𝑒
−𝜀𝑔−𝜂                (3.57) 

da koncentraciebisaTvis gveqneba 

𝑛 = 𝜌𝐶
∗𝑒𝜂                     (3.58) 

𝑝 = 𝜌𝑉
∗𝑒−𝜀𝑔−𝜂 ,                   (3.59) 

rodesac fermis done mdebareobs akrZalul zonaSi da 𝐾0𝑇 energiiT 

maincaa daSorebuli daSvebuli zonebidan, maSin aseTi naxevrad gamtari 

gadaugvarebelia da muxtis gadamtanebi emorCileba bolcmanis statistikas. 

(3.58), (3.59)-dan irkveva 𝜌𝐶
∗  da 𝜌𝑉

∗ parametrebis fizikuri Sinaarsi. 

vinaidan eqsponencialuri Tanamamravli (3.58)-Si gansazRvravs 𝐸𝐶 energiis 

kvanturi mdgomareobis eleqtroniT, xolo (3.59)-Si 𝐸𝑉 energetikuli mdgoma-

reobis xvreliT dakavebis albaTobebs, amitom gadaugvarebel naxevrad gam-

tarSi eleqtronebis koncentracia iseTivea, rogoric iqneboda kristalis 

moculobis erTeulSi 𝜌𝐶
∗ raodenobis erTnairi 𝐸𝐶 energiis mdgomareobebis 

arsebobisas da aseve xvrelebis koncentraciis dadgenisas savalento zona 

SeiZleba Seicvalos 𝐸𝑉 erTnairi energiis 𝜌𝑉
∗ raodenobis mdgomareobebiT. 

2. Tu 5 < {
𝜂

(−𝜂 − 𝜀𝑔)
} < ∞, maSin fermis integralebisa da Sesabamisad 

koncentraciebisaTvis gveqneba Semdegi gamosaxulebebi: 
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𝐹1
2

(𝜂) =
4

3√𝜋
𝜂
3

2                (3.60) 

    𝐹1
2

(−𝜂 − 𝜀𝑔) =
4

3√𝜋
(−𝜂 − 𝜀𝑔)

3

2             (3.61) 

   𝑛 =
4

3√𝜋
𝜌𝐶
∗𝜂

3

2                    (3.62) 

𝑝 =
4

3√𝜋
𝜌𝑉
∗(−𝜂−𝜀𝑔)

3

2                 (3.63) 

Tu fermis done SeWrilia daSvebul zonaSi 5𝐾0𝑇-ze ufro Rrmad, maSin 

aseTi naxevrad gamtari mTlianad gadagvarebulia da muxtis gadamtanebi 

emorCilebian fermi-dirakis ganawilebas. 

3. im SemTxvevaSi, rodesac  −1 < {
𝜂

(−𝜂 − 𝜀𝑔)
} < 5, koncentraciebi gamoiT-

vleba rogorc  

𝑛 =
𝜌𝐶
∗

0.27+𝑒𝑥𝑝(−𝜂)
 . 
                    (3.64) 

𝑝 =
𝜌𝑉
∗

0.27+𝑒𝑥𝑝(𝜂+𝜀𝑔)
 . 
                  (3.65) 

mesame pirobis Sesrulebis dros muxtis gadamtanebi kvlav emorCileba 

fermi-dirakis ganawilebas da Sesabamis naxevrad gamtars ubralod 

gadagvarebuls uwodeben. 

lokalur doneebze koncentraciebis gamosaangariSeblad (3.42) da (3.43) 

gamosaxulebebSi gaTvaliswinebuli unda iyos ganawilebis funqciis saxe 

donoruli da aqceptoruli doneebisaTvis 

    𝑓𝐷 =
1

1+0.5𝑒𝑥𝑝(−𝜀𝐷−𝜂)
 .   
                 (3.66) 

    𝑓𝐴 =
1

1+2𝑒𝑥𝑝(−𝜀𝐴+𝜀𝑔+𝜂)
 . 
             (3.67) 

sadac gamoyenebulia aRniSvnebi 

{𝜀𝐷 =
𝐸𝐶−𝐸𝐷

𝐾0𝑇
;    𝜀𝐴 = 

𝐸𝐴−𝐸𝑉

𝐾0𝑇
}.             (3.68) 

𝜀𝐷 warmoadgens donoris ionizaciis fardobiT energias, aTvlils 

gamtarobis zonis Ziridan, xolo 𝜀𝐴 _ aqceptoris ionizaciis fardobiT 

energias, aTvlils savalento zonis Weridan. 

sabolood aqceptorul da donorul doneebze eleqtronebisa da 

xvrelebis koncentraciebisaTvis miviRebT 

𝑛𝐷 =
𝑁𝐷

1+0.5𝑒𝑥𝑝(−𝜀𝐷−𝜂)
 . 
                (3.69) 

𝑝𝐴 =
𝑁𝐴

1+2𝑒𝑥𝑝(−𝜀𝐴+𝜀𝑔+𝜂)
 . 
              (3.70) 
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3.5. fermis done sakuTar naxevrad gamtarSi 

 

rogorc zemoT iyo naCvenebi, sakuTari ewodeba iseT naxevrad gamtars, 

romlisTvisac Tavisufali eleqtronebisa da xvrelebis koncentraciebi 

utoldeba erTmaneTs 

    𝑛 = 𝑝.                        (3.71) 

amave dros, es toloba sakuTar naxevrad gamtarSi eleqtroneitralobis 

pirobasac warmoadgens. 

Tavisufali eleqtronebis uaryofiTi muxti kompensirdeba xvrelebis 

dadebiTi muxtiT. am neitralobis pirobaze dayrdnobiT ganvsazRvroT, Tu 

sad aris ganlagebuli fermis done sakuTar naxevrad gamtarSi da rogor 

icvleba misi mdebareoba temperaturis cvlilebisas. ganxilva CavataroT 

gadaugvarebeli naxevrad gamtarisaTvis, maSin (3.71) gamosaxulebaSi wina 

paragrafSi miRebuli (3.58) formulebis gamoyenebiT advilad SegviZlia 

vaCvenoT, rom 

𝐹 = −
∆𝐸𝑔

2
+
3

4
𝑘0𝑇𝑙𝑛 (

𝑚𝑑𝑝
∗

𝑚𝑑𝑛
∗ ),             (3.72) 

maSasadame, 0𝐾 temperaturaze sakuTar naxevrad gamtarSi fermis done 

gadis akrZaluli zonis SuaSi. 

fermis energiis temperaturuli damokidebuleba meore SesakrebiT 

ganisazRvreba. es damokidebuleba wrfivi xasiaTisaa. amave dros, am wrfivi 

damokidebulebis konkretuli saxe ganisazRvreba imiT, Tu rogoria 

Tanafardoba eleqtronisa da xvrelis mdgomareobaTa simkvrivis efeqtur 

masebs Soris (nax. 3.3) ganvixiloT sami ZiriTadi SemTxveva: 

1. 𝑚𝑑𝑛
∗ = 𝑚𝑑𝑝,

∗ maSin fermis energia temperaturisagan damoukidebelia da 

nebismier temperaturaze mdebareobs akrZaluli zoni SuaSi (nax. 3.3.1). 

2. 𝑚𝑑𝑝
∗ > 𝑚𝑑𝑛

∗ fermis done wrfivad uaxlovdeba gamtarobis zonis Zirs 

nax. 3.3.2 (realurad swored es piroba sruldeba naxevrad gamtarebSi). 

3. 𝑚𝑑𝑝
∗ < 𝑚𝑑𝑛

∗  _ igi wrfivad uaxlovdeba savalento zonis Wers (nax. 3.3.3). 

gamoviyenoT eleqtroneitralobis (3.71) piroba da davamyaroT kavSiri 

daSvebul zonaSi muxtis gadamtanebis koncentraciasa da naxevrad gamtaris 

ZiriTad maxasiaTebel paramatrebs Soris. amisaTvis (3.71)-dan gamomdinare, 

(3.58) da (3.59)-is gaTvaliswinebiT CavweroT aseTi gamosaxuleba: 

𝑛 = (𝑛𝑝)
1

2 = (𝜌𝐶
∗𝜌𝑉

∗ )
1

2(𝑒𝜂𝑒−𝜂−𝜀𝑔)
1

2 , 
           (3.73) 
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anu 

𝑛 = 2 (
2𝜋𝐾0

ℏ2
)

3

2
(𝑚𝑑𝑛

∗ ∙ 𝑚𝑑𝑝
∗ )

3

4𝑇
3

2𝑒
−
∆𝐸𝑔

2𝑘0𝑇 .         
 

 

    (3.74) 

 
nax. 3.3. sakuTar naxevrad gamtarSi fermis donis  

temperaturuli damokidebulebis grafiki 
 

imisaTvis, rom (3.74) gamosaxulebaze dayrdnobiT ganvsazRvroT 

akrZaluli zonis sigane, eqsperimentulad unda davadginoT sxvadasxva 

temperaturaze koncentraciis mniSvnelobebi da avagoT grafiki Seb-

runebul temperaturasa da 𝑙𝑛
𝑛

𝑇
3
2

 Soris (nax. 3.4). am damokidebulebam unda 

mogvces wrfe, romlis daxriloba akrZaluli zonis siganiT ganisazRvreba. 

 

nax. 3.4. muxtis gadamtanebis koncentraciis temperaturaze damokidebuleba 
sakuTari naxevrad gamtaris SemTxvevaSi 

 
Tu gaviTvaliswinebT, rom Tavad akrZaluli zonis sigane damokidebu-

lia temperaturaze, maSin 0𝐾-ze misi sididis (∆𝐸𝑔(0)) dasadgenad nebismier  

temperaturaze ∆𝐸𝑔(𝑇) warmovadginoTSemdegnairad: 

∆𝐸𝑔(𝑇) = ∆𝐸𝑔(0) + 𝛼𝑇,                 (3.75) 

sadac 𝛼 akrZaluli zonis siganis cvlilebis temperaturuli koeficientia 

𝛼 =
𝑑(∆𝐸𝑔)

𝑑𝑇
                      (3.76) 
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da naxevrad gamtarebisaTvis misi ricxviTi mniSvneloba ZiriTadad icvleba 

(1 − 5) × 10−4ev/𝑘 farglebSi. (3.75) gamosaxulebis gaTvaliswinebiT (3.74)-Si 

miviRebT. 

𝑙𝑛 (𝑛𝑇−
3

2) = 𝐶 +
𝛼

2𝐾
−
∆𝐸𝑔(0)

2𝐾

1

𝑇
 ,              (3.77) 

romelic saSualebas gvaZlevs grafikuli analizis Sedegad davadginoT 

akrZaluli zonis sigane sakuTar naxevrad gamtarSi 0𝐾 temperaturaze. 

 

 

3.6. fermis done minareul naxevrad gamtarSi 

 

ganvixiloT 𝑛 tipis gadaugvarebeli naxevrad gamtari. davadginoT 

fermis donis mdebareoba aseT naxevrad gamtarSi da gavavrceloT 

miRebuli Sedegebi 𝑝 tipis naxevrad gamtarze. ganxilva CavataroT 

eleqtroneitralobis gantolebis safuZvelze 

    𝑛 = 𝑁𝐷
+ + 𝑝                      (3.78) 

𝑁𝐷
+ _ ionizirebuli donorebis 

𝑁𝐷
+ = 𝑁𝐷 − 𝑛𝐷                    (3.79) 

𝑁𝐷 _ minareuli doneebis, xolo 𝑛𝐷 _ donorul doneebze eleqtronebis 

koncentraciebia. 

imisaTvis, rom martivad gadavwyvitoT dasmuli amocana, Semovifarg-

loT dabali temperaturebiT 𝑘0𝑇 ≪ ∆𝐸𝑔. am SemTxvevaSi eleqtronebis aRgz-

neba savalento zonidan ar moxdeba (e.i. 𝑝 = 0 da (3.78) da (3.79) gamosaxule-

bebis gaTvaliswinebiT eleqtroneitralobis piroba miiRebs Semdeg saxes: 

     𝑛 = 𝑁𝐷 − 𝑛𝐷 ,                    (3.80) 

Tu gaviTvaliswinebT lokalur doneze muxtis gadamtanebis 

gamosaangariSebel formulas donoruli donis SemTxvevaSi (3.69), maSin 

eleqtroneitralobis formula gardaiqmneba Semdegnairad: 

𝑛 = 𝑁𝐷 −
𝑁𝐷

1+0.5𝑒𝑥𝑝(−𝜀𝐷−𝜂)
=

𝑁𝐷

1+2𝑒𝑥𝑝(𝜀𝐷+𝜂)
        (3.81) 

temperatura 𝑇 imdenad dabali ganvixiloT, rom 𝑘0𝑇 ≪ 𝐹 + 𝐸𝐷 e.i. 

𝑒𝜀𝐷+𝜂 = 𝑒
𝐸𝐷+𝐹

𝑘0𝑇 ≫ 1  maSin, 

𝑛 =
1

2
𝑁𝐷𝑒

−𝜀𝐷−𝜂                   (3.82) 

(3.82) da (3.58) gamosaxulebebis gaTvaliswinebiT 
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𝑒2𝜂 =
𝑁𝐷

2𝜌𝐶
∗ 𝑒

−𝜀𝐷                    (3.83) 

da Sesabamisad fermis energiisaTvis gveqneba 

𝜂 = −
𝜀𝐷

2
+
1

2
 𝑙𝑛 (

𝑁𝐷

2𝜌𝐶
∗)               (3.84) 

𝐹 =
𝐸𝐶+𝐸𝐷

2
+
1

2
𝑘0𝑇 𝑙𝑛

𝑁𝐷

2𝜌𝐶
∗                (3.85) 

(3.85) formulidan Cans, rom minareul naxevrad gamtarSi fermis 

donesa da temperaturas Soris kavSiri sakmaod rTulia, vinaidan wrfivi 

da logariTmuli damokidebulebebis wevrebi (temperatura Sedis 𝜌𝐶
∗ 

gamosaxulebaSic) moqmedeben erTmaneTis sapirispirod (nax. 3.5.). 

 
nax. 3.5. fermis donis mdebareobis temperaturaze damokidebuleba donoruli 

naxevrad gamtarebisaTvis 
 

grafikze SeiZleba gamoiyos sami temperaturuli intervali: 

I. 0𝐾-dan im 𝑇𝑆 temperaturamde, sadac fermis done gadakveTs 

donorul dones. es temperaturebis is area, sadac minarevis ionizacia jer 

kidev sustia. mas minarevis gayinvis ares uwodeben. am areSi 𝑛 ≪ 𝑁𝐷 da 

samarTliania (3.85) formula. 

II. iwyeba im 𝑇𝑆 temperaturiT, romlis drosac daionebuli minarevebis 

ricxvi daaxloebiT mesamedia 𝑛𝐷 ≈
2

3
𝑁𝐷 

  𝑇𝑆 =
𝐸𝐶−𝐸𝐷

𝑘0 𝑙𝑛
𝜌𝐶
∗
 

𝑁𝐷

                     (3.86) 

da mTavrdeba 𝑇𝑖 temperaturiT, romelzec iwyeba sakuTari gamtaroba. am 

intervals minarevis gamofitvis ares uwodeben. 

III. intervali-sakuTari gamtarobis are _  𝑘0𝑇~∆𝐸𝑔, e.i. 𝑛 > 𝑁𝐷 da 

fermis energiis temperaturaze damokidebuleba imeorebs sakuTar naxevrad 

gamtarSi am damokidebulebis saxes. sakuTari gamtarobis intervalis 

sawyisi temperatura 
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   𝑇𝑖 =
∆𝐸𝑔

𝑘0𝑙𝑛 
𝜌𝐶
∗ 𝜌𝑉

∗
 

𝑁𝐷
2

  .                  (3.87) 

analogiuria fermis donis temperaturaze damokidebuleba 

aqceptorul naxevrad gamtarSi (nax. 3.6). 

rogorc sakuTar, aseve 𝑛 da 𝑝 tipis naxevrad gamtarebSi koncentraciis 

temperaturaze damokidebuleba SegviZlia gamoviyenoT energetikuli RreCos, 

am SemTxvevaSi donoris an aqceptoris ionizaciis energiis dasadgenad: 𝑛 

tipis naxevrad gamtarebisaTvis (Tu 𝑁𝐴 = 0), rodesac 𝑇 ≤ 𝑇𝑆𝑛 = 𝐵𝑒
−

𝐸𝐷
2𝑘0𝑇;    𝑝 tipis 

naxevrad gamtarisaTvis (Tu 𝑁𝐷 = 0) , rodesac 𝑇 ≤ 𝑇𝑆𝑝 = 𝐵 𝑒
−

𝐸𝐴
2𝑘0𝑇. 

 

 
nax. 3.6. fermis donis mdebareobis temperaturaze damokidebuleba aqceptoruli 

naxevrad gamtarebisaTvis 
  

Tu avagebT grafiks eqsperimentulad gansazRvrul eleqtronebis an 

xvrelebis koncentraciis logariTmsa da Sebrunebul temperaturas Soris, 

maSin grafikis daxriloba gansazRvravs minarevis ionizaciis energias 

(nax. 3.7.) 

 

nax. 3.7. muxtis gadamtanebis koncentraciis temperaturaze damokidebuleba 
minereuli naxevrad gamtarisaTvis 
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aRniSnul damokidebulebaSi SeiZleba gamovyoT sami ZiriTadi ubani:  

I. ubani (dabali temparaturis are) _ minarevis ionizaciis ubani. 

koncentracia izrdeba eleqtronebis donoruli donidan gamtarobis zona-

Si gadasvlis xarjze; 

II. _ Sualeduri temperaturebis ubani. temperatura imdenad maRalia, 

rom minarevi mTlianad gamofitulia, magram amave dros ar aris sakmarisi 

imisaTvis, rom savalento zonidan moxdes eleqtronebis aRgzneba gamtaro-

bis zonaSi. amitomac koncentracia mudmivi rCeba. 

III. _ sakuTari gamtarobis ubani. temperatura iseTia, rom adgili aqvs 

savalento zonidan gamtarobis zonaSi eleqtronebis gadasvlas da koncen-

tracia swrafad izrdeba. wyvetili xazi Seesabameba SemTxvevas, rodesac 

minarevebis koncentracia nulis tolia. 
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Tavi IV 

muxtis gadamtanebis gabneva 

 
4.1 gabnevis procesis maxasiaTebeli parametrebi 

 

idealur kristalSi, romlis meseri mTlianad Tavisufalia defeqte-

bisagan, garkveuli gareSe zemoqmedebiT aRZruli muxtis gadamtanebis 

mimarTuli moZraoba SenarCunebuli iqneba zemoqmedebis Sewyvetis Semdegac. 

realur kristalSi ki arsebuli defeqtebi ganapirobeben sawyisi wonas-

woruli pirobebis swraf (10-13 wm) aRdgenas. es procesi aiwereba muxtis 

gadamtanebis ganawilebis iseTi funqciiT, romelic ukve damokidebulia 

energiaze (�⃗⃗�-ze), droze da koordinatze 𝑓(�⃗⃗�, 𝑟, 𝑡). 

ganawilebis funqciis drois mixedviT cvlileba emorCileba bolcma-

nis kinetikur gantolebas 

      
𝜕𝑓

𝜕𝑡
= (

𝜕𝑓

𝜕𝑡
)
𝑒
+ (

𝜕𝑓

𝜕𝑡
)
𝑖
,                   (4.1) 

romlis mixedviTac es cvlileba SeiZleba gamowveuli iyos rogorc gareSe 

zemoqmedebiT (
𝜕𝑓

𝜕𝑡
)
𝑒
, aseve Siga zemoqmedebiT _ muxtis gadamtanebis mesris 

defeqtebTan urTierTqmedebiT (
𝜕𝑓

𝜕𝑡
)
𝑖
. 

stacionarul pirobebSi _ rodesac fizikuri procesebis maxasiaTe-

beli parametrebi droze ar aris damokidebuli, ganawilebis funqciis 

cvlilebas adgili ar aqvs 
𝜕𝑓

𝜕𝑡
= 0 da e.i.  

        (
𝜕𝑓

𝜕𝑡
)
𝑒
= −(

𝜕𝑓

𝜕𝑡
)
𝑖
                   (4.2) 

maSasadame, stacionarul mdgomareobaSi gareSe zemoqmedebiT gamowveuli 

ganawilebis funqciis cvlileba kompesirdeba muxtis gadamtanebis mesris 

defeqtTan urTierTqmedebiT ganpirobebuli ganawilebis fuqnciis cvli-

lebiT. es ukanaskneli uzrunvelyofs, agreTve ganawilebis funqciis wonas-

woruli mniSvnelobis swraf aRdgenas, rodesac wydeba kristalze garedan 

zemoqmedeba e.i. (4.1)-dan. 

𝜕𝑓

𝜕𝑡  
= (

𝜕𝑓

𝜕𝑡
)
𝑖
                      (4.3) 

da Tanac ganawilebis funqciis am cvlilebis siswrafe miT metia, rac 

ufro mkveTrad iyo gamoxatuli sistemis wonasworuli mdgomareobidan 

gadaxra 
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𝜕𝑓

𝜕𝑡  
=

𝑓−𝑓0

𝜏(�⃗⃗�,𝑟)
 .                      (4.4) 

ganawilebis funqciis myisi mniSvneloba ganisazRvreba eqspinencia-

luri damokidebulebidan, romelic miiReba (4.4) gantolebis amoxsniT 

𝑓 − 𝑓0 = (𝑓 − 𝑓0)|𝑡=0 ∙ 𝑒
−

𝑡

𝜏(�⃗⃗⃗�,�⃗⃗⃗�)              (4.5) 

procesis maxasiaTebeli koeficienti 𝜏(�⃗⃗�, 𝑟) gansazRvravs im dros, romlis 

ganmavlobaSic 𝑓 − 𝑓0 cvlileba mcirdeba 𝑒-jer (𝑒 neperis ricxvia). 

maSasadame, 𝜏(�⃗⃗�, 𝑟) gviCvenebs Tu ramdenad swrafad ubrundeba sistema 

wonaworul mdgomareobas, e.i. Tavisi fizikuri SinaarsiT igi faqtiurad 

relaqsaciis dros warmoadgens (relaqsaciis dro _ siTburi wonasworobis 

mdgomareobidan gamoyvanili sistemis wonasworul mdgomareobaSi dabruneb-

is saSualo droa). amave dros, unda aRiniSnos, rom 𝜏 axasiaTebs muxtis 

gadamtanebis mesris defeqtebTan urTierTqmedebis process ara marto 

relaqsaciisas, aramed gareSe ZalTa moqmedebis pirobebSic. 

vinaidan ganawilebis funqcia Caiwereba erTdroulad gansazRvruli 

talRuri veqtorisa da koordinatis meSveobiT, amitom bolcmanis kineti-

kuri gantoleba kvaziklasikur gantolebas warmoadgens da misi gamoyeneba 

SeiZleba iseTi procesebisaTvis, romlebisTvisac azri aqvs Tavisufali 

ganarbenis sigrZis cnebas, anu muxtis gadamtanebis Tavisufali ganarbebis 

saSualo sigrZe unda aRematebodes de broilis talRis sigrZes. radganac 

wonasworuli mdgomareobis aRsadgenad sakmarisia muxtis gadamtanis 

defeqtTan 1-3 urTierTqmedeba (dajaxeba), amitom relaqsaciis dro SeiZleba 

gavutoloT or dajaxebas Soris dros da e.i.  

𝜏 =
𝑙

𝑉0
 .                       (4.6) 

defeqtTan urTierTqmedebas, romlis Sedegadac adgili aqvs muxtis 

gadamtanebis moZraobis pirobebis cvlilebas, uwodeben gabnevas, xolo 

nebismieri saxis defeqts, romelzedac mimdinareobs gabneva _ gabnevis 

centri ewodeba. gabnevis centri SeiZleba iyos statikuri an dinamiuri: 

umravlesoba statistikuri centrebia (forebi, napralebi, dislokaciebi 

vakansiebi). amave dros, gabnevis centris yvelaze mniSvnelovani saxe 

swored dinamiuri centria. esaa mesris atomebis siTburi rxeva. Tu gaviTva-

                                                           
 SemdgomSi 𝜏(�⃗⃗�, 𝑟)-is nacvlad gamoviyenebT aRniSvnas 𝜏, Tumca misi damokidebuleba 
energiaze praqtikulad yvelgan iqneba gaTvaliswinebuli. 
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liswinebT, rom urTierTqmedeba muxtis gadamtansa da gabnevis centrs 

Soris mimdinareobs Zalian mcire drois ganmavlobaSi (∆𝑡 ≈ 10−14wm), da 

mxolod maSin, roca maT Soris manZili mcirea (𝑏 ≈ 10−7sm), cxadi gaxdeba, 

rom mniSvnelovan cvlilebas aswrebs mxolod siCqare da kvaziimpulsi. am-

denad, marTlac SeiZleba gatardes analogia muxtis gadamtanis traeq-

toriis cvlilebis da meqanikaSi dajaxebis (dartymis) procesebs Soris. 

gabnevis procesis dasaxasiaTeblad SeiZleba gamoviyenoT 𝜏-relaqsa-

ciis dro, 𝑙-Tavisufali ganarbenis sigrZe, 𝑤-gabnevis albaToba, 𝜎-gabnevis 

efeqturi kveTi. am ukanaskneli parametris Semotana Semdegi mosazrebiT 

aris gamowveuli: gabnevis dros ar aris aucilebeli muxtis gadamtanis 

gabnevis centrebTan marTlac uSualo dajaxeba, Tu muxtis gadamtani 

moZraobisas aRmoCndeba damuxtuli centris maxloblad, maT Soris aRiZv-

reba kulonuri urTierTqmedeba, rac gamoiwvevs muxtis gadamtanis traeq-

toriis cvlilebas. maSasadame, TiToeuli gabnevis centris irgvliv 

SeiZleba gamoiyos are, romelSic moxvedrisas igrZnoba muxtis gadamta-

nebze gabnevis centris zemoqmedeba da swored misi Wrilis farTobs 

gabnevis efeqtur kveTs uwideben. 

davamyaroT kavSiri gabnevis maxasiaTebel parametrebs Soris. ganvixi-

loT 𝑛 koncentraciis eleqtronebis simravle, romelic moZraobs 𝑉0 siCqa-

riT. gveqneba 𝑛𝑉0 simkvrivis eleqtronebis nakadi. vTqvaT, am nakadis gzaze 

ganlagebulia 𝑁 gabnevis centri, romlebzec drois erTeulSi ganibneva 

eleqtronebis 𝑛1 raodenoba. 𝑛1 miT meti iqneba, rac ufro didia eleq-

tronebis nakadi da gabnevis centrebis raodenoba maT gzaze. 

𝑛1 = 𝜎𝑛𝑉0𝑁.                     (4.7) 

(4.7) gamosaxulebidan gabnevis efeqturi kveTisaTvis gveqneba: 

    𝜎 =
𝑛1
𝑁

𝑛𝑉0
 ,                       (4.8) 

maSasadame, gabnevis efeqturi kveTi gviCvenebs gabnevis erT centrze 

eleqtronebis erTeulovani simkvrivis nakadidan drois erTeulSi gabneuli 

eleqtronebis ricxvs. 

meores mxriv, gabneuli eleqtronebis ricxvi SeiZleba Caiweros 

gabnevis albaTobis gamoyenebiTac 

𝑛1 = 𝑤𝑛 ,                     (4.9) 

Tu am ukanasknels gaviTvaliswinebT (4.8) gamosaxulebaSi, maSin 
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   𝜎 =
𝑤

𝑁𝑉0
 ,                      (4.10) 

e.i. gabnevis efeqturi kveTi gviCvenebs gabnevis erT centrze erTeulovani 

siCqariT moZravi eletronis gabnevis albaTobas. 

amave dros, gabnevis albaToba Tavisufali ganarbenis drois 

Sebrunebuli sididea, radganac, rac mcirea dajaxebebs Soris dro, miT 

metia gabnevis albaToba  

𝑤 =
1

𝜏
=

𝑉0

𝑙
 .                    (4.11) 

Tu (4.11) gamosaxulebas gaviTvaliswinebT (4.10)-Si, maSin miviRebT 

formulas, romelic gansazRravs ganarbenis erTeulovan sigrZeze gabnevis 

albaTobas. 

𝑤∗ = 𝑙−1 = 𝜎𝑁 .                  (4.12) 

naxevrad gamtarebSi erTdroulad SeiZleba moqmedebdes gabnevis 

ramodenime meqanizmi. maT Soris ufro xSirad gvxvdeba gabneva neitralur 

minarevebze da mesris siTbur rxevebze. gabnevis maxasiaTebeli parametrebi-

saTvis samarTliania aditiurobis piroba (gabnevis procesebis damoukideb-

lobis gaTvaliswinebiT): 

{𝜎 = ∑ 𝜎 𝑖;   𝑤 = ∑ 𝑤 𝑖;  𝑙
−1
 = ∑ 𝑙−1 𝑖;  𝜏

−1
 = ∑ 𝜏−1 𝑖; 𝑖𝑖𝑖𝑖 }    (4.13) 

(4.13) gamosaxulebis Tanaxmad, Tavisufali ganarbenis sruli sigrZe 

yovelTvis naklebia yvelaze mcire parcialuri Tavisufali ganarbenis 

sigrZeze da gabnevis procesSi ZiriTad wvlils iZleva is meqanizmi, 

romelsac umciresi relaqsaciis dro Seesabameba. 

 

 

4.2 gabneva neitralur da daionebul minarevebze 

 

wertilovan defeqtebs Soris gabnevis procesSi mniSvnelovan rols 

TamaSobs minareuli atomi. vinaidan kristalis temperaturis cvlilebasTan 

erTad icvleba minareuli atomis mdgomareoba, ganxvavebuli iqneba misi 

monawileobac gabnevis procesSi. jer ganvixiloT gabneva neitralur 

minareul atomze. 

minarevi neitralur mdgomareobaSia dabal temperaturaze (roca 𝑘0𝑇 

gacilebiT naklebia minareuli atomis ionizaciis energiaze). neitraluri 

minareuli atomi eleqtrul vels ar qmnis da amdenad, muxtis gadamtanis 
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gabneva neitralur atomze SeiZleba marTlac ganvixiloT rogorc 

uSualod dajaxebis Sedegi: �⃗⃗�0 siCqariT moZravi eleqtroni ejaxeba 

minareul atoms, STainTqmeba mis mier da STanTqmuli eleqtronis energia 

xmardeba sxva eleqtronis gamonTavisuflebas. vinaidan es ori eleqtroni 

arafriT ar gansxvavdeba erTmaneTisagan, procesi ganixileba rogorc 

eleqtronis moZraobis traeqtoriis cvlileba (nax. 4.1). realurad suraTi 

ufro rTulia: 

 

nax. 4.1. eleqtronis neitralur minarevze               nax. 4.2. eleqtronis da xvrelis gabneva  
                    gabnevis sqema                                                                         minareul dadebiT ionze 

 

eleqtroni uaxlovdeba ra neitralur minareul atoms, ganapirobebs mis 

polarizacias _ aRiZvreba kulonuri urTierTqmedeba moZrav eleqtronsa 

da gaCenil dipols Soris, rac zegavlenas axdens traeqtoriis formaze. 

eleqtronuli gacvlisa da polarizaciis gaTvaliswinebiT relaqsaciis 

droisaTvis gveqneba 

   𝜏 =
𝑚∗2𝑒2

20ℏ3𝜀∗𝑁0
 .                     (4.14) 

𝜀∗ _ dieleqtrikuli SeRwevadobaa, 𝑁0 _ neitraluri minareuli atomebis 

koncentracia mocemul temperaturaze. 𝜏 ar aris damokidebuli kristalis 

temperaturasa da muxtis gadamtanebis energiaze. Tumca temperaturis 

gavlena gamomJRavndeba temperaturis momatebisas, rodesac minareuli ato-

mebis ionizaciis gamo, Semcirdeba neitralur mdgomareobaSi myofi ato-

mebis raodenoba. temperaturis Semdgomi zrdisas muxtis gadamtanebis 

gabneva ZiriTadad ganxorcieldeba daionebul minarevebze. aq ukve gabneva 

kulonuri urTierTqmedebiT aris ganpirobebuli, romelic aRiZvreba 

muxtis gadamtansa da ions Soris (nax. 4.2.), sadac 𝜃 muxtis gadamtanis  gab-

nevis kuTxea (traeqtoriis Semobrunebis kuTxe); xolo 𝑏-s samizne manZils 
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uwodeben da is gansazRvravs gabnevis centrsa da muxtis gadamtanis 

traeqtorias Soris minimalur manZils. 

muxtis gadamtanis daionebul minarevebze gabnevis damaxasiaTebeli 

relaqsaciis dro damokidebulia temperaturaze da energiaze 

𝜏 = 𝜏0𝑇
3

2𝜀
3

2 ,                    (4.15) 

sadac 

      𝜏0 =
𝜀∗2√2𝑚∗𝑘

3
2

𝑛𝑒4𝑁1𝑔(𝜂)
 .                   (4.16) 

aq 𝜀∗kristalis dieleqtrikuli SeRwevadobaa, xolo 

𝑔(𝜂) = 𝑙𝑛(1 + 𝜂) =
𝜂

1+𝜂
 .             (4.17) 

gabneva daionebul minarevebze gabnevis ZiriTad meqanizmad gvevlineba 

garkveul, Sualedur temperaturul intervalSi. SedarebiT maRal tempe-

raturebze prioritetuli xdeba ukve gabneva mesris siTbur rxevebze. 

 

 

4.3. mesris siTburi rxevebi. 

fononebis statistikis elementebi. 

 

vidre ganvixilavdeT gabnevas mesris siTbur rxevebze, gavecnoT TviT 

siTburi rxevebis process da SemovitanoT fononis cneba. 

jer ganvixiloT umartivesi kristali. es iqneba erTi tipis 

atomebisagan Semdgari erTganzomilebiani jaWvi (nax. 4.3.). siTburi rxevisas 

atomis gadaxra wonasworuli mdgomareobidan SeiZleba CaiTvalos sakmaod 

mcired da maSin, hukis kanonis Tanaxmad  

𝑋𝑛 =
𝐹𝑛

𝐶
 ,                      (4.18) 

sadac 𝐹𝑛 aris 𝑛-ur atomze 𝑛 − 1 da 𝑛 + 1 atomebis mxridan moqmedi Zalebis 

tolqmedi; 𝐶 _ nivTierebis drekadobis koeficientia. 

 

nax. 4.3. erTi tipis atomebisagan Semdgari erTganzomilebiani mesris 
sqematuri gamosaxuleba 

aseTi jaWvisaTvis atomis wonasworobis mdgomareobidan gadaxris 

gamosaangariSeblad SeiZleba daveyrdnoT simis rxevis Teorias (atomuri 

jaWvis diskretulobis gaTvaliswinebiT) 
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   𝑋𝑛 = 𝐴𝑒
𝑖(𝑞𝑎𝑛−𝜔𝑡),                   (4.19) 

sadac  𝐴 rxevis amolitudaa, 𝜔-cikluri sixSire; 𝑞-mesris Semadgeneli 

atomebis siTburi rxevisas kristalSi aRZruli drekadi talRis talRuri 

ricxvi. moZraobis gantolebaSi (4.19)-is gaTvaliswinebiT da gantolebis 

mesris siTburi rxevebis cikluri sixSiris mimarT amoxsniT gveqneba 

𝜔 = 2√
𝐶

𝑀
𝑠𝑖𝑛

𝑞𝑎

2
 .                  (4.20) 

aq 𝑀 atomis masaa. (4.20) gamosaxuleba gansazRvravs 𝜔(𝑞) damokidebulebas 

da mesris siTburi rxevebisaTvis dispersiis kanons warmoadgens. (4.20) 

gamosaxulebis periodulobidan Cans (nax. 4.4), rom sakmarisia Semovi-

fargloT 𝑞-s mniSvnelobaTa Semdegi diskretuli simravliT: 

 −
𝜋

𝑎
≤ 𝑞 <

𝜋

𝑎
 .                     (4.21) 

 

 

nax. 4.4. rxevis sixSiris damokidebuleba talRur ricxvze erTi tipis atomebisagan 

Semdgari erTganzomilebiani mesrisaTvis 

 

talRis sixSiris talRur ricxvze damokidebuleba niSnavs, rom 𝑞-ze 

damokidebuli iqneba talRis gavrcelebis siCqarec, Tanac es damokidebu-

leba sxvadasxvanairi iqneba fazuri da jgufuri siCqareebisaTvis (fazuri 

siCqare aris talRis fazis gavrcelebis siCqare 𝑉ფ =
𝜔

𝑞
. jgufuri _ talRis 

energiis gadatanis siCqare 𝑉ჯგ =
𝜕𝜔

𝜕𝑞
. grZeli talRebisaTvis, e.i. 𝑞-s mcire 

mniSvnelobebisaTvis (𝑞 ≈ 0) fazuri da jgufuri siCqareebi erTmaneTs 

utoldeba da kristalSi bgeris gavrcelebis siCqariT ganisazRvreba, es ki 

niSnavs, rom aRniSnul SemTxvevaSi erTatomiani jaWvi iqceva iseve, rogorc 

uwyveti sistema. mokle talRebis SemTxvevaSi (𝑞 = ±
𝜋

𝑎
) jgufuri siCqare nu-

lisaken miiswrafis, xolo fazuri siCqare _ 2
𝑉ბგ

𝜋
 mniSvnelobisaken (nax. 4.5.) 

maSasadame, talRis sigrZis Semcirebisas siTburi rxevis kvantis energia 
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xdeba imdenad didi, rom kristals misi aTviseba aRar SeuZlia da aseTi 

energiis gadatanas kristalSi adgili ara aqvs. 

 

nax. 4.5. fazuri da jgufuri siCqareebis damokidebuleba talRur ricxvze 
 

 

nax. 4.6. ori tipis atomebisagan Semdgari erTganzomilebiani mesris sqematuri 
gamosaxuleba 

 
ganvixiloT ori tipis atomebisagan Semdgari erTganzomilebiani 

jaWvi (nax. 4.6.) Tu aseTi jaWvisaTvis kvlav ganvixilavT moZraobis 

gantolebas aRmoCndeba, rom rxevis sixSirisaTvis gveqneba ori amonaxsni 

𝜔1,2 =
𝜔0

√2
(1 ± √1 − 𝛾2𝑠𝑖𝑛2 (

𝑞𝑎

2
)) ;           (4.22) 

𝜔0
2 =

(𝐶1+𝐶2)(𝑀1+𝑀2)

𝑀1𝑀2
 ;                (4.23) 

𝛾 =
𝐶1𝐶2

(𝐶1+𝐶2)2
𝑀1𝑀2

(𝑀1+𝑀2)2
 .                (4.24) 

(4.22) gamosaxulebidan gamomdinare, ori tipis atomebisagan Semdgar jaWvSi 

SesaZlebelia orgvari rxevis aRZvra: erTs Seesebameba "-" niSani, meores "+" 

niSani. am or rxevas Soris gansxvaveba yvelaze didi iqneba 𝑞 = 0 

mniSvnelobisaTvis (nax. 4.7.) 

 
nax. 4.7. ori tipis atomebisagan Semdgari erTganzomilebiani jaWvis siTburi 

rxevis optikuri da akustikuri Sto 
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im tipis rxevebs, romlebsac (4.22)-Si _ "-" niSani Seesabameba, akusti-

kurs uwodeben, vinaidan aseTi saxis rxevebi aRiZvreba  kristalSi bgeriTi 

talRis gavrcelebisas. rxevebs, romelTac "+" niSani SeesabamebaT, 

optikurs uwodeben. es im garemoebasTanaa dakavSirebuli, rom swored 

aRniSnuli tipis rxevebi axdenen zegavlenas infrawiTeli sxivebis STanTq-

masa da gamosxivebaze. Tu SevZlebT kristaluri mesris TvalnaTliv war-

modgenas ori tipis atomebisagan Semdgari jaWvis SemTxvevaSi, cxadad 

gamovlindeba is principuli gansxvaveba, romelic arsebobs akustikur da 

optikur rxevebs Soris, akustikuri rxevisas orive tipis atomebi erT 

fazaSi irxevian, optikuris SemTxvevaSi ki _ sawinaaRmdego fazaSi nax. 4.8. 

 
nax. 4.8. oratomian wrfiv meserSi optikuri da akustikuri rxevebis sqematuri 

gamosaxuleba: 𝐴-akustikuri rxevebi; O𝑂-optikuri rxevebi 
 

mniSvnelovani gansxvavebaa talRis siCqarisaTvis mesris optikuri da 

akustikuri rxevebis dros. kerZod, rodesac 𝑞 = 0 akustikuri talRis fa-

zuri da jgufuri siCqareebi erTmanaTis da kristalSi bgeris gavrcelebis 

siCqaris tolia, xolo optikuri talRisaTvis 𝑉ჯგ = 0 maSin, rodesac 

fazuri siCqare miiswrafis usasrulobisaken. 

vinaidan kristali diskretuli sistemaa, amitom mesris siTburi rxe-

vebis sixSireebis mniSvnelobaTa simravlec diskretuli iqneba. gavarkvioT 

rxevis ramdeni sixSire SeiZleba iyos am dikretul simravleSi. (4.22)-dan 

gamomdinare, TiToeuli sixSire dakavSirebulia talRuri veqtoris 

garkveul mniSvnelobasTan. es ukanaskneli icvleba −
𝜋

𝑎
-dan 

𝜋

𝑎
-mde da am 

areSi 𝑞-s SesaZlo mniSvnelobaTa ricxvi da, amdenad, sixSiris SesaZlo 

minimaluri raodenoba elementaruli ujredebis 𝑁 ricxviT ganisazRvreba. 

amave dros, vinaidan kristalSi SesaZlebelia aRiZvras sxvadasxva saxis 

rxeva, amitom TiToeuli talRuri ricxvisaTvis 𝜔-m SeiZleba miiRos 

sxvadasxva mniSvneloba. StoTa raodenoba 𝜔(𝑞) damokidebulebaSi ga-

nisazRvreba elementarul ujredSi 𝑁0 atomTa ricxviT. Tu 𝑁0 = 1, maSin 
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gvaqvs mxolod sami akustikuri (𝐴) Sto. Tu 𝑁0 ≥ 2 gvaqvs sul 3𝑁0 Sto, 

romelTaganac sami akustikuria da (3𝑁0 − 3)_optikuri (𝑂), (nax. 4.9.), e.i. 

briluenis zonis farglebSi 𝜔-s SesaZlo mniSvnelobaTa ricxvi 3𝑁0𝑁 

raodenobiT ganisazRvreba da Tanac ar aris gamoricxuli, rom 𝜔-s 

zogierTi mniSvneloba erTmaneTs daemTxves. 

 
nax. 4.9. mesris siTburi rxevebis speqtris grafikuli gamosaxuleba 

 
aRsaniSnavia, agreTve is garemoeba, rom akustikuri da optikuri 

rxevebis SemTxvevaSi SeiZleba saqme gvqondes rogorc grZivi (𝐿), aseve 

ganivi (𝑇) saxis rxevebTan. maSasadame, kristalSi SesaZlebelia sul oTxi 

saxis rxevis arseboba, romelTa (StoTa) raodenoba Semdegnairad aris 

ganawilebuli: 

1. 𝐿𝐴 - 𝑁 Sto. 

2. 𝑇𝐴 - 2𝑁 Sto 

3. 𝐿𝑂 - (𝑁0 − 1)𝑁 Sto 

4. 𝑇𝑂 - 2(𝑁0 − 1)𝑁 Sto 

rxevis garkveuli sixSiris arseboba niSnavs, rom mesers gaaCnia am 

rxevis Sesabamisi energia 

  𝐸𝑔𝑗 = ℏ𝜔𝑗(�⃗�) .                    (4.25) 

Sesabamisad, SegviZlia vilaparakoT mesris jamur energiaze, romelic mas 

gaaCnia imis gamo, rom am mesris Semadgeneli atomebi monawileoben 

sxvadasxva saxis siTbur rxevebSi da gamosaxuleba, romelic mesris 

rxevebis srul energias warmoadgens Semdegi saxisaa: 

   𝐸 = 𝐸0 + ∑ 𝑛𝑞𝑗𝑞,𝑗 ℏ𝜔𝑗(�⃗�) .              (4.26) 

am gamosaxulebaSi 𝑛𝑞𝑗 aris oscilaciuri kvanturi ricxvi 𝑛𝑞𝑗 = 0,1,2, … ; da 

rac ufro didia rxevis amplituda, miT metia 𝑛-is mniSvneloba. 

gaverkveT 𝐸0-is fizikur arsSi. (4.26) gamosaxulebidan gamomdinare, 

rodesac 𝑛𝑞𝑗 = 0  (𝑇 = 0𝐾-ze) maSin, 𝐸 = 𝐸0 da es energia nulovani rxevebis 
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energiis saxelwodebiTaa cnobili, xolo misi ricxviTi mniSvneloba 

Caiwereba Semdegnairad: 

𝐸0 = ∑
1

2𝑞,𝑗 ℏ𝜔𝑗(�⃗�) .                (4.27) 

𝑞-sa da 𝜔-s mniSvnelobebi, rogorc vnaxeT, mxolod diskretulad 

SeiZleba Seicvalos. es ki niSnavs, rom aseve diskretulad Seicvleba 

mesris siTburi energia da cvlilebis porciis sidide proporciulia 

ℏ𝜔𝑗(�⃗�)-si. amdenad, mosaxerxebeli xdeba kvazinawilakis _ fononis cnebis 

Semotana, romelic energiis am porciis matarebeli iqneba da daxasiaTdeba 

mesris siTburi rxevebis talRur veqtorze (�⃗�) damokidebuli impulsiT: 

𝐸𝑞𝑗 = ℏ𝜔𝑗(�⃗�)�⃗�𝑞 = ℏ�⃗� .                (4.28) 

maSasadame, mesris siTburi rxevebis energiis cvlileba yovelTvis 

dakavSirebuli iqneba garkveuli saxis fononebis ama Tu im ricxvis 

STanTqmasTan an gamosxivebasTan. 

zemoT ganxilulidan gamomdinare, meserSi 3𝑁0𝑁 raodenobis sxva-

dasxva saxis (akustikuri da optikuri) fononis arsebobaa SesaZlebeli. 0𝐾 

temperaturaze kristali SegviZlia warmovidginoT carieli yuTis saxiT. am 

yuTis moculoba kristalis moculobis tolia da misi sruli energia 

nulovani rxevebis energiiT (𝐸0) ganisazRvreba. temperaturis momatebasTan 

erTad yuTi nel-nela ivseba sxvadasxva ferisa da raodenobis fononebiT. 

TiToeuli feri rxevis sxvadasxva energias Seesabameba.garkveuli feris 

fononebis raodenoba oscilaciuri kvanturi ricxvis tolia, es ukanask-

neli ki rxevis amplitudasTan erTad izrdeba. sistemis sruli energia yve-

la fononebis energiaTa jamis tolia. 

realur kristalSi eleqtronebis moZraobasTan erTad adgili eqneba 

fononebis moZraobasac. maTi simravle SeiZleba ganvixiloT iseTi airis 

saxiT, romlis Semadgenel nawilakebs Soris urTierTqmedeba ugulebelyo-

filia, amave dros, moZraobis procesSi SesaZlebelia fononis fononze da 

eleqtronis fononze gabneva. fononis eleqtronTan urTierTqmedebisas 

SesaZlebeli xdeba maT Soris energiis gacvla. an eleqtroni gadascems 

energiis nawils mesers, an mesrisagan aiRebs energiis raRac porcias, e.i. 

eleqtronis fononTan urTierTqmedebas SeiZleba Tan axldes fononis 

gaCena an eleqtronis mier fononis SnanTqma. 
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rogorc dispersiuli Tanafardobidan (4.22) Cans, optikuri fononis 

energia aRemateba akustikuris energias da Tanac arsebobs fononisaTvis 

maqsimaluri SesaZlo sixSire, romelic damokidebulia mesris mudmivasa da 

siTburi rxevebis gavrcelebis siCqareze. 

𝜔𝑚𝑎𝑥 = 𝜋
𝑉

𝑎
                    (4.29) 

siTburi rxevebis maqsimaluri sixSiris nacvlad miRebulia maxasia-

Tebeli temperaturis _ debais temperaturis gamoyeneba: 

𝜃 =
ℏ𝜔𝑚𝑎𝑥(�⃗⃗�)

𝑘0
                  (4.30) 

naxevrad gamtarebSi 𝜃 ≈ 200 + 700𝐾 (15+45mev). 

eleqtronebisagan gansxvavebiT, fononebi mTeli spiniT xasiaTdeba da 

maTi simravle boze-ainStainis ganawilebas emorCileba, maSin mocemul 

pirobebSi 𝜔𝑗(�⃗�) fononebis saSualo ricxvi tolia 

�̅�𝑞𝑗 =
1

𝑒𝑥𝑝(
ℏ𝜔𝑗(�⃗⃗⃗�)

𝑘0𝑇
)−1 

 .                (4.31) 

 

 

4.4. muxtis gadamtanebis gabneva mesris siTbur rxevebze 

  

kristalSi eleqtronebisa da fononebis arseboba metad albaTurs 

xdis eleqtronebis fononebze gabnevas. gabnevis process yovelTvis Tan 

axlavs fononebis ricxvis cvlileba _ fononis an gaCena, an STanTqma; 

sruldeba energiisa da impulsis Senaxvis kanoni; im SemTxvevaSi, rodesac 

eleqtroni STanTqavs fonons samarTliania Tanafardobebi 

𝐸′(�⃗⃗�′) = 𝐸 (�⃗⃗�) + ℏ𝜔𝑞

�⃗⃗�′ = �⃗⃗� + �⃗�
}                 (4.32) 

eleqtronis mier fononis gamosxivebisas ki 

     
𝐸′(�⃗⃗�′) = 𝐸 (�⃗⃗�) − ℏ𝜔𝑞

�⃗⃗�′ = �⃗⃗� − �⃗�
}                 (4.33) 

Tu impulsis Senaxvis kanoni fononebze eleqtronebis gabnevisas 

emorCileba (4.32) an (4.33) gamosaxulebas, aseT gabnevas normalurs, anu 𝑁 

process uwodeben. am dros energiis gadacemis mimarTuleba ar icvleba _ 

eleqtroni imave zonaSi rCeba. 
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arsebobs gabnevis iseTi procesebic, romlebisTvisac impulsis 

Senaxvis kanoni sruldeba Sebrunebuli mesris raRac �⃗⃗� veqtoramde 

sizustiT. 

�⃗⃗�′ ± �⃗⃗� = �⃗� + 2𝜋�⃗⃗� .                (4.34) 

aseT process gadasrolis, anu 𝑈 process uwodeben. am dros icvleba 

energiis gadacemis mimarTuleba da gabnevis Sedegad eleqtroni aRmoCndeba 

sxva qvezonaSi. 

eleqtronebis grZeltalRovan akustikur fononebze gabnevis 

Sesaswavlad gamoiyeneba bardinisa da Soklis mier damuSavebuli 

deformaciuli potencialis meTodi. myari sxeulebis zonuri Teoriis 

Zlieri bmis miaxloebidan gamomdinareobs, rom daSvebuli zonebis 

energetikuli mdebareoba da zonebis sigane damokidebulia mezobel 

atomebs Soris manZilze. Tu mesris Semadgeneli atomebis siTburi rxevebis 

Sedegad mesris mudmiva icvleba, maSin es garkveul zegavlenas moaxdens 

kristalis zonur struqturaze. ganivi talRebi myar sxeulSi iwvevs Zvris 

deformacias da ar cvlis kristalis moculobas. atomebs Soris manZili 

Seicvleba mxolod grZivi talRebis SemTxvevaSi, romelic kumSavs da Wi-

mavs kristals da amdenad, ganapirobebs gamtarobisa da savalento zonebis 

eqstremalur mniSvnelobaTa periodul cvlilebas (nax. 4.10). swored am 

cvlilebaze xdeba eleqtronebis gabneva. 

 
nax. 4.10. grZivi akustikuri rxevebis zemoqmedebiT kristalis energetikuli 

zonebis eqstremaluri mniSvnelobebis cvlilebis sqema  
(1-mesris mudmiva Semcirda, 2-gaizarda) 

 
 bardin-Soklis modelis Sesabamisad akrZaluli zonis siganis cvli-

leba kristalis 𝑟 wertilsa da drois 𝑡 momentSi deformaciuli potencia-

liT ganisazRvreba  

∆𝐸𝑔
′ − ∆𝐸𝑔 = 𝑉(𝑟, 𝑡) ,               (4.35) 
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romelic Tavis mxriv, SegviZlia CavweroT gamtarobisa da savalento 

zonebis deformaciuli potencialebis saSualebiT 

𝑉(𝑟, 𝑡) = 𝑉𝐶(𝑟, 𝑡) − 𝑉𝑉(𝑟, 𝑡) ,             (4.36) 

xolo TiToeuli zonis deformaciuli potenciali 𝑈 deformaciis 

sididiTa da mocemuli zonis deformaciuli potencialis mudmivebiT 

ganisazRvreba 

𝑉𝐶(𝑟, 𝑡) = ∑ Ξ𝑖𝑗
CU𝑖𝑗𝑖𝑗 (𝑟, 𝑡)

𝑉𝑉(𝑟, 𝑡) = ∑ Ξ𝑖𝑗
VU𝑖𝑗𝑖𝑗 (𝑟, 𝑡)

}              (4.37) 

deformaciuli potencialis mudmiva Ξ erTeulovani deformaciisas 

mocemuli zonis energiis cvlilebis sidides gamoxatavs. 

grZiv akustikur fononebze gabnevis procesis maxasiaTebeli 

relaqsaciis dro SeiZleba ase warmovidginoT 

𝜏 = 𝜏0𝑇
−
3

2𝜀−
1

2 ,                    (4.38) 

sadac 

𝜏0 =
𝜋2ℏ4𝐶

2(2𝑚𝑛
∗ )
3
2ΞC

2N 
  ,                   (4.39) 

N atomebis koncentraciaa. 

iseT naxevrad gamtarebSi, romlebSic qimiuri bma nawilobriv ionur 

xasiaTs atarebs (𝐴𝐼𝐼𝐼𝐵𝑉 _ tipis naxevrad gamtarebi) gabnevis ZiriTad meqa-

nizms warmoadgens optikur fononebze gabneva. am SemTxvevaSi deformaci-

uli potencialis modelis nacvlad gamoiyeneba polarizaciuli potenci-

alis modeli. rogorc zemoT iyo naCvenebi, optikuri rxevebisas sxvadasxva 

niSnis ionebi sxvadasxva fazaSi irxevian, ris gamoc meseri polarizebulia, 

Cndeba garkveuli daZabulobis mikro eleqtruli veli da swored am 

mikrovelze xdeba eleqtronebis gabneva. 

maRali temperaturebis SemTxvevaSi, gabneva drekadia da relaqsaciis 

dro gamoiTvleba Semdegi formuliT 

  𝜏 = 𝜏′0𝑇
−
1

2𝜀
1

2,                    (4.40) 
Tu temperatura mcirea, gabneva aradrekadia da Sesabamisad gveqneba 

   𝜏 = 𝜏0
′′𝑒𝑥𝑝

ℏ𝜔(�⃗⃗�)

𝑘0𝑇
,                  (4.41) 

sadac  

   𝜏0
′ = 𝜏0

′′ −
𝑀𝑎4

𝑚𝑛
∗
1
2𝑍2

                   (4.42) 

gabnevis albaToba grZiv optikur fononebze metia vidre ganivze. 
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4.5. muxtis gadamtanebis Sereuli gabneva 

 

rogorc zemoT iyo naCvenebi, naxevrad gamtarebSi arsebobs muxtis 

gadamtanebis gabnevis oTxi ZiriTadi meqanizmi: esenia _ gabneva neitralur 

minarevebze (𝑁), ionizirebul minarevebze (𝐼). akustikur fononebze (𝐴) da 

optikur fononebze (𝑂). am oTxi ZiriTadi meqanizmidanac sxvadasxva 

kristalSi da sxvadasxva pirobebSi SeiZleba gamoiyos SedarebiT ufro 

prioritetuli meqanizmi. magaliTad 𝑆𝑖-Si da 𝐺𝑒-Si da saerTod kovalentur 

kristalebSi ZiriTadad adgili aqvs 𝐼 da 𝐴 gabnevas. ionur naxevrad gam-

tarebSi gvxvdeba 𝐼da 𝑂 gabneva. wina paragrafSi ganxiluli relaqsaciis 

drois gamosaxulebebidan gamomdinare 𝐼, 𝐴 an 𝐼, 𝑂 Sereuli gabnevisaTvis Se-

gviZlia CavweroT Semdegi Tanafardobani: 

      𝜏𝐼,𝐴 = 𝜏0𝐴𝜀
3

2 (𝜀2 +
𝜏0𝐴
2

𝜏0𝐼
2 )

−1

,               (4.43) 

𝜏𝐼,𝑂 = 𝜏0𝑂𝜀
3

2 (𝜀2 +
𝜏0𝑂
2

𝜏0𝐼
2 )

−1

.               (4.44) 

aRsaniSnavia, rom ori tipis meqanizmis moqmedebisas temperaturaTa 

sxvadasxva ubanSi erT-erTi meqanizmis wvlili gadamwyvetia. magaliTad: 

kovalenturi kristalebisaTvis dabal temperaturaze relaqsaciis dros 

gansazRvravs daionebuli minarevebze gabneva, xolo maRal temperaturaze _ 

akustikur fononebze gabneva (nax. 4.11.). Tumca, cxadia, rom ama Tu im tem-

peraturaze gabnevis konkretuli meqanizmis gamovlineba kristalis 

parametrebzec aris damokidebuli. 

 

 
nax. 4.11. relaqsaciis drois temperaturaze damokidebuleba gabnevis 
sxvadasxva meqanizmisaTvis kovalentur naxevrad gamtarebSi 

 
relaqsaciis drois energiasa da temperaturaze damokidebulebebis 

Taviseburebebis gamosavlineblad gabnevis sxvadasxva meqanizmis moqmedebi-

sas, mosaxerxebelia zemoT ganxiluli ZiriTadi Tanafardobis erT gamosa-

xulebaSi gaerTianeba 
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   𝜏(𝑇, 𝜀) = 𝜏0𝑇
𝑆𝜀𝑟−

1

2                  (4.45) 

𝑠-isa da 𝑟-is mniSvnelobebi Tavmoyrilia cxrilSi 4..1  

cxrili 4.1 

temperaturisa da uganzomilebo energiis xarisxis maCvenebelTa 
mniSvnelobebi gabnevis sxvadasxva meqanizmisaTvis 

 
 𝑁 𝐼 𝐴 𝑂(𝑇 > 𝜃) 𝑂(𝑇 < 𝜃) 

𝑠 0 
3

2
 −

3

2
 −

1

2
 𝑇𝑆 − 𝑒

ℏ𝜔(�⃗⃗�)
𝑘0𝑇  

𝑟 −
1

2
 2 0 1 

1

2
 

   

𝑟-s gabnevis faqtors uwodeben. 

  



93 
 

Tavi V 

kinetikuri movlenebi naxevrad gamtarebSi 

 

5.1. Eeleqtro gamtaroba. Zvradoba. 

 

 naxevrad gamtarebis fizikis erT-erT sakvanZo sakiTxs warmoadgens 

muxtis Tavisufal gadamtanebze gareSe velebis (eleqtruli, magnituri, 

siTburi) zemoqmedebis Seswavla. velis gavleniT muxtis gadamtanebis sis-

tema gamodis Termodinamikuri wonasworobis mdgomareobidan (4.1) da ebmeba 

ra mimarTul moZraobaSi, ganapirobebs sxvadasxva saxis efeqts, romlebsac 

kinetikur movlenebs uwodeben. bolcmanis kinetikuri gantolebis (4.1) 

amoxsna saSualebas gvaZlevs ganvsazRvroT ama Tu im kinetikuri procesis 

aRwerisaTvis aucilebeli kinetikuri koeficientebi. ase magaliTad, (2.1), 

kuTri eleqtrogamtaroba   gansazRvravs eleqtruli veliT kristalSi 

aRZrul denis sidides 

                    .
*

2





m

ne
enVenJ d               (5.1) 

 muxtis gadamtanebis Zvradoba (saSualo dreifuli siCqare erTeulo-

van eleqtrul valSi) 

                              
*m

eV d 


                                     (5.2) 

damokidebulia gabnevis meqanizmze ( _relaqsaciis drois damokidebulebis 

gaTvaliswinebiT, 4.5) da iseve, rogorc koncentracia, ganisazRvreba ara-

wonasworuli ganawilebis funqciiT  trkf ,, . 

 cxadia, Zvradobac da eleqtrogamtarobac zonur parametrebs warmo-

adgens. Tu gaviTvaliswinebT, rom, magaliTad, gamtarobis zona zogadad 

SeiZleba Sedgebodes M  eqvivalenturi minimumisgan da efeqturi masac 

SeiZleba anizotropuli iyos (2.1; 2.2), maSin eleqtrogamtaroba tenzoruli 

sidide iqneba da: 

                             



M

z

zJJ
1

.                                  (5.3) 





M

z

znn
1

.                                     (5.4) 

    .
1





M

z
zijij  .                              (5.5) 
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sadac 

                          
 

.
*

2

zij

zz

zij
m

ne 
                                     (5.6) 

  
zijm*  _ efeqturi masis tenzoris komponentebia z  minimumSi. 

 analogiurad ganixileba savalento zonis parametrebic. 

 Zvradobis temperaturuli damokidebuleba imeorebs  T damokidebu-

lebis saxes (4.5). Zalian dabali temperaturebis areSi, rodesac, ZiriTadad, 

gabneva mimdinareobs neitralur minarevebze, Zvradoba ar aris damokide-

buli temperaturaze. 

                 0

0 TN     da    
0

3

3

0
20

*

N

me
N


                      (5.7) 

temperaturis momatebisas gabnevis ZiriTad meqanizmad gvevlineba gabneva 

ionizirebul minarevebze 

                     2
3

0 TI         da     I0  2
1

*


m                      (5.8) 

maRal temperaturaze muxtis gadamtanebis gabneva xdeba mesris siTbur rxe-

vebze. akustikur fonebze gabnvisas 

                  2
3

0



 TA   da  A0  2
5

*


m                        (5.9) 

xolo optikurze 

                 

 














 10

00

Tk

q

e







 da 00  2
3

*


m                      (1.10) 

 muxtis gadamtanebis koncentraciisa da Zvradobis (nax. 5.1) temperatu-

ruli damokidebulebebi ganapirobeben eleqtrogamtarobis damokidebu-

lebas temperaturaze 

pnpn epen                              (5.11) 

 magaliTad, sakuTari naxevrad gamtarisaTvis (ionizirebul minare-

vebze an akustikur fonebze gabnevisas) gveqneba 

                      Tk

gE

T eT 022

3

0




 .                               (5.12) 

 vinaidan, umetesad, eqsponencialuri wevris gavlena gadamwyvetia, 

SesaZlebelia (5.12)-is ufro martivi saxiT warmodgena sakuTari da mina-

reuli 

                                                                          
Tk

gE

e 02

01





     

  (5.13) 
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nax. 5.1. muxtis gadamtanebis Zvradobis temperaturaze damokidebuleba gabnevis 
sxvadasxva meqanizmisas ( I  _ ionizirebul minarevebze, L  _ mesris siTbur 

rxevebze. n 
1410 sm-3, p 

1610  sm-3) 

 

 

nax. 5.2. eleqtrogamtarobis temperaturuli damokidebuleba  
(I-sakuTari gamtarobis, II-minarevis gamofitvis, III-minareuli gamtarobis 

temperaturuli areebi). 
 

                  Tk

E

e 02

1

03




                                  (5.14) 

gamtarobis temperaturuli areebisaTvis, xolo minarevis gamofitvis areSi 

 T  damokidebulebas faqtiurad gabnevis meqanizmi gansazRvravs (nax. 5.2.) 

                      2

3

02



 e                                 (5.15) 
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5.2. Termoeleqtruli movlenebi  

 
 kristalSi temperaturuli gradientis da eleqtruli velis  urTi-

erTzemoqmedebis Tu urTierTaRZvris SesaZlebloba ganapirobebs movlenaTa 

klass, romlebic Termoeleqtruli movlenebis saxelwodebas atarebs. 

cnobilia sami aseTi efeqti _ zeebekis, pelties da tomsonis. Termo-

eleqtruli procesebis aRZvra SesaZlebelia rogorc erTgvarovani, aseve 

araerTgvarovani kristalebis moculobaSi ankristalebis kontaqtze. 

 ganvixiloT kristalis moculobaSi mimdinare procesebi. magaliTi-

saTvis aviRoT xvreluri naxevrad gamtari, romelSic P  koncentraciis 

xvrelebi Tanabrad aris ganawilebuli da aRZrulia T  temperaturuli 

gradienti. cxadia, muxtis gadamtanebis saSualo energia cxel boloze 

meti iqneba civ boloze maT energiasTan SedarebiT. Tu gansxvaveba 

temperaturaSi mniSvnelovania, siTbur energiaSi Sesabamisma nazrdma 

SeiZleba gamoiwvios cxel boloze koncentraciis nazrdic. muxtis gadam-

tanebis erTgvarovani ganawilebisaken miswrafeba ganapirobebs cxeli 

bolodan ufro moZravi, ufro didi energiis mqone (da,  SeiZleba, ufro 

mravalricxovani) xvrelebis difuzias civi bolosaken, vinaidan xvrelebis 

mier dadebiTi muxtis gadatanas Tan ar sdevs makompensirebuli uaryofiTi 

(ionebis) muxtis moZraoba, eleqtroneitralobis piroba dairRveva _ civ 

boloze adgili eqneba Warbi dadebiTi muxtis dagrovebas, xolo cxel bo-

loze darCeba gaukompensirebeli uaryofiTi muxti. amrigad, kristalSi gaC-

ndeba Siga eleqtruli veli i  (nax. 5.3.), romelic, Tavis mxriv, ganapiro-

bebs xvrelebis dreiful nakads Warbi dadebiTi muxtis aridan Warbi 

uaryofiTi muxtis arisaken. es, difuzuri nakadis sapirispirod mimarTuli, 

dreifuli nakadi Zlierdeba i  velis zrdasTan erTad, romelsac muxtebis 

mimdinare gancalkeveba ganapirobebs. magram, bolcmanis kinetikuri 

gantolebis Sesabamisad 

























Vi dt

dr

dt

df
, kristalSi swrafad damyardeba 

dinamiuri wonasworoba _ i  veli miaRwevs iseT mniSvnelobas, rodesac mis 

mier aRZruli xvrelebis dreifuli nakadi srulad gaakompensirebs (kris-

talis nebismier wertilSi) temperaturuli gradientiT ganpirobebul 

difuzur nakads. mocemuli temperaturuli gradientisas kristalis mocu-
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lobaSi arsebul, stacionaruli pirobebis uzrunvelmyofel Siga eleq-

trul vels Termoeleqtruls uwodeben. 

 analogiurad warimarTeba procesebi n -tipis naxevrad gamtarSi 

eleqtronuli nakadebis aRZvrisas. orive SemTxvevaSi kristalis civ bolo-

ze dagrovili muxtis niSani ZiriTadi gadamtanebis niSans Seesabameba, xo-

lo cxelze _ araZiriTadis. 

 

nax. 5.3. moculobiTi Termo em Zalis aRZvra  

(
dD VV ,  _ Sesabamisad difuzuri da dreifuli nakadebis siCqareebia) 

 
 Sereuli gamtarobis SemTxvevaSi, rogorc difuzur aseve dreiful 

nakadebSi orive niSnis muxtis gadamtanebs SeuZliaT Cabma, ris gamoc mov-

lena sustad iqneba gamoxatuli. eleqtronebis da xvrelebis koncentra-

ciaTa tolobis SemTxvevaSi, Termoeleqtruli velis arseboba SesaZlebe-

lia mxolod ZvradobaTa  pn    gansxvavebis wyalobiT. 

 kristalebis (Tu araerTgvarovan ubanTa) kontaqtze mimdinare proce-

sebsac safuZvlad udevs muxtis gadamtanebis difuzia SedarebiT maRali 

koncentraciis aridan. Tu, magaliTad, ganvixilavT gansxvavebul fermis 

energiaTa mqone A da nB  _ tipis naxevrad gamtarTa kontaqts (nax. 5.4.), ma-

Sin eleqtronebis gadanawileba fermis doneTa gaTanabrebamde ganapirobebs 

kontaqtis maxlobel fenaSi lokaluri eleqtruli velis da naxevrad 

gamtari xelsawyoebis fizikisaTvis erT-erTi umniSvnelovanesi sididis _ 

kontaqtur potencialTa sxvaobis aRZvras  

e

FF

e

E
U 21





                                   (5.16) 

kontaqturi procesebiT ganpirobebuli Termo em Zalis gamovlineba iqneba 

SesaZlebeli Tu A da B  kristalis kontaqtebs gansxvavebuli temperatura 

eqnebaT. am pirobis dacva aucilebelia, raTa orive kontaqtze aRZrulma 
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(tolma da sapirispiro niSnis) kontaqturma Zabvebma ar gaakompensiron 

erTmaneTi. Tu 
21 TT  , maSin fermis doneTa temperaturaze damokidebuleba 

uzrunvelyofs gansxvavebuli kontaqturi Zabvebis arsebobas. 

 

 

nax. 5.4. kontaqturi Termo em Zalis aRZvris SesaZlebloba 

 
  

 

 

 

5.3. zeebekis efeqti 

 

 zemoT ganxiluli moculobiTi Tu kontaqturi bunebis eleqtruli 

velis aRZvra, gawyvetil wredSi gvaZlevs Termo em Zalas, romlis sidide 

sistemaSi temperaturis nazrdze aris damokidebuli da stacionarul 

pirobebSi 

dTSd ABZ                              (5.17) 

ABS  kontaqtSi myofi kristalebis an kristalis da liTonuri gamomyvani 

sadenis maxasiaTebel zeebekis koeficients (fardobiT diferencialur 

Termo em Zalas) warmoadgens. vinaidan TviT zeebekis koeficientmac 

SeiZleba gamoavlinos temperaturaze damokidebuleba (zogierT SemTxvevaSi 

mniSvnelovanic), amitom, zogadad temperaturaTa garkveuli 
12 TT   interva-

lisaTvis 

           .
2

1

TdTS

T

T

ABZ                        (5.18) 
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 Tu ganixileba naxevrad gamtarisa da liTonisagan Semdgari wredi, 

maSin, umetes SemTxvevaSi, efeqtSi liTonis wvlili, simciris gamo SeiZ-

leba ugulebelvyoT (vinaidan, liTonSi eleqtronebis koncentracia da 

energia TiTqmis ar aris damokidebuli temperaturaze) da CavTvaloT, rom 

Termo em Zala mTlianad ganisazRvreba mocemuli naxevrad gamtaris S  

absoluturi diferencialuri Termo em ZaliT. 

 Teoria gvaZlevs gamosaxulebas zeebekis koeficientisaTvis, eyrdnoba 

ra im mosazrebas, rom Termo em Zalis aRZvris meqanizmi (difuzia moculo-

baSi da araerTgavrovnebaTa kontaqtze) SeiZleba martivad gaTvaliwinebul 

iyos fermis energiis gradientis da kontaqtur potencialTa sxvaobis 

temperaturul gradientze damokidebulebis ganxilviT. 

T

FeU
S k




                             (5.19) 

da gadaugvarebel naxevrad gamtarisaTvis miiReba pisarenkos formula 

,
2

50








 r

e

k
S                            (5.20) 

xolo martivi, paraboluri zonebis mqone gadagvarebuli naxevrad gamtari-

saTvis motis gamosaxuleba 
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                         (1.21) 

(rogorc III TavSi iyo naCvenebi 
n

C

*

ln


   da 
p

V

*

ln


   Sesabamisad n  da p  

tipis naxevrad gamtarebisaTvis). 
 maSasadame, minareul naxevrad gamtarSi muxtis gadamtanebis niSani 

gansazRvravs S -is niSans. Tu muxtis araZiriTadi gadamtanebis koncentra-

cia ar aris mcire da e.i. saqme gvaqvs Sereul gamtarobasTan, maSin, pro-

cesi rTuldeba da aRniSnuli korelacia SeiZleba aRar Sesruldes. am 

SemTxvevaSi muxtis gadamtanebis koncentraciaTa TanafardobasTan erTad 

gasaTvaliswinebelia ZvradobaTa gansxvavebis gavlenac 

  .
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S       (5.22) 

 Tu SevadarebT (5.20)-(5.22) davinaxavT, rom Sereuli gamtaroba amcirebs 

Termo em Zalas. marTlac, difuzur procesSi eleqtronebis da xvrelebis 

erTdrouli Cabma Seasustebs muxtebis gancalkevebas urTierTkompensaciis 

Sedegad. 
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 aRsaniSnavia, rom sakuTar naxevrad gamtarSi  
g 5,0  Termo em 

Zalis Seswavla saSualebas gvaZlevs SevafasoT akrZaluli zonis sigane 
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              (1.23) 

aq .
p

nb



  

 Termo em ZalisaTvis damaxasiaTebeli koncentraciuli da temperatu-

ruli damokidebulebebi moyvanilia 5.5. naxazze da 5.6. naxazze (gadaugvare-

beli naxevrad gamtarisaTvis). 

 

 

nax. 5.5. Termo em Zalis damokidebuleba muxtis gadamtanebis 
koncentraciaze akrZaluli zonis ori sxvadasxva 

siganisaTvis .
21 gg

EE   

 

 

 

 

nax. 5.6. Termo em Zalis temperaturuli damokidebulebebi sxvadasxva 

xarisxiT legirebul _ 1,2 aqceptorul  
12

NN   da 3.4 donorul  
34

NN   

naxevrad gamtarebSi 
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 warmodgenili grafikebis mixedviT SeiZleba aRvniSnoT Semdegi:  

1. Sereuli gamtarobisas, rodesac xvrelebis koncentracia mniSvnelovnad 

ar aRemateba eleqtronebis koncentracias, zeebekis koeficientis niSani 

SeiZleba ar Seesabamebodes muxtis ZiriTadi gadamtanebis niSans;  

2. diferencialuri Termo em Zalis erTi da igive mniSvneloba SesaZlebelia 

gamovlindes muxtis gadamtanebis mniSvnelovnad ganxvavebuli koncentra-

ciisas (
21, nn  nax.5.5-ze).  

3. akrZaluli zonis siganis Semcireba da legirebis xarisxis zrda 

amcirebs Termo em Zalas.  

4. Termo em Zalis maqsimumi vlindeba minarevis gamofitvis Sesabamis 

temperaturul intervalSi. temperaturis zrdisas S  mcirdeba muxtis 

Tavisufali gadamtanebis ricxvis matebis Sedegad. 

 minareuli naxevrad gamtaris Termo em Zalis temperaturuli da kon-

centraciuli damokidebulebebis Seswavla saSualebas gvaZlevs davadginoT 

fermis donis mdebareoba (gabnevis cnobili meqanizmisas) da SevafasoT 

mdgomareobaTa simkvrivis efeqturi masa, Tu gansazRvrulia muxtis gadam-

tanebis koncentracia (3.4). 

 dabali temperaturisas mniSvnelovani xdeba Termo em Zalis aRZvris 

kidev erTi meqanizmi _ eleqtronebis fononebiT wataceba. marTlac, 

kristalSi temperaturuli gradientis arseboba, muxtis gadamtanebis 

nakadis garda, ganapirobebs fononebis nakadsac cxeli bolodan civisaken. 

amitom, eleqtron-fononuri urTierTqmedebis Sedegad (eleqtronis fononze 

gabneva), eleqtronisaTvis albaTuri xdeba fononisagan iseTi impulsis 

SeZena, romelic temperaturuli gradientis sapirispirod iqneba mimarTu-

li. muxtis gadamtanebis nakadis intensivoba mniSvnelovnad izrdeba. Termo 

em Zalis es meqanizmi aRiwereba pikusis formuliT 

e

qn

eq
Tk

Vm

e

k
S
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3

1 bg
                   (1.24) 

sadac bgV  bgeris siCqarea, e  da q  _ relaqsaciis dro, Sesabamisad, 

eleqtronebisa da fononebisaTvis. 

 SedarebiT maRal temperaturaze, fonon-fononuri intensiuri gabnevis 

Sedegad, fononebis nakadi bolosken mkveTrad mcirdeba da amdenad, Termo 

em Zalis ganxiluli meqanizmic aRar vlindeba. 
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5.4. pelties da tomsonis efeqtebi 

 
 naxevrad gamtarSi Siga (Termoeleqtruli) an kontaqturi velis 

arseboba, eleqtruli denis gatarebisas, ganapirobebs joulis siTbosTan 

erTad damatebiTi siTbos raodenobis gamoyofas, an STanTqmas, rac tom-

sonis da pelties efeqtebis arss Seadgens. 

 pelties movlena (zeebekis efeqtis garkveul wilad Sebrunebuli 

efeqti) SeiZleba aixsnas ori kristalis (an ori araerTgvarovani ubnis) 

kontaqtze energetikuli diagramis ganxilviT. rogorc 5.2-Si iyo naCvenebi, 

A da B  kristalebis fermis energiaTa gansxvaveba ganapirobebs kontaqtze 

E  potenciuri barieris Camoyalibebas (nax. 5.4.). kontaqtSi gamavali, gare-

Se denis wyaroTi aRZruli eleqtruli denis mimarTulebis mixedviT, dre-

ifSi monawile eleqtroni an gadalaxavs am bariers B  kristalidan A -Si 

moZraobisas, an vardeba potenciur E  ormoSi. pirvel SemTxvevaSi saWiro 

E  energias eleqtroni SeiZens B  naxevrad gamtaris kristaluri mes-

risagan da ganapirobebs misi temperaturis Semcirebas. meore SemTxvevaSi, 

piriqiT gadascems mas E  Warb energias da gamoiwvevs kontaqtis max-

lobeli fenis gaTbobas.  

 pelties siTbos arseboba aseT interpretaciasac eqvemdebareba. kon-

taqturi Zabvis arseboba xels uwyobs an ewinaaRmdegeba kontaqtSi denis 

gavlas, misi mimarTulebis mixedviT. Tu kontaqturi veli Cabmulia denis 

Seqmnis procesSi, maSin saWiro energia gaicema kristaluri mesris mier da 

kontaqtis maxlobeli fena civdeba. denis sapirispiro mimarTulebisas kon-

taqti Tbeba im energiis xarjze, romelic denis wyarom damatebiT gamoyo 

kontaqturi velis winaaRmdegobis dasaZlevad. 

 

nax. 5.7. pelties macivris sqema. 2(30  UKT v; 20I a) 
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 kristalSi farTobis erTeulSi gamoyofili an STanTqmuli pelties 

siTbos raodenoba proporciulia kontaqtSi gasuli muxtis sididisa da 

kontaqtSi moyvanil nivTierebaTa gvarobazea damokidebuli 

.ItqQ ABAB 
                     (5.25) 

aq 
AB  pelties koeficientia. 

 martivad SeiZleba Sefasdes kontaqtis maxlobeli im fenis sisqe, 

sadac xdeba pelties siTbos gamoyofa an STanTqma. es sisqe ramodenime 

atomTaSoriso manZilis rigisa unda iyos, vinaidan rogorc es IV TavSi iyo 

naCvenebi, muxtis gadamtanebis mesris defeqtTan 1-3 dajaxeba sakmarisia 

Termodinamikuri wonasworobis aRsadgenad. 

 tomsonis efeqti moculobiTi movlenaa da misi fizikuri safuZveli 

ganxiluli iyo 5.2 paragrafSi. iseve, rogorc pelties efeqtisaTvis, ori 

interpretacia SeiZleba iyos warmodgenili kristalSi denis gavlisas 

damatebiTi tomsonis siTbos gamoyofa _ STanTqmis asaxsnelad (temperatu-

ruli gradientis da e.i. Sida eleqtruli velis arsebobis pirobebSi). 1) 

Tu denis aRmZravi gareSe eleqtruli veli mimarTulia arsebuli Sida ve-

lis sapirispirod, maSin denis wyarom damatebiTi muSaoba unda Seasrulos 

am velis dasaZlevad da es damatebiTi energia gamoiyofa kristalSi tomso-

nis siTbos saxiT. Tu kristalis wredSi CarTvisas aRniSnuli velebi Tana-

mimarTuli aRmoCndebian, maSin Sida velic Caebmeba kristalSi denis aR-

Zvra-SenarCunebaSi. saWiro energias gaiRebs kristaluri meseri, ris gamoc 

kristalis temperatura Semcirdeba. 2) Tu gareSe veli Tavisi mimarTulebis 

Sesabamisad xels uwyobs muxtis gadamtanebis gancalkevebas, maSin am velis 

gavleniT cxeli bolodan kristalis civ bolomde miRweuli es damatebiTi 

muxtis gadamtanebi Warb energias gadascemen kristalur mesers da 

ganapirobeben temperaturis momatebas. gareSe velis sapirispiro mimarTu-

lebis SemTxvevaSi, piriqiT, cividan cxel bolos miRweuli muxtis gadam-

tanebi siTburi wonasworobisaTvis aucilebeli energiis naklebobas Seiv-

seben mesris energiis xarjze da amiT Seamcireben kristalis temperaturas. 

 kristalis moculobis erTeulSi gamoyofili an STanTqmuli tomso-

nis siTbos sidide proporciulia kristalSi gasuli muxtis sididisa da 

mis boloebze arsebuli temperaturaTa sxvaobisa  

    .
2

1

TdTItQ 





                              (5.26) 
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 (5.26)-Si gaTvaliswinebulia   tomsonis koeficientis temperaturaze 

damokidebulebis gamovlenis SesaZlebloba. 

 amrigad, Termoeleqtruli movlenebis dasaxasiaTeblad gamoiyeneba 

sami kinetikuri koeficienti ,,, S  romlebic martivi Termodinamikuri 

TanafardobebiT arian dakavSirebuli erTmaneTTan 

TS                     (5.27) 

da  

          dT

dS
T                                  (5.28) 

 tomsonis da, gansakuTrebiT pelties movlenebs sakmaod didi 

praqtikuli gamoyeneba gaaCniaT. 5.7. naxazze magaliTisaTvis moyvanilia 

pelties macivris gamartivebuli samuSao sqema. 

 

 

5.5. siTbogamtaroba naxevrad gamtarSi 

 
 Tu kristalSi arsebobs temperaturuli gradienti, maSin misi 

sapirispiro mimarTulebiT aRiZvreba energiis W  nakadi 

TW                         (5.29) 

 am process siTbogamtarobas, xolo   siTbogamtarobis koeficients 
uwodeben 

T

W


                    (5.30) 

   gviCvenebs drois erTeulSi, kristalis erTeulovan kveTSi gasul 

siTbur energias, kristalSi erTeulovani temperaturuli gradientis 

arsebobisas. 

 myar sxeulebSi siTbogamtarobis ramodenime meqanizmi arsebobs _ 

eleqtronuli (xvreluri), fononuri, bipolaruli (erTdroulad eleqtro-

nebiT da xvrelebiT), eqsitonuri, fotonuri (gamosxivebiT) 

.,  hexnpqe                      (5.31) 

 gadamwyveti wvlili modis Tavisufal gadamtanebze (ZiriTadi meqa-

nizmia liTonebSi) da mesris siTbur rxevebze (ZiriTadia dieleqtrikebSi). 

 mesris Semadgeneli atomebi wonasworuli mdgomareobis maxloblad 

rxevisas erTmaneTs ucvlian energias da Tu kristalSi ar aris daculi 

siTburi wonasworoba, maSin, cxadia, meti energia gadaecema ufro intensiu-

rad merxevo atomidan ufro sustad merxev atoms. kinetikuri Teoria am 
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meqanizmisaTvis gvaZlevs Semdeg gamosaxulebas (fononuri airis cnebaze 

daydnobiT) 

qqq CV  2

3

1
                              (5.32) 

 sadac C  aris kristalis sibotevadoba, qV  _ fononebis moZraobis 

siCqare, q  - maTi relaqsaciis dro. moZraobisas fononebic ganicdian gab-

nevas da aseTi gabnevis ramodenime meqanizmi SeiZleba aRiniSnos, relaqsa-

ciis drois (da, amdenad, siTbogamtarobis) gansxvavebuli temperaturuli 

damokidebulebiT: 1) wertilovan defeqtebze da fononebze ( q 
1T ); 2) eleq-

tronebze da dislokaciebze ( q 
2T ); 3) marcvlebis da kristalis sa-

zRvrebze ( q 
3T ). ZiriTadad mainc vlindeba fononuri siTbogamtarobis 

temperaturaze ukuproporciuli damokidebuleba. 

 videman-francis kanonis mixedviT eleqtronuli siTbogamtaroba gani-

sazRvreba kristalis eleqtrogamtarobiT, temperaturiT da muxtis gadam-

tanebis gabnevis meqanizmiT 
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                           (5.33) 
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                            (5.34) 

(Sesabamisad gadaugvarebeli da gadagvarebuli naxevrad gamtarebisaTvis). 

 (5.33) da (5.34) SeiZleba Caiweros L  lorencis ricxvis gamoyenebiT. L  

mudmivaa gadagvarebuli nexevrad gamtarisaTvis, xolo gadaugvarebelisa-

Tvis mxolod gabnevis r  faqtorzea damokidebuli 

LTe 



                           (5.35) 
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                               (5.36) 

 naxevrad gamtaris gadagvarebis xarisxs muxtis gadamtanebis 

koncentracia gansazRvravs. koncentraciaTa garkveul (gardamaval) inter-

valSi gamovlindeba koncentraciis gavlenac lorencis ricxvze (nax. 5.8.). 
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nax. 5.8. lorencis ricxvis gabnevis meqanizmsa da muxtis 
gadamtanebis koncentraciaze damokidebuleba 

 
videman-francis gamosaxulebis Sesabamisad da eleqtrogamtarobis tempera-

turuli damokidebulebis gaTvaliswinebiT, naxevrad gamtaris Zlieri 

gadagvarebis SemTxvevaSi, eleqtronuli siTbogamtaroba temperaturisagan 

praqtikulad damoukidebeli iqneba, xolo gadaugvarebel naxevrad gamtar-

Si e  izrdeba temperaturis momatebisas. nax. 5.9-ze naCvenebia, rom dabali 

temperaturebis areSi vlindeba siTbogamtarobis fononuri meqanizmisaTvis 

damaxasiaTebeli damokidebuleba temperaturaze, xolo Semdgom prio-

ritetuli xdeba siTbogamtarobis eleqtronuli meqanizmi. 

Tu kristalSi Sereul gamtarobas aqvs adgili, siTbogamtaroba mniSvne-

lovnad izrdeba, rac martiv fizikur interpretacias eqvemdebareba. 

    .
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nax. 5.9. siTbogamtarobis koeficientis damokidebuleba temperaturaze 

  

monopolaruli gamtarobisas, stacionarul pirobebSi, rodesac muxtis 

ZiriTadi gadamtanebis difuzuri nakadi gawonasworebulia maTi dreifuli 

nakadiT, siTburi energiis gadatana uzrunvelyofilia difuziaSi Cabmuli 
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muxtis gadamtanebis energiis siWarbiT dreifSi monawile gadamtanebTan 

SedarebiT. bipolaruli gamtarobisas, difuziaSi orive niSnis muxtis 

gadamtanebis monawileoba mniSvnelovnad amcirebs muxtis gadamtanebis 

gancalkevebas. Siga eleqtruli veli da dreifuli nakadi susti iqneba, 

xolo sakuTar naxevrad gamtarSi praqtikulad nuls gautoldeba. difundi-

rebuli eleqtronebiT da xvrelebiT motanil siTbur eneregias daemateba 

kristalis civ boloze maTi rekombinaciisas gamoyofili is energia, 

romelic cxel boloze maT generaciaze daixarja. 

 sxvadasxva saxis Termoeleqtruli mowyobilobisaTvis konkretuli 

naxevrad gamtaruli masalis gamoyenebis perspeqtuloba fasdeba Z  paramet-

riT, romelsac Termoeleqtrul vargisianobas uwodeben  



2S
Z                                   (5.38) 

 Tu gaviTvaliswinebT, rom (5.38)-Si Semavali samive kinetikuri 

koeficienti xasiaTdeba sakuTari temperaturuli da koncentraciuli damo-

kidebulebiT, cxadi xdeba, rom Z -is SedarebiT maRali mniSvnelobis 

SenarCuneba, temperaturaTa farTo intervalSi. sakmaod rTul amocanas 

warmoadgens naxevrad gamtaruli masalaTmcodneobisaTvis. 

 

 

5.6. galvanomagnituri movlenebi 

 
 galvanomagnituri efeqtebis saxelwodebiT aerTianeben kinetikur 

movlenebs, romelTa aRZvra kristalze magnituri da eleqtruli velebis 

modebiT aris gamowveuli. sakmaod mravalricxovan galvanomagnitur movle-

nebs Soris unda gamoiyos oTxi kargad Seswavlili da mniSvnelovani 

efeqti: holis, gausis, etingshauzenis, nernstis. 

 5.10. naxazze sqematurad naCvenebia urTierTmarTobul B  induqciisa 

da   daZabulobis velebSi moTavsebul kristalSi galvanomagnituri 

procesebis maxasiaTebeli fizikuri sidideebi. 

galvanomagnituri efeqtebi SeiZleba davyoT eleqtruli velis mi-

marT ganiv da grZiv procesebad, xolo magnituri velis mimarT luw da 

kent movlenebad (efeqti kentia, Tu B  veqtoris mimarTulebis sapirispi-

roze Secvlisas, movlenis maxasiaTebeli parametrebis niSanic icvleba). 
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holis da etingshauzenis efeqtebi kentia da mdgomareobs, Sesabamisad, dama-

tebiTi ganivi (holis) eleqtruli velis da ganivi temperaturuli gra-

dientis aRZvraSi. luwia gausis da nerntsis efeqtebi, anu grZivi mimarTu-

lebiT, Sesabamisad, eleqtrogamtarobis da siTbogamtarobis cvlilebis 

movlenebi. 

 

 

nax. 5.10. galvanomagnituri procesebis sqematuri warmodgena 

 

 
  kristalSi kinetikuri (da ara marto kinetikuri) procesebis 

mimdinareoba SeiZleba Tvisobrivad gansxvavebuli aRmoCndes sxvadasxva 

siZlieris magnitur velSi, romlis siZliere Tavis mxriv damokidebulia 

kristalis gvarobasa da mis fizikur mdgomareobaze. amitom mniSvnelovania 

magnituri velis siZlieris zusti kriteriumis SerCeva. mocemuli 

kristalisaTvis magnituri veli Zlieria, Tu muxtis gadamtanis saSualo 

Tavisufali ganarbenis sigrZe mniSvnelovnad aRemateba magnitur velSi misi 

traeqtoriis simrudis radiuss, anu rac igivea, relaqsaciis dro 

mniSvnelovnad aRemateba brunvis periods 11*2  BemT  , e.i. (5.2) 

gamosaxulebis gaTvaliswinebiT Zlieri velisas 

eB

m

e

m ** 2
     anu   .1B                     (5.39) 

 Tu mxedvelobaSi miviRebT muxtis gadamtanebis Zvradobis tempera-

turul damokidebulebas, temperaturis Semcirebam SeiZleba kristalze 

moqmedi susti magnituri veli Zlieri gaxados. 
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5.7. holis efeqti 

 

 galvanomagnitur movlenebs Soris holis efeqti gamoirCeva Tavisi 

uaRresad didi meToduri da praqtikuli mniSvnelobiT. magaliTad, erTis 

mxriv, igi warmoadgens yvelaze farTod gavrcelebul meTods muxtis 

gadamtanebis koncentraciis dasadgenad. xolo meores mxriv, holis efeqtze 

dayrdnobiT moqmedeben magnituri velis mzomi kompaqturi gadamwodebi. 

aRsaniSnavia isic, rom holis efeqti yovelTvis Tan axlavs nebismier 

galvanomagnitur movlenas. 

 holis efeqts safuZvlad udevs eleqtrul da magnitur velebSi 

moTavsebul kristalSi moZravi muxtis gadamtanis reagireba lorencis 

Zalis moqmedebaze 

 BVeeFFF dLML   .                      (5.40) 

 procesis mimdinareoba sqematurad ganxilulia 5.11. naxazze b  

siganisa da d  sisqis, n  da p  tipis naxevrad gamtarebisaTvis. dreifSi 

monawile muxtis gadamtanebis gadaxra LMF  Zalis gavleniT, ganapirobebs   

da B  veqtorebisadmi marTobuli kristalografiuli mimarTulebis 

gaswvriv muxtebis gancalkevebis da, Sedegad, H  daZabulobis holis velis 

(anu Sesabamis waxnagebs Soris 
HU  holis Zabvis) aRZvras. 

 

naxa. 5.11. holis efeqtis ganmsazRvreli procesebis sqema 
p  da n tipis naxevrad gamtarebisaTvis 
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 muxtebis gancalkevebiT Seqmnili holis eleqtruli  veli Tavadac 

Caereva am procesSi da muxtebis dagroveba waxnagebze Sewydeba, rodesac es 

veli miaRwevs iseT mniSvnelobas, rom misi mxridan muxtis gadamtanze 

moqmedi MF  Zala SeZlebs gancalkevebis ganmapirobebuli LMF  lorencis 

Zalis gakompensirebas. swored am  

LMM FF                               (5.41) 
pirobis gamoyenebiT SesaZlebelia martivad miviRoT procesis maxasiaTe-

beli parametrebis damakavSirebeli iseTi gamosaxuleba, romelic kris-

talSi muxtis  gadamtanebis  koncentraciis dadgenis saSualebas iZleva. 

 Tu CavTvliT, rom yvela muxtis gadamtans erTnairi siCqare gaaCnia 

(magaliTad, Zlierad gadagvarebul  naxevrad gamtarSi), maSin 
en

J
V d   drei-

fuli siCqaris da (5.40) gamosaxulebebis (5.41)-Si gaTvaliswinebiT miviRebT: 

.
1

JBRJB
en

HH                            (5.42) 

 mosaxerxebelia (5.42)-is Cawera holis ZabvisaTvis kristalSi gamavali 

denis Zalis gamoyenebiT  JbdI  : 

.
d

IB
RU HH                             (5.43) 

 Semotanili holis koeficiantia 
en

RH

1
  gamosaxuleba marTebulia 

maSinac, Tu siCqareTa tolobis piroba ar sruldeba, magram muxtis gadam-

tanebis relaqsaciis dro siCqareze araa damokidebuli, an Zlieria 

magnituri veli. yvela sxva SemTxvevaSi gaTvaliswinebuli unda iyos mux-

tis gadamtanebis gabnevis konkretuli meqanizmi, rac A hol-faqtoris 

meSveobiT xorcieldeba (cxrili 5.1) 

.
en

A
RH                               (5.44) 

 Tu cnobili iqneba holis koeficienti, maSin koncentraciasTan erTad 

gansazRvruli iqneba gamtarobis tipic. vinaidan eleqtronuli da 

xvreluri gamtarobisaTvis holis mudmivas gansxvavebuli niSnebi eqnebaT. 

kristalSi Seqmnili jamuri velis daZabuloba 
HO    holis   

kuTxes adgens sawyisi eleqtruli velis   daZabulobis veqtorTan 

(nax .5.12).  magram holis HF  da lorencis LMF . Zalebis kompensaciis gamo 
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muxtis gadamtanebi kvlav wrfivad moZraoben _ stacionalur pirobebSi 

isini mxolod   velis zegavlenze reagireben. 

cxrili 5.1 

hol-faqtoris mniSvnelobebi sxvadasxva gabnevis meqanizmebisas 

 N  I   TO   TO  A 

r  
2

1
  2 

2

1
 1 0 

A 1 1,93 0,99 1,11 1,17 

 

  

nax. 5.12. holis kuTxe da denis mimarTuleba stacionarul 
pirobebSi myofi kristalisaTvis 

 

nax.5.12 da (5.42) Tanafardobis Sesabamisad 

     

.BR
JBR

tg H
HH 



                          (5.45) 

 susti magnituri velisas   holis kuTxec mcirea da  

.
BB

tg
RH


                                 (5.46) 

aq 
HR  da   kinetikuri koeficientebis mniSvnelobebis gaTvaliswinebiT, 

miviRebT 

.
B

A


                                 (5.47) 

dreifuli Zvradobis namravls hol-faqtorze holis Zvradobas uwodeben 

.
B

RA HH


                             (5.48) 

maSasadame, holis efeqtis Seswavla saSualebis gvaZlevs (
HR  da   gansa-

zRvris gziT) vimsjeloT muxtis gadamtanebis Zvradobazec minareul 

naxevrad gamtarSi. Tumca, dadgenili holis Zvradoba SeiZleba A -jer 

aRematebodes dreiful Zvradobas. 

 Tu kristalSi Sereuli gamtaroba xorcieldeba, maSin holis efeqtis 

analizi mniSvnelovnad rTuldeba. lorencis Zalis gavleniT eleqtro-

nebic da xvrelebic erTi waxnagisaken gadaixrebian (nax. 5.11). amitom, 
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dagrovebuli moculobiTi muxti SedarebiT mcire iqneba. amave dros, 

muxtebis sruli urTierTkompensaciac ar aris albaTuri (toli koncentra-

ciis pirobebSic), eleqtronebis da xvrelebis gansxvavebuli Zvradobis 

gamo. stacionaruli mdgomareoba miiRweva, rodesac moxdeba eleqtronebis 

da xvrelebis nakadebis gaTanabreba, erTi niSnis muxtis gadamtanebze 

aRZruli holis velis amaCqarebeli, xolo meoreze damamuxruWebeli zegav-

lenis gamo. holis koefientisaTvis gveqneba  

   
.

2

22

2

22

pn

np

pn

nnpp

H
pn

np

e

A

pne

nApA
R

















                  (5.49) 

 aq gaTvaliswinebulia, rom gadaugvarebul naxevrad gamtarSi 

.AAA np   sakuTari naxevrad gamtarisaTvis b
p

n 



 aRniSvnis gamoyenebiT 

miviRebT 

    
.

1

1

b

b

en

A
RH




                           (5.50) 

 Sereuli gamtarobisas holis koeficientis (iseve rogorc zeebekis S  

koeficientis) niSani calsaxad ver gansazRvravs muxtis ZiriTadi gadamta-

nebis tips, aramed gamtarobis prioritetul gvarobaze migvaniSnebs mxo-

lod. cdiT dadgenili holis Zvradoba ki dakavSirebulia eleqtronebis da 

xvrelebis holis ZvradobasTan Semdegi gamosaxulebiT: 

       

.
pn

HnnHpp

H








                      (5.51) 

 sakuTari naxevrad gamtarisaTvis, pn AA   daSvebis gaTvaliswinebiT 

miviRebT 

   
  .1

1

1

11

2

2

Hp

pnpHnHp

H b
b

bA

b

bA

b

b



 














        (5.52) 

 amrigad, holis efeqtis Seswavla saSualebas gvaZlevs ganvsazRvroT 

muxtis Tavisufali gadamtanebis koncentracia da Zvradoba, xolo holis 

koeficientis temperaturuli damokidebulebiT ( 1ln RT  grafikis meSveobiT), 

martivad da maRali sizustiT davadgenT aqtivaciis energias (akrZaluli 

zonis siganes, Tu minarevis ionizaciis energias temperaturuli inter-

valis mixedviT). 
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5.8. gausis efeqti 

 
 gausis, anu grZivi magnitowinaaRmdegobis efeqts safuZvlad udevs 

dreifSi monawile muxtis gadamtanebis traeqtoriis gamrudeba (
eB

Vmr
*



simrudis radiusiT) magnituri velis gavleniT. Tavisufali ganarbenis 

sigrZe gareSe eleqtruli velis mimarTulebis gaswvriv mcirdeba 

 ,5,01cos 22 Blll Hx                            (5.53) 

da Sesabamisad izrdeba winaaRmdegoba, magram movlenis realuri, Tvisob-

rivi axsna, ki gacilebiR ufro Rrma fizikur midgomas moiTxovs. 

 urTierTmarTob eleqtrul da magnitur velebSi moTavsebul kris-

talSi dreifSi monawile muxtis gadamtani grZnobs ara marto traeqtoriis 

gamamrudebeli lorencis Zalis moqmedebas, romlis gavleniTac is unda 

Semobrundes  

*m
eB

r

l 
                              (5.54) 

kuTxiT, aramed makompensirebeli holis Zalis zegavlenasac. yvela muxtis 

gadamtani relaqsaciis drois efeqtur masasTan erTnairi fardobiT rom 

xasiaTdebodes, maSin TiToeul gadamtanze moduliT toli lorencis da 

holis Zalebi imoqmedebda da aRsdgeboda moZraoba sawyisi eleqtruli 

velis mimarTulebiT (cxadia, ucvleli darCeboda winaaRmdegobac). amrigad, 

gausis efeqti aRiZvreba, mxolod maSin, Tu kristalSi arseboben gansxvave-

buli 
*m


 fardobis mqone muxtis gadamtanebi, rac Tavis mxriv, maTi ener-

giis (siCqaris) mixedviT garkveuli ganawilebiT da  -s energiaze damokide-

bulebiT aris gamowveuli. am SemTxvevaSi holis veli mxolod garkveuli, 

saSualo mniSvnelobis kuTxiT gadaxris aRmofxvras SeZlebs. muxtis gadam-

tanebze moqmedi holis Zala toli iqneba saSualo dreifuli siCqaris Sesa-

bamisi lorencis Zalisa. saSualo gadaxris kuTxeze metad an naklebad 

gadaxrili (e.i. saSualo siCqarisagan gansxvavebuli dreifuli siCqariT 

moZravi) muxtis gadamtanis Tavisufali ganarbenis sigrZe, gareSe eleqtru-

li velis mimarTulebiT, Semcirdeba da magnituri velis pirobebSi arse-

buli 
B  winaaRmdegobas meti iqneba sawyis 0  winaaRmdegobaze. 

 gausis efeqti aiwereba magnitowinaaRmdegobis x  kinetikuri koefici-

entiT 
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2

0

0 BB 






                             (5.55) 

  mudmivaa susti magnituri velisas da misi sidide muxtis gadamtanebis 

dreifuli ZvradobiT da gabnevis meqanizmebiT ganisazRvreba 

 ,22 AC                         (5.56) 

aq C  aRwers eleqtronis (an xvrelis) traeqtoriis gamrudebas magnituri 

veliT, xolo A hol-faqtoriT holis velis makompensirebeli zegavlenis 

gaTvaliswineba xdeba. 

 sakuTar naxevrad gamtarSi (5.56) Semdeg saxes miiRebs: 

     .111 22132 bAbbCp 


                  (5.57) 

 Zlier magnitur velSi magnitowinaaRmdegobis koeficienti mcirdeba 

2
1
b

-is proporciulad, ris gamoc, Tu sust velSi winaaRmdegoba izrdeboda 

Zlier velSi is aRwevs najerobas. akustikur fononebze gabnevisas, 

najeroba winaaRdegobis 12 %-is toli cvlilebisas miiRweva. 

 2

0 1 BB        (5.58) 

 magnitowinaaRmdegobis mTeli rigi cnobili anomaliebis ganxilva da 

gansakuTrebiT axsna scildeba warmodgenili kursis CarCoebs. aRvniSnavT 

mxolod, rom winaaRmdegobis SesaZlo cvlilebas, paraleluri magnituri 

da eleqtruli velebis pirobebSi, ukavSireben zonebis SedarebiT rTuli 

izoenergetikuli zedapirebis arsebobas, xolo uaryofiT magnitowinaaRmde-

gobas (mis Semcirebas magnitur velSi) _ minareuli mdgomareobis zegav-

lenas. 

 

 

5.9. etingshauzenisa da nernstis efeqtebi 

 
 muxtis gadamtanebis ganawileba siCqaris mixedviT da amdenad, gansxva-

vebuli *m
  fardobis mqone gadamtanebis arseboba (urTierTmarTobul 

magnitur da eleqtrul velebSi moTavsebul kristalSi), ara marto winaaR-

mdegobis cvlilebas, aramed eleqtruli velisadmi marTobuli da para-

leluri mimarTulebebiT temperaturuli gradientebis aRZvrasac gana-

pirobebs. 

 vinaidan, lorencis da holis Zalebi stacionarul pirobebSi awonas-

woreben erTmaneTs, mxolod saSualo dreifuli siCqariT moZravi muxtis 
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gadamtanebisaTvis, amitom, am saSualo siCqaresTan SedarebiT swrafad da 

nela moZravi (meti da naklebi energiis) muxtebi gadaixrebian lorencis da 

holis Zalebis moqmedebis wrfis gaswvriv, kristalis mopirdapire  waxnage-

bisaken da waxnagebis temperaturaTa sxvadasxvaobas gamoiwveven, amrigad, 

gaCndeba ganivi temperaturuli gradienti (etingshauzis efeqti) 

zx

E BJAT                               (5.59) 
EA  _ etingshauzenis kinetikuri koeficienti muxtis gadamtanebis Zvrado-

basa da gabnevis meqanizmze, agreTve kristalis siTbogamtarobazea 

damokidebuli 

  

 

qe

HE r

e

Tk
A










5,00                          (5.60) 

 zemo ganxilulis Sesabamisad, gabnevis meqanizmis da, e.i.  -s 

energiaze (5.60) damokidebulebis mixedviT ganisazRvreba efeqtis niSani. 

marTlac, (5.60) ZaliT, 0EA  ionizirebul minarevebze gabnevisas  2r  da 

0EA  akustikur fononebze gabnevisas  0r . 

 grZivi temperaturuli gradientis aRZvra (nernstis efeqti) 

2

// zx

N BJAT                               (5.61) 

Sedegia dreifSi monawile sxvadasxva siCqaris mqone muxtis gadamtanebis 

gansxvavebuli damuxruWebisa magnitur velSi. gansxvavebuli aRmoCndeba 

kristalis mopirdapire waxnagebze (denis mimarTulebis gaswvriv) muxtis 

gadamtanebiT dagrovebuli siTburi energiac. NA  _ nerstis koeficientis 

niSanic. EA  msgavsad, gabnevis meqanizmzea damokidebuli. Tu 
2

1r , maSin 

meti energiis muxtebis wvlili denSi mcirdeba da kristalis temperatura 

iklebs muxtis gadamtanebis moZraobis mimarTulebiT. rodesac 
2

1r  ufro 

Zlierad muxruWdeba neli gadamtanebi da maTi moZraobis mimarTulebiT 

kristalis temperatura matulobs. 

 dabal temperaturaze  T , optikur fononebze gabnevisas 
2

1r ,   

relaqsaciis dro energiaze damokidebuli ar aris (5.60) da etingshauzenis 

da nerstis efeqtebi ar aRiZvreba. 
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5.10 Termomagnituri movlenebi 

 
 muxtebis mimarTuli moZraoba ganapirobebs ara marto 

eleqrogamtarobas, aramed siTbogamtarobasac. amitom, Tu magnitur velSi 

movaTavsebT kristals, romelSic arsebobs temperaturuli gradientiT 

ganpirobebuli energiis mimarTuli nakadi, aRiZvreba galvanomagnituri 

efeqtebis analogiuri oTxi Termomagnituri movlena (nax. 5.13.). 

 

nax. 5.13. Termomagnituri procesebis sqematuri warmodgena 

 

1) sawyisi Tx  temperaturuli gradientis da 
zB  magnituri velis mimarT 

marTobuli eleqtruli velis NE

  aRZvra, anu nernst-etingshauzenis 

ganivi efeqti; 

2) sawyisi Tx  temperaturuli gradientis gaswvriv eleqtruli velis NE

//  

aRZvra (rac am mimarTulebiT zeebekis koeficientis cvlilebis 

gamomxatvelia), anu nernst-etingshauzenis grZivi efeqti; 

3) sawyisi Tx  temperaturuli gradientis da 
zB  magnituri velis mimarT 

marTobuli T  temperaturuli gradientis aRZvra, anu rigi _ lediukis 

efeqti (holis efeqtis siTburi analogi). 

4) sawyisi Tx  temperaturuli gradientis gaswvriv kidev erTi temperatu-

ruli gradientis T//  aRZvra (rac am mimarTulebiT siTbogamtarobis 

koeficientis cvlilebis gamomxatvelia), anu maji _  rigi _ lediukis 

efeqti (gausis efeqtis siTburi analogi). 

 Termomagnituri procesebis axsna emyareba kristalSi mimarTulad 

moZravi, SedarebiT swrafi (meti energiis)da neli muxtis gadamtanebis 
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arsebobas, maTi relaqsaciis drois energiaze damokidebulebas, ris gamoc 

isini gansxvavebuli kuTxeebiT (5.54) gadaixrebian magnitur velSi. iseve, 

rogorc galvanomagnituri movlenebis SemTxvevaSi, ganivi efeqtebi kentia, 

xolo grZivi _ luwi. 

 5.2 paragrafSi naCvenebi iyo, rom temperaturuli gradientis piro-

bebSi stacionaruli mdgomareoba miiRweva, rodesac aRZruli Termoeleq-

truli veli gradientis TanamimarTuli ,,civi~ muxtebis dreifuli nakadiT 

gaakompensirebs ,,cxeli~ gadamtanebis difuzur nakads (nax. 5.3.). magnituri 

velis modebisas, difuziaSi da dreifSi monawile muxtis gadamtanebi, 

lorencis Zalis gavleniT, kristalis mopirdapire waxnagebisaken gadaix-

rebian. vinaidan isini, rogorc wesi, sxvadasxva relaqsaciis droiT xasiaT-

debian, maTi gadaxris kuTxeebi gansxvavebuli aRmoCndeba. Sedegad, 

waxnagebze erTi niSnis, ara toli muxtebi dagrovdeba, gaCndeba ganivi 

nernst-etingshauzenis NE

  eleqtruli veli (nax. 5.14.), romelic garkveuli 

mniSvnelobis miRwevisas Tavad SeZlebs aRkveTos muxtebis Semdgomi 

dagroveba (makompensirebeli sakuTari nakadiT). efeqti aRiwereba nernst-

etinsghauzenis NEA  ganivi kinetikuri koeficientiT,   

.zx

NENE TBA                           (5.62) 

romlis sidide, sferuli simetriis zonis mqone gadaugvarebeli naxevrad 

gamtarisaTvis holis ZvradobiT da gabnevis meqanizmiT ganisazRvreba, xo-

lo niSani _ ,,cxeli~ da ,,civi~ muxtis gadamtanebis relaqsaciis droTa (

CH   ) sxvaobazea damokidebuli. rodesac 
2

1r  (gabneva ionizirebul 

minarevebze an optikur fononebze), swrafi gadamtanebi meti kuTxiT gadaix-

rebian (radgan CH   ) da nernst-etingshauzenis vels eqneba erTi 

mimarTuleba, xolo Tu 
2

1r  (e.i. CH   ), maSin  NE

 -Tvis gamovlindeba 

sapirispiro niSani (,,civi~ gadamtanebi metad ixrebian, magaliTad, 

akustikur fononebze gabnevisas) 

.
2

10








 r

e

k
A H

NE                        (5.63) 

holis movlenisagan gansxvavebiT, efeqtis niSani ar aris damokide-

buli muxtis gadamtanebis tipze da Sereuli gamtarobisas eleqtronebis 

da xvrelebis wvlili jamdeba. marTlac, temperaturuli gradientis 

gavleniT eleqtronebic da xvrelebic erTi mimarTulebiT difundireben, 
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lorencis Zala maT sapirispiro mimarTulebiT gadaxris da amitom, maT 

mier Seqmnili nernst-etingshauzenis velebis daZabulobebi Seikribeba. 

 

 

nax. 5.14 ganivi nernst-etingshauzenis da rigi-lediukis efeqtebis aRZvra  

(magaliTisaTvis aRebulia p -tipis naxevrad gamtari da .
2

1r  
H

DV  da 
HB

DV _ 

difuziaSi monawile ,,cxeli~ xvrelebis siCqare, Sesabamisad 0B  da 0B  

pirobebSi. dreifSi Cabmuli ,,civi~ xvrelebisaTvis analogiurad 
C

dV  da 
CB

dV ) 
 

  

 vinaidan difuziaSi da dreifSi ,,cxeli~ da ,,civi~ muxtis gadamtanebi 

lorencis Zalis gavleniT kristalis mopirdapire waxnagebisaken gadaix-

rebian, an waxnagebis temperatura gansxvavebulad Seicvleba _ gaCndeba 

rigi-lediukis ganivi temperaturuli gradienti 

.zx

RLRL TBAT                         (5.64) 

 aRsaniSnavia, rom RLT  nulisagan gansxvavebuli iqneba maSinac, 

rodesac ,,cxeli~ da ,,civi~ muxtis gadamtanebis gadaxris kuTxeebi 

erTnairia ( -s energiaze damoukideblobis gamo, magaliTad, 
2

1r  gabnevis 

faqtorisas), xolo RLA  rigi-lediukis kinetikuri koeficientis niSani 

muxtis gadamtanis tipzea damokidebuli da, amitom Sereuli gamtarobisas 

efeqti sustad iqneba gamovlenili. sferuli simetriis daSvebuli zonis 

mqone gadaugvarebeli naxevrad gamtarisaTvis, Sesabamisad, susti da Zlieri 

magnituri velebis SemTxvevaSi. 
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                       O(5.65) 

.
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2

2

0
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e

k
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q
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                         (5.66) 

 gamomdinare (5.66)-dan, Zlieri magnituri velisas, rigi-lediukis 

koeficienti ar aris damokidebuli gabnevis meqanizmze da siTbogamtarobis 

mxolod fononuri wvliliT ganisazRvreba. swored amitom, rigi-lediukis 

efeqti q -s dadgenis erT-erT ZiriTad, pirdapir meTods warmoadgens 

(cxadia, es moxerxdeba, Tu kristalSi muxtis gadamtanebis Zvradoba 

maRalia da martivad miiRweva 1b  piroba). 

 Tx  sawyisi temperaturuli gradientis gaswvriv, rogorc difuziaSi, 

aseve dreifSi monawile muxtis gadamtanebis Tavisufali ganarbenis sigr-

Zis da siCqareTa cvlileba, magnituri velis traeqtoriis gamamrudebeli 

zegavlenis gamo, cxadia, cvlis grZivi gadataniTi procesebis aRmwer 

kinetikur koeficientebsac. kerZod, l -is Semcireba uSualod ganapirobebs 

maji-rigi-lediukis movlenas _ icvleba eleqtronuli siTbogamtarobis 

koeficienti MRL

e , 2

ze

MRLMRL

e BA    sawyisi Tx  temperaturuli gradienti, 

e.i. faqtiurad aRiZvreba damatebiTi MRLT//  gradienti ,,cxel~ da ,,civ~ 

muxtis gadamtanTa siCqareTa 

 C

d

H

D VV                        (5.67) 

sxvaobis (romelic Termo em Zalis sididis ganmsazRvrelia stacionarul 

pirobebSi) mgrZnobiaroba magnituri velis mimarT ganapirobebs zeebekis S  

koeficientis (Termoeleqtruli velis) cvlilebas, rac damatebiT nernst-

etingshauzenis grZivi velis NE

//  aRZvras niSnavs 

2

//// zx

NENE TBSA                            (5.68) 

da  

    

 
.

1
2//

S

BSS

B
A

z

NE 
                           (1.69) 

 eleqronuli siTbogamtaroba magnitur velSi mcirdeba yovelTvis, 

maSinac ki, rodesac   ar aris damokidebuli energiaze  
2

1r . Termo em 

Zala mcirdeba Tu   energiis zrdadi funqciaa  
2

1r  da izrdeba rodesac 

klebadia  
2

1r . aRsaniSnavia agreTve, rom Zlier magnitur velSi Termo em 

Zala najerobas aRwevs da gabnevis meqanizmisagan damoukidebeli xdeba. 
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Tavi VI 

optikuri movlenebi naxevrad gamtarebSi 

 

6.1. optikuri parametrebi da kavSiri maT Soris 

 
 rogorc ukve vnaxeT, naxevrad gamtarebSi mimdinare procesebi ori 

gansxvavebuli poziciidan SeiZleba SevafasoT: jer erTi, movlenis 

Sefasebis kriteriumad gamoviyenoT masze dafuZnebuli xelsawyos Seqmnis 

SesaZlebloba, misi muSaobis efeqturobis sakiTxi (mag: Termoeleqtrul 

movlenaze dayrdnobiT moqmedeben temperaturis gamzomi xelsawyoebi, pel-

ties efeqtze _ macivrebi, Termiuli generatorebi da a.S.) da meorec, ama 

Tu im efeqtis mniSvnelobaze msjelobisas gaviTvaliswinoT, Tu ramdenad 

gamodgeba igi, rogorc naxevrad gamtaris Tvisebebis Seswavlis meTodi 

(mag, holis efeqti farTod gamoiyeneba naxevrad gamtarebSi muxtis gadamta-

nebis koncentraciis dasadgenad; eleqtrogamtarobis Seswavla aqtivaciis 

energiis dasadgeni martivi saSualebaa da a. S.). 

 aqedan gamomdinare, naxevrad gamtarebSi mimdinare optikuri movlene-

bi gansakuTrebul mniSvnelobas iZenen: jer erTi, maT safuZvelze mravali, 

teqnikaSi farTod gamoyenebuli xelsawyo muSaobs; meores mxriv, optikuri 

movlenebi warmoadgens sakmaod xelmisawvdom da, rac mTavaria, maRali si-

zustis meTodebs naxevrad gamtarebis iseTi mniSvnelovani parametrebis 

dasadgenad, rogoricaa akrZaluli zonis sigane, efeqturi masa da sxv. 

 kristalSi mimdinare yvela optikuri procesis daxasiaTeba zogadad, 

SesaZlebelia sul sami _ oTxi parametris meSveobiT, magram praqtikuli 

gamoTvlebis gasaioleblad farTod gavrclebuli optikuri parametrebis 

ricxvi gacilebiT didia. 

 samive ZiriTadi optikuri movlena _ gardatexa, arekvla, STanTqma_ 

SeiZleba aRiweros kompleqsuri gardatexis maCvenebliT an kompleqsuri 

dieleqtrikuli SeRwevadobiT (dieleqtrikuli funqciiT): 

,* iknn                    (6.1) 

  .21

0

1

2





 iiikn                       (6.2) 

 am gamosaxulebebis namdvili nawilebi - n  gardatexis maCvenebeli da 

  dieleqtrikuli SeRwevadoba ZiriTadad aRweren gardatexisa da 

arekvlis procesebs, xolo koeficientebi warmosaxviT nawilebTan _ k  
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STanTqmis maCvenebeli (eqstinciis koeficientebi) ,2  da zogierT SemTxve-

vaSi eleqtrogamtaroba   gamoiyeneba STanTqmis procesebis aRwerisas. 

 2  eleqtromagnituri talRis sixSirea, xolo 0  _ eleqtruli mudmi-

va. cxadia, rom 

               .22

1 kn                   (6.3) 

     

.2
0

2



  nk                   (6.4) 

 optikuri procesebis eqsperimentuli Seswavlisas, zemoT aRniSnuli 

parametrebis uSualo dadgena gaZnelebulia. amitom, Semotanilia kidev 

STanTqmis koeficientis  , arekvlis koeficientis R  da gamWvirvalobis T  

cnebebi. STanTqmis koeficienti axasiaTebs kristalis erTeulovan sisqeze 

fotonis STanTqmis albaTobas (garemoSi 


1  manZilis gavlisas talRa 

sustdeba e -jer) da dakavSirebulia STanTqmis maCvenebelTan Semdegi gamo-

saxulebiT: 

    

,
122

0

2

nccnc

kk 








                       (6.5) 

sadac   sinaTlis talRis sigrZea, magram eqsperimentulad pirdapir arc 

STanTqmis koeficienti ganisazRvreba. eqsperimenti saSualebas gvaZlevs 

advilad vipovoT arekvlis koeficienti R  da gamWvirvaloba T , xolo Sem-

dgom maTi saSulebiT gaviangariSoT sxva optikuri parametrebi (sinaTlis 

normaluri an masTan miaxloebuli dacemisas da interferenciuli efeqte-

bis ugulebelyofisas)  

        

 
 

.
1

1
22

22

kn

kn
R




                 (6.6) 

 
,

1

1
22

2

d

d

eR

eR
T












                     (6.7) 

sadac d  kristalis sisqea, xolo R -sa da T -s gaaCniaT Semdegi martivi 

azri: arekvlis koeficienti R  aris kristalis zedapiridan arekvlili 

sinaTlis I  intensivobis fardoba dacemul 0I  intensivobasTan 

         0I

I
R                       (6.8) 

da gamWvirvaloba T  _ kristalidan gamosuli sinaTlis intensivobis I  

fardoba dacemulTan 

0I

I
T                          (6.9) 
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(6.6)-dan gamomdinare arekvlis koeficienti damokidebulia STanTqmis 

koeficientze, STanTqmis zrdisas izrdeba arekvlac 1R , roca 1k , e.i. 

adgili aqvs dacemuli sinaTlis TiTqmis srul arekvlas. amiT aixsneba 

liTonebis mier sinaTlis Zlieri arekvla (liTonuri brwyinva). amgvarad, 

Tu speqtris garkveul ubanSi nivTiereba Zlieri STanTqmiT xasiaTdeba, 

maSin amave ubanSi, igi Zlierad ireklavs dacemul sinaTles. amave dros 

(6.6) gamosaxuleba gviCvenebs, rom arekvlas adgili aqvs im SemTxvevaSic ki, 

rodesac nivTiereba saerTod ar STanTqavs sinaTles _ 0R , roca 0k . 

 myari sxeulebis optikuri Tvisebebis Seswavlisas yovelTvis ar 

xerxdeba yvela procesis Tanasworuflebiani kvleva; zogierT kristals 

axasiaTebs imdenad Zlieri STanTqma, rom gamWvirvalobis dadgena SeuZlebe-

li xdeba _ izomeba mxolod arekvla. amave dros, naxevrad gamtaris 

zonuri struqturis Seswavlis TvalsazrisiT, gacilebiT meti mniSvneloba 

eniWeba STanTqmis movlenas, misi parametrebis codnas, vidre arekvlas. amis 

gamo, saWiro xdeba arekvlis speqtris saSualebiT gavTvaloT STanTqmis 

speqtri, ris saSualebasac iZleva kramers-kronigis dispersiuli Tanafar-

dobebi, romlebic erTmaneTTan akavSirebs kompleqsuri optikuri paramet-

rebis namdvil da warmosaxviT nawilebs 

 
 







0

2

0

2

2
01

2
1








d
   an     

 
.

2
1

0

2

0

20 












dk
n          (6.10) 
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dn
k        (6.11) 

 am gamosaxulebebSi ganixileba integralis mTavari mniSvneloba 

0  SualedSi. 

 naxevrad gamtarSi garkveuli energiis sinaTlis kvantis STanTqma, 

ZiriTadad, dakavSirebulia eleqtronis energetikuli mdgomareobis cvli-

lebasTan, romelic mimdinareobs energiisa da impulsis Senaxvis kanonebis 

dacviT. ganvixiloT STanTqmis procesi, romlis drosac eleqtroni 

asrulebs zonaTaSoriso gadasvlas savalento zonidan gamtarobis zonaSi. 

vTqvaT, zonebi sferuli simetriisa da martivi agebulebisaa. sawyis mdgoma-

reobaSi eleqtronis energia da talRuri veqtori iyos 
1E  da ,1k  saboloo-

Si _ 
2E  da 2k  (nax. 6.1) 
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nax. 6.1. k  _ sivrceSi eleqtronuli gadasvlebi optikuri STanTqmisas 

a) pirdapiri gadasvlebi; b) arapirdapiri gadasvlebi 
 

 energiis Senaxvis kanonis Tanaxmad, energetikuli intervali eleqtro-

nis saboloo da sawyis mdgomareobebs Soris STanTqmuli kvantis energiiT 

ganisazRvreba, xolo procesSi ori nawilakis _ eleqtronis da fotonis 

monawileoba niSnavs, rom eleqtronis kvaziimpulsis cvlileba mxolod 

fotonis impulsiT SeiZleba iyos ganpirobebuli 

 012 EEE .                  (6.12) 

  .1212   kkPP                          (6.13) 

simciris gamo fotonis impulsi SeiZleba ugulebelvyoT 0  e.i.  

12 kk  .                 (6.14) 

fotonis STanTqmisas eleqtronis gadasvla 0E  RreCos gadalaxviT SesaZ-

lebelia mxolod talRuri veqtoris Seucvlelad (eleqtronis saboloo 

da sawyisi mdgomareoba briulenis zonis erTsa da imave wertilSi unda 

mdebareobdes), maT pirdapir gadasvlebs uwodeben. amave dros, mraval 

realur naxevrad gamtarSi (Tavi II) savalento da gamtarobis zonis abso-

luturi eqstremumebi briluenis zonis sxvadasxva wertilebSia ganlage-

buli (nax. 6.1. b) da am naxevrad gamtarSi eqsperimentulad SeimCneva iseTi 

fotonis STanTqma, romlis energia uaxlovdeba akrZaluli zonis siganes 

da gacilebiT mcirea pirdapiri gadasvlis 0E  energiaze. maSasadame, STanT-

qmuli fotonis energiis xarjze eleqtroni asrulebs zonaTaSoriso 

gadasvlas talRuri veqtoris cvlilebiT (arapirdapiri gadasvla). impul-

sis mudmivobis kanonis Sesasruleblad STanTqmis procesSi mesame nawi-

lakis monawileoba xdeba aucilebeli. am nawilakad q  energiisa da q  

impulsis mqone fononi gvevlineba. amrigad,  

qEE    12                            (6.15) 
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da  

       
qPP  12 ,                  (6.16) 

anu 

.12 qkk                         (6.17) 

 „ “ niSani (6.15)-Si iTvaliswinebs procesis mimdinareobis SesaZleb-

lobas, rogorc fononis STanTqmiT, aseve gamosxivebiT. 

 

 

6.2. oscilatoris Zala.  

kombinirebul mdgomareobaTa simkvrive 

 
 imisaTvis, rom kristalSi mimdinare STanTqmis procesebis mixedviT 

vimsjeloT energetikuli zonuri struqturis maxasiaTebel parametrebze, 

gansazRvruli unda iyos is kavSiri, romelic arsebobs STanTqmis speqtrsa 

da energetikuli zonuri struqturis Taviseburebebs Soris. 

 STanTqmis koeficienti (romelic, rogorc aRniSnuli iyo, gansazRv-

ravs fotonis STanTqmis albaTobas) eleqtronis zonaTaSoriso gadasvle-

biT ganpirobebuli STanTqmisas dakavSirebulia am gadasvlebis albaTobas-

Tan, savalento zonaSi dakavebul da gamtarobis zonaSi Tavisufal mdgoma-

reobaTa ricxvTan. am faqtorebis gaTvaliswinebiT gadasvlebis kvantur 

TeoriaSi STanTqmis  koeficientisaTvis miRebulia Semdegi gamosaxuleba: 

   .12 EBf r                          (6.18) 

sadac B  aris mudmiva; 
12f  - sawyisi mdgomareobidan saboloo mdgomareo-

baSi eleqtronis gadasvlis oscilatoris Zala;  Er  _ kombinirebul 

mdgomareobaTa simkvrive. zogadad 

   120

12

12

2

EEm

kPk
f




                           (6.19) 

oscilatoris Zalis mricxvelSi warmodgenilia kvaziimpulsis P  

operatoris matriculi elementis moduls kvadrati eleqtronis sawyisi 

mdgomareobidan saboloo mdgomareobaSi gadasvlisas: 0m  - eleqtronis 

masa, 
2E  da 

1E  _ saboloo da sawyis mdgomareobebis energiebi. 

 oscilatoris Zala 
12f  proporciulia sawyisi mdgomareobidan sabo-

loo mdgomareobaSi eleqtronis gadasvlis albaTobisa da gansazRvravs 
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mocemuli gadasvlis wvlils STanTqmaSi. Tu ,012 f  maSin gadasvlas, kvan-

turi SerCevis wesis Tanaxmad, akrZaluli ewodeba, xolo Tu ,012 f  _ 

daSvebuli. izolirebul atomSi eleqtronebis gadasvlisaTvis arsebobs 

SerCevis metad martivi wesi: eleqtronis sawyisi da saboloo mdgomareobis 

orbitaluri momentis cvlileba erTis toli unda iyos  ,1l  magram 

izolirebul atomSi arsebuli es SerCevis wesi kristalis SemTxvevaSi 

mkacrad ar sruldeba. amis mizezi _ kristalis Semadgenel nawilakebs 

Soris arsebuli rTuli urTierTqmedebaa, romelic ganapirobebs SerCevis 

wesis Tanaxmad akrZaluli gadasvlebis ganxorcielebasac. Tumca, es gadas-

vlebi sustia da maTi albaToba daSvebuli gadasvlebis albaTobasTan 

SedarebiT _ mcire. 

 imisaTvis, rom SeviswavloT STanTqmis koeficientis sixSiruli damo-

kidebuleba  ,  saWiroa vicodeT oscilatoris Zalis energiaze damo-

kidebuleba. gadasvlis 0P  wertilis maxloblobaSi gadasvlis albaTobis 

funqcia davSaloT mwkrivad, maSin: 

        ...
2

1
0

0

2

2

0

0

0 



PP
Pd

Wd
PP

Pd

dW
PWPW

PPPP

         (6.20) 

Tu energetikuli zonebi, romelTa Sorisac xdeba eleqtronebis gadasvla, 

Seqmnilia iseTi atomuri mdgomareobebiT, romelTaTvisac 1l , maSin ga-

dasvla daSvebulia,   00 PW  da SeiZleba SemovifargloT nulovani miax-

loebiT 0P  wertilis maxloblobaSi. aqedan gamomdinare,     constPWPW  0  

da e.i. W -s proporciuli oscilatoris Zalac 
12f  mudmivi, energiisagan 

damoukidebeli sidide iqneba, daSvebuli gadasvlebisaTvis _ constf 12
. 

 akrZaluli gadasvlebisaTvis gadasvlis albaToba 0P  wertilSi 

nulis toli unda iyos:   00 PW  da  PW  SefasebisaTvis unda aviRoT gaS-

lis Semdegi wevri: 

   0

0

PP
Pd

dW
PW

PP




                   (2.21) 

da Tu gaviTvaliswinebT oscilatoris Zalis kvaziimpulsze kvadratul 

damokidebulebas (6.19), akrZaluli gadasvlebisaTvis Sesruldeba piroba 

   20~ PPPW  , e.i. akrZaluli gadasvlebisaTvis 0P  wertilSi oscilatoris 
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Zala emorCileba Semdeg Tanafardobas:  2012 ~ PPf   da aqedan gamomdinare, 

iseTi zonebisaTvis, romlebic xasiaTdebian dispersiis kvadratuli 

izotropuli kanoniT, oscilatoris Zala energiaze proporciulad iqneba 

damokidebuli. 

 Tu gaviTvaliswinebT zemoT miRebul Sedegebs, SeiZleba Camovaya-

liboT Semdegi wesi: daSvebuli gadasvlebisaTvis oscilatoris Zala 

energiaze (sixSireze) damokidebuli ar aris, xolo akrZaluli  gadasvle-

bisaTvis oscilatoris Zala energiis proporciulia. 

 ganvixiloTYTu ra Taviseburebebi axasiaTebs kombinirebul mdgomare-

obaTa simkvrives. eleqtronuli gadasvlebis kvantur TeoriaSi kombi-

nirebul mdgomareobaTa simkvrivisaTvis arsebobs Semdgi gamosaxuleba: 

    PdE
h

dEr     03

2
.                   (6.22) 

  funqciis gamoyenebis fizikuri arsi imaSi mdgomareobs, rom kombini-

rebul mdgomareobaTa simkvrives mxolod im SemTxvevaSi SeiZleba gaaCndes 

nulisagan gansxvavebuli mniSvneloba, Tu sruldeba energiis mudmivobis 

kanoni, anu gadasvlis energia 0E  da kvantis energia erTmaneTis tolia 

   



 




dE
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E














 0

0

0
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0
Tanac

Tu

Tu
             (6.23) 

 im SemTxvevaSi, Tu (6.17) gamosaxulebaSi Semaval integrals ganvi-

xilavT kvaziimpulsis mxolod iseT simravleze, sadac sruldeba energiis 

mudmivobis kanoni, miviRebT 

  .
2

3 

G

r Pd
h

dEE                    (6.24) 

sferuli zonebisaTvis aseT mniSvnelobaTa simravle moTavsdeba E  da 

dEE   energiebis or sferul izoenergetikul zedapirs Soris da energiis 

nazards eqneba saxe 

,0 nP PdEdE                 (6.25) 

sadac nPd  aris P -s nazrdi izoenergetikuli zedapiris normalis gaswv-

riv. Tu izoenergetikuli zedapiris elements aRvniSnavT dS -iT maSin (6.25) 

gamosaxulebis gaTvaliswinebiT miviRebT 

,
0E

dSdE
PdSdPd

P

n


                        (6.26) 
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(6.24) gamosaxulebaSi moculobiTi integralidan zedapirul integralze 

gadasvla mogvcems 

  ,
22

0
12

3

0
0
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 ES PP
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r
EE

dS

hE
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h
E                (6.27) 

sadac integrali aRebulia 0E  izoenergetikul zedapirze. 

 kombinirebul mdgomareobaTa simkvrivis energiaze damokidebuleba 

mogvcems gansakuTrebul mniSvnelobebs briluenis zonis mxolod iseT 

wertilebSi, sadac integralqveSa funqciis mniSvneli nulis toli xdeba. 

aseT wertilebs briluenis zonis kritikuli wertilebi, anu van-hovis gan-

sakuTrebuli wertilebi ewodebaT. arsebobs pirveli an meore gvaris gansa-

kuTrebuli wertilebi. briluenis zonis wertilebs, romlebSic sruldeba 

piroba 012  EE PP
 ewodebaT pirveli gvaris kritikuli wertilebi, 

xolo, Tu sruldeba piroba 00  EP , magram 012  EE PP
 _ meore gvaris 

kritikuli wertilebi. 

 aRmoCnda, rom kritikuli wertilebi gvxvdeba mxolod briluenis 

zonis maRali simetriis wertilebSi. imisda mixedviT, Tu rogoria gadasv-

lis energiis talRuri veqtoris komponentebze  zyx kkkE ,,0  damokidebuleba, 

orive gvaris kritikuli wertilebi, Tavis mxriv, iyofa kidev oTxi saxis 

kritikul wertilebad (cxrili 6.2). 

cxrili 6.2  

kritikuli wertilebis klasifikacia 

kritikuli 

wertilis 

aRniSvna 

 xkE0   ykE0   zkE0   

0M     energiis minimumi 

1M     energiis unagira 
wertili 

2M     energiis unagira 
wertili 

3M     energiis maqsimumi 

 

 

dadgenil iqna agreTve kombinirebul mdgomareobaTa simkvrivis energiaze 

damokidebulebis saxe pirdapiri daSvebuli gadasvlebisaTvis (cxrili 6.3 

da nax. 6.2). 
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cxrili 6.3 

kombinirebul mdgomareobaTa simkvrivis energiaze damokidebulebis saxe 

 kritikuli wertilis saxe 

0M  1M  
2M  

3M  

0E  0    2
1

0  Ec  c    2
1

0 E  

0E    2
1

0 E  c     2
1

0  Ec  0 

c  _ energiaze Zalian sustad damokidebuli kvazimudmivi funqciaa. 

 

 

nax. 6.2 kombinirebul mdgomareobaTa simkvrivis energiaze 
damokidebulebis saxe kritikuli wertilebis maxloblobaSi 

 

 naxevrad gamtaruli kristalis mier sinaTlis  STanTqma xuTi sxva-

dasxva meqanizmiT SeiZleba iyos gamowveuli: 1. sakuTari; 2. eqsitonuri; 

3. muxtis Tavisufal gadamtanebze; 4. minareuli (STanTqmis es oTxive saxe 

eleqtronuli bunebisaa) da 5. mesris siTbur rxevebze STanTqma. 

 sakuTari, anu fundamenturi STanTqma _ STanTqmuli fotonis energi-

is xarjze eleqtroni gadadis savalento zonidan gamtarobis zonaSi. STan-

Tqmis am meqanizmis SeswavliT saSualeba gveZleva davadginoT savalento 

da gamtarobis zonebs Soris energetikul RreCoTa sidide. 

 eqsitonuri STanTqma _ STanTqmuli fotonis energia ixarjeba kris-

talSi eqsitonis formirebaze, anu eleqtroni savalento zonidan gadadis 

akrZalul zonaSi, gamtarobis zonis maxloblad ganlagebul eqsitonur 

doneze. es STanTqma saSualebas gvaZlevs vimsjeloT eqsitonis bmis 

energiaze, mis lokalizaciaze briluenis zonaSi. 

 STanTqma muxtis Tavisufal gadamtanebze _ STanTqmuli fotonis 

energia uzrunvelyofs muxtis Tavisufali gadamtanis gadasvlas erTi qve-

zonis farglebSi dabali energetikuli mdgomareobidan maRal energetikul 

mdgomareobaSi an qvezonebs Soris gadasvlas erTi zonis farglebSi. 
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aRniSnuli STanTqmis Seswavla saSualebas gvaZlevs vimsjeloT calkeuli 

zonis agebulebaze. 

 minareuli STanTqma _ am SemTxvevaSi adgili aqvs eleqtronul gadas-

vlebs an minareuli mdgomareobisa da daSvebuli zonis monawileobiT, an 

minareuli mdgomareobis farglebSi. am meqanizmis saSualebiT SeiZleba 

davadginoT minarevis ionizaciis energia, minarevis ZiriTad da aRgznebul 

mdgomareobebs Soris energetikuli RreCo. 

 STanTqma mesris siTbur rxvebze _ STaTqmuli fotonis energia midis 

mesris Semadgeneli atomebis siTburi rxevebis energiis cvlilebaze. STan-

Tqmis am meqanizmis Seswavla saSualebas gvaZlevs gaverkveT mocemuli 

kristalisaTvis damaxasiaTebeli  fononebis sixSiresa da struqturaSi 

(rogoria fononis tipi, sad aris lokalizebuli da a.S.). 

 

 

6.3. sakuTari da eqsitonuri STanTqma 

 
 ganvixiloT kavSiri STanTqmis speqtrsa da energetikuli RreCoebis 

sidideebs Soris sakuTari STanTqmisas  da vnaxoT, Tu rogor SeiZleba am 

monacemebis mixedviT davadginoT akrZaluli zonis sigane. 

 Tavdapirvelad aviRoT naxevrad gamtari, romlis savalento da gamta-

robis zonebis absoluturi eqstremumebi briluenis zonis erT wertilSi 

arian ganlagebuli (pirdapir-zoniani naxevrad gamtari) da orive zona sfe-

ruli simetriisaa _ dispersiis kvadratuli izotropuli kanonebis 
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 Sesabamisad. vinaidan aseTi zonebisaTvis *

nm  da 

*

pm  skalarul sidideebs warmoadgenen da maTi yvela komponenti dadebiTia, 

 0kE  funqciis eqstremaluri mniSvneloba gadasvlis energiis (am 

SemTxvevaSi gE ) tolia da eqstremumi 0M  tipis kritikul wertils warmo-

adgens. CavTvaloT, rom savalento zona Seqmnilia P  atomuri mdgo-

mareobiT, xolo gamtarobis _ S  mdgomareobebiT, maSin 1l  _ gadasvla 

daSvebulia da oscilatoris Zala energiaze damoukidebel, mudmiv sidides 

warmoadgens (6.2). kombinirebul mdgomareobaTa sididis konkretuli saxis 
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gaTvaliswinebiT (cxrili 6.3, nax. 6.2) STanTqmis koeficientisaTvis 

miviRebT (Tanac 0  Tu gE ). 

      .2
1

12 gdr ECEBf                     (6.28) 

 energiis mudmivobis kanoni saSualebas gvaZlevs CavweroT 

gamosaxuleba im kvantis energiisaTvis, romlis STanTqmac SeiZleba 

ganxorcieldes sferul zonebs Soris eleqtronebis gadasvlisas, 
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          (6.29) 

sadac *

rm  dayvanili efeqturi masaa. 

 (6.28) formula saSualebas iZleva martivad da sakmaod maRali sizus-

tiT gamovTvaloT akrZaluli zonis sigane. amisaTvis, eqsperimentulad, 

kvantis sxvadasxva energiaze gansazRvrul unda iqnas STanTqmis koefi-

cientis sidide da Semdeg monacemebi gaanalizdes 2  da    koordinatTa 

sistemaSi. Tu STanTqma namdvilad ganxilul meqanizms Seesabameba, maSin 

eqsperimentuli monacemebi ganlagdeba wrfeze, romlis gadakveTac energiis 

RerZTan mogvcems akrZaluli zonis siganes. 

 nax. 6.3-ze warmodgenilia STanTqmis speqtri sami sxvadasxva tempera-

turisaTvis, rogorc vxedavT, adgili aqvs akrZaluli zonis siganis Semci-

rebas temperaturis zrdasTan erTad. 

 

nax. 6.3. akrZaluli zonis siganis gansazRvra sakuTari STanTqmis 

kidis mixedviT pirdapiri gadasvlebisas  
123

TTT   
 

 Tu savalento da gamtarobis zonebi Seqmnilia iseTi atomuri mdgoma-

reobebiT, rom gadasvla akrZalulia ( 1l ), maSin oscilatoris Zalis 

energiaze damokidebulebis gamo, erTi erTeuliT moimatebs xarisxis 

maCveneblis sidide STanTqmis koeficientis gamosaxulebaSi 
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    .2
3

gf EC                            (6.30) 

 ganvixiloT naxevrad gamtari, romelSic daSvebuli zonebis absolu-

turi eqstremumebi ganlagebulia briluenis zonis sxvadasxva wertilSi 

(nax. 6.4). 

 rogorc 6.1-Si iyo aRniSnuli, eleqtronis arapirdapiri zonaTSoriso 

gadasvlisas STanTqmis procesSi aucilebelia sami nawilakis _ 

eleqtronis, fotonisa da fononis monawileoba. eleqtronis arapirdapiri 

gadasvla SeiZleba or safexurad warmovadginoT: eleqtroni STanTqavs 

fotons da gadadis virtualur mdgomareobaSi (es gadasvla pirdapiria da 

amitom fononis monawileobas ar moiTxovs), Semdgom eleqtroni an 

STanTqavs, an asxivebs fonons da gadadis saboloo mdgomareobaSi. Tu 

gadasvla xdeba 2'21   sqemiT _ eleqtroni fonons asxivebs, anu fononis 

Sesabamis energias gadascems kristalur mesers, xolo Tu gadasvla midis 

2''21   sqemiT, maSin igi energias arTmevs kristalur mesers _ eleq-

troni STanTqavs fonons. 

 

nax. 6.4. sinaTlis STanTqmis procesi arapirdapiri gadasvlebisas 

 

 arapirdapiri gadasvlisas kombinirebul mdgomareobaTa simkvrive 

energiis kvadratis proporciulia 

    .~
2

qgr E                       (6.31) 

daSvebuli gadasvlebisas oscilatoris Zala mudmivia da STanTqmis koefi-

cientis gamosaxuleba Semdeg saxes miiRebs: 
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          (6.32) 

 eqsponencialuri wevri iTvaliswinebs fononebis saSualo ricxvis 

kristalis temperaturaze damokidebulebas, akrZaluli gadasvlebis SemTx-

vevaSi xarisxis maCvenebeli orive Sesakrebis mricxvelSi samis toli 

gaxdeba. 

 STanTqmis speqtris grafikuli analizi saSualebas gvaZlevs davadgi-

noT akrZluli zonis sigane da vimsjeloT im fononis energiaze, romel-

Tanac urTierqmedebs eleqtroni (nax. 6.5). 

 

nax. 6.5. akrZaluli zonis siganisa da STanTqmis procesSi monawile fononebis 
energiis gansazRvra sakuTari STanTqmis kodis mixedviT arapirdapiri 

gadasvlebisas  12 TT   
 

 STanTqmis speqtri  2
1

 koordinatTa sistemaSi warmoadgens ori 

wrfivi damokidebulebis jams, romelTa eqstrapolacia nulovan mniSvnelo-

bamde gvaZlevs energiis or sidides ,, qgqg EbEa     xolo maT 

SuaSi ganlagebuli wertili akrZaluli zonis siganes gansazRvravs 

.
2

ab
Ed g


                     (6.33) 

 aRsaniSnavia, rom temperaturis Semcirebisas mcirdeba fononis 

STanTqmiT mimdinare gadasvlebis wvlili, radgan debais temperaturaze 











0k
q  naklebi temperaturisas fononebis ricxvi kristalSi mcirea. 

amdenad, STanTqma ZiriTadad unda mimdinareobdes iseTi gadasvlebiT, 

romelTac Seesabameba fononis gamosxiveba. 

 gadagvarebul naxevrad gamtarebSi SesaZlebelia STanTqmis speqtris 

damaxinjeba (wanacvleba energiis mixedviT). mizezi _ gamtarobis zonis 
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dabali mdgomareobaTa simkvrive (mcire efeqturi masa) da eleqtronebis 

maRali koncentraciaa. gamtarobis zona eleqtronebiT mniSvnelovnad 

Sevsebuli aRmoCndeba da sinaTlis mxolod iseTi kvantis STanTqma iqneba 

SesaZlebeli, romelic uzrunvelyofs eleqtronis gadasvlas savalento 

zonidan gamtarobis zonis maRal, Tavisufal mdgomareobebSi. speqtrSi 

STanTqmis kide zonis eleqtronebiT Sevsebis E  energiiT (nax. 6.6.) aRmoCn-

deba wanacvlebuli (berStein-mosis efeqti). 

 

nax. 6.6. berStein-mosis wanacvleba STanTqmis speqtrSi  
a) zonur diagramaze; b) STanTqmis kidis wanacvleba 

 
 

 rogorc vxedavT, sakuTari STanTqmisas    -s gamosaxulebaSi STan-

Tqmis konkretuli meqanizmis mixedviT xarisxis maCvenebels SeiZleba hqon-

des sxvadasxva mniSvneloba da Tu xarisxis maCvenebli cnobilia, maSin ak-

rZaluli zonis siganis dadgena STanTqmis speqtridan did siZneles ar 

warmoadgens. amave dros, xSirad eqsperimetuli monacemebis damuSavebisas 

ucnobia orive parametri ( gE  da xarisxis maCvenebeli n ). aseT SemTxvevaSi 

gamoiyeneba Semdegi meTodika: gazomvis Sedegebs ixilaven  
gE lg~lg  

koordinatTa sistemaSi da gadasvlis energias arCeven manam, vidre 

eqsperimentuli monacemebi erT wrfeze ar ganlagdeba. swored es energia 

Seesabameba akrZaluli zonis siganes, xolo grafikis daxriloba 

gansazRvravs xarisxis maCvenebels     damokidebulebaSi da amdenad, 

eleqtronuli zonaTSoriso gadasvlebis tips. 

 Tu sinaTlis kvantis energia ramdenadme naklebia akrZaluli zonis 

siganeze, maSin, dabali temperaturebisas, STanTqmuli fotonis energiis 

xarjze SesaZlebelia eqsitonis warmoqmna. am dros eleqtroni savalento 

zonidan gadadis eqsitonur doneze, romelic gamtarobis zonis fskeris 



134 
 

maxloblad aris ganlagebuli da romlis energia ( CE -dan aTvlili) eqsi-

tonis bmis energias gamoxatavs (6.28). 

 speqtrSi eqsitonuri STanTqma vlindeba STanTqmis kidis maxloblo-

baSi viwro maqsimumis arsebobiT, romlis intensivoba temperaturazea damo-

kidebuli. Tu temperatura ar aris dabali, maSin eleqtroni gamoiyenebs 

siTbur energias gamtarobis zonaSi gadasasvlelad da, amdenad, SeuZlebe-

li gaxdeba eqsitonuri donis garCeva, STanTqmaSi misi wvlilis gamovli-

neba. Zalian dabali temperaturis da maRali speqtraluri garCevisunaria-

nobis SemTxvevaSi, SesaZlebelia eqsitonuri STanTqmis maqsimumis nazi 

struqturis gamovlineba, romelic STanTqmis procesSi eqsitonis aRgzne-

buli mdgomareobis monawileobiT aris ganpirobebuli. nax. 6.7-ze eqsitonis 

ZiriTad ( 11 n ) mdgomareobasTan erTad, pirvel aRgznebul mdgomareobaSic 

( 22 n ) eleqtronis gadasvlebiT formirebuli eqsotonuri STanTqmis 

struqtura aris warmodgenili. am maqsimumebis energetikuli mdgomareobis 

mixedviT SesaZlebeli xdeba maRali sizustiT davadginoT eqsitonis bmis 

energia exE . 

   1

2

2

2

1

1

21
4

311
exex E

nn
E 








                        (6.34) 

eqsitonuri STanTqma _ pirdapirzonian naxevrad gamtarSi aRiwereba Semde-

gi speqtraluri kanonzomierebiT 
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nax. 6.7. eqsitonuri STanTqmis maqsimumebi fundamenturi STanTqmis 
kidis maxloblad 

 
sakuTari da eqsitonuri STanTqmis mixedviT SesaZlebelia, agreTve, muxtis 

gadamtanebis efeqturi masis, rTuli agebulebis zonebis qvezonebs Soris 

gaxleCis energiaTa sidideebis Sefaseba. 
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6.4. minareuli STanTqma 

 
 im SemTxvevaSi, roca sinaTlis kvantis energia naklebia akrZaluli 

zonis siganeze, naxevrad gamtarSi mainc vlindeba STanTqma, romelic 

xSirad mimdinareobs  minareuli mdgomareobis monawileobiT. kristalSi 

minarevis sakmaod maRali koncentraciisas SeiZleba gavarCioT minareuli 

STanTqmis oTxi saxe nax. 6.8. rogorc naxazidan Cans, pirveli saxis mina-

reul STanTqmaSi monawileobas Rebulobs minarevis ZiriTadi mdgomareoba 

da uaxloesi daSvebuli zona; 2-minarevis ZiriTadi mdgomareoba da 

energetikulad Sors ganlagebuli daSvebuli zona; 3-orive minarevis 

ZiriTadi mdgomareoba; 4. da 4-minarevis aRgznebuli mdgomareobebi. 

 

 

nax. 6.8. minareuli STanTqmis ganxorcielebis energetikuli sqema 

 

 
nax. 6.9. minareuli STanTqmis speqtrebis Taviseburebebi: 

a) minareuli STanTqmis 1 da 4 meqanizmi; 
b) savalento zona-donoruli done gadasvlebiT ganpirobebuli struqtura 

STanTqmis kidis maxloblad 
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 1.4 da 4 _ saxis minareuli STanTqmis ganxorcielebisaTvis sakmarisia 

sinaTlis kvantis Zalian mcire energiebi. amitom igi vlindeba optikuri 

speqtris Rrma infrawiTel areSi da, rogorc wesi, ramodenime struqturas 

Seicavs 6.9,a nax-ze. am struqturebis gamovlineba SesaZlebelia mxolod Za-

lian dabali temperaturebis diapazonSi. meore tipis minareuli STanTqma 

vlindeba STanTqmis speqtrSi STanTqmis ZiriTadi kidis maxloblad, sakma-

od gaSlili struqturis saxiT 6.9.b nax-ze. STanTqmis es procesi ( DV EE  - 

gadasvlebi) Semdeg speqtralur kanonzomierebas emorCileba 
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                     (6.37) 

STanTqmis mesame meqanizmi dakavSirebulia STanTqmuli fotonis energiis 

xarjze eleqtronis aqceptoruli donidan donorul doneze gadasvlasTan. 

rodesac naxevrad gamtari erTdroulad Seicavs rogorc aqceptorul, 

aseve donorul minarevsac. amgvarad, Zalian dabali temperaturebis drosac 

ki, donoruli da aqceptoruli atomebi nawilobriv (an mTlianad) ionizi-

rebuli arian. Sesabamisi energiis fotonebis zemoqmedebiT eleqtronebi 

SeiZleba gadavides ionizirebul donorebze da gadaiyvanos isini (rogorc 

erTi, aseve meore) neitralur mdgomareobaSi. Sevsebuli aqceptoruli 

mdgomareobidan Seuvsebel donorul mdgomareobaSi eleqtronis gadasvli-

saTvis aucilebeli energia damokidebulia ara marto donorisa da aqcep-

toris ionizaciis energiaze, aramed maT urTierTganawilebazec. erTmaneT-

Tan axlos ganlagebuli ionizirebuli donori da aqceptori qmnis urTi-

erTsapirispirod damuxtul ionTa wyvils: dadebiTad damuxtuli donori 

da uaryofiTad damuxtuli aqceptori. aseT wyvilSi aucileblad warmo-

iqmneba kulonuri urTierTqmedeba, romelic waanacvlebs energetikul 

mdgomareobebs. amdenad, im fotonis energia, romlis STanTqmiTac eleqt-

roni gadava aqceptoridan donorze ase ganisazRvreba: 
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                          (6.38) 

sadac gamosaxulebis bolo wevri aRwers ionizirebul donor-aqceptoruli 

wyvilis kulonur urTierTqmedebas. 
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6.5. STanTqma muxtis Tavisufal gadamtanebze  

da Sidazonuri STanTqma 

 
 akrZaluli zonis siganesTan SedarebiT mcire energiaze, rogorc 

wesi, vlindeba STanTqma, romelic erTi daSvebuli zonis farglebSi 

muxtis gadamtanebis energiis cvlilebasTan aris dakavSirebuli, e.i. 

STanTqmuli kvantis xarjze eleqtroni gadadis dabali energetikuli 

mdgomareobidan maRal energetikul mdgomareobaSi. Semdgom sawyisSi 

dabrunebisas Warb energias gadascems kristalur mesers. 

 STanTqmis am meqanizmisaTvis, erTi tipis muxtis gadamtanebis Semcve-

li martivi zonis SemTxvevaSi, dieleqtrikuli SeRwevadobis namdvil da 

warmosaxviT nawilebs Semdegi saxe aqvT:  
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 P                     (6.39) 
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 P                        (6.40) 

aq 
  aris maRalsixSiruli dieleqtrikuli SeRwevadoba, anu dieleqtri-

kuli SeRwevadoba STanTqmis kideze ufro maRali sixSireebis ( g  ) 

areSi; 
P  _ muxtis Tavisufali gadamtanebis plazmuri sixSire. 

 warmodgenili Tanafardobebi martivdeba, Tu 122  . es piroba ki 

sakmaod kargad sruldeba muxtis gadamtanebis maRali Zvradobis mqone 

naxevrad gamtarebisaTvis sixSireTa g 1  diapazonSi (
1  mesris grZivi 

optikuri rxevebis Sesabamisi sixSirea). maSin  
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 P             (6.41) 
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                     (6.42) 

(6.41) formulidan Cans, rom 
P   sixSirisaTvis  1

 funqcia xasiaTdeba 

rezonansuli TaviseburebebiT, romelsac liTonuri arekvla Seesabameba 

  1,01  R  da 
P  sidides plazmuri rezonansis sixSire, anu plazmuri 

sixSire ewodeba. 

 susti STanTqmis SemTxvevaSi  22 kn   da gardatexis maCveneblis 

sixSireze susti damokidebulebisas (drude-lorencis modeli). gardatexis 

da STanTqmis maCveneblebisaTvis gveqneba: 
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 maSasadame, drude-lorencis (klasikuri) modelis Sesabamisad, muxtis 

Tavisufal gadamtanebze STanTqmisas   izrdeba sinaTlis   talRis 

sigrZis kvadratis proporciulad. realurad, (6.45)-Si talRis sigrZis 

xarisxis maCvenebeli damokidebulia kristalSi moqmed konkretul gabnevis 

meqanizmze. kvanturi meqanikis meTodebis gamoyenebiT naCvenebi iyo, rom 

xarisxis maCvnebeli 3/2 tolia muxtis gadamtanebis akustikur fononebze 

gabnevisas, 5/2 _ optikur fonenebze da 3-ionizirebul minarevebze gabnevis 

SemTxvevaSi. 

 im SemTxvevaSi, rodesac rTuli agebulebisaa savalento zonis 

absoluturi maqsimumi nax. 6.10(a) an gamtarobis zona absoluturi minimumis 

maxloblobaSi nax. 6.10(b), muxtis Tavisufali gadamtanebis wvlili 

STanTqmaSi SeiZleba gamovlindes Sidazonuri gadasvlebis saxiT _ STanTq-

muli fotonis energiis xarjze adgili aqvs an xvrelebis gadasvlas sava-

lento zonis qvezonebs Soris, an eleqtronebis gadasvlas gamtarobis 

zonis qvezonebs Soris. 

 
nax. 6.10. savalento (a) da gamtarobis (b) zonebSi fotonebis 

STanTqmiT gamowveuli Sidazonuri gadasvlebi 
 

 eleqtronebis Sidazonuri gadasvlebi kargad vlindeba, magaliTad, 

galiumis fosfidSi, romlis gamtarobis zonis absoluturi minimumi bri-

luenis zonis kideze X  wertilSia ganlagebuli. mis zemoT ki, 32,03,1   

ev-is daSorebiT arsebobs gamtarobis zonis kidev erTi qvezona 3X , ris 
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gamoc, sinaTlis STanTqmisas adgili SeiZleba hqondes 31 XX   pirdapir 

eleqtronul gadasvlebs 
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           (6.46) 

es gadasvlebi daSvebulia da STanTqmis koeficients aqvs Semdegi saxe: 
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nax. 6.10.-ze naCvenebi xvrelebis SesaZlo Sidazonuri gadasvlebidan STan-

Tqmis speqtrSi ZiriTadad gvxvdeba 1-2 da 1-3 mZime xvrelebis zonidan 

mimdinare gadasvlebiT ganpirobebuli struqturebi 
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gadasvlebi akrZlulia da, Sesabamisad, STanTqmis koeficientisaTvis gveq-

neba 
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 rogorc vxedavT, aRniSnuli STanTqmis speqtris Seswavla saSualebas 

gvaZlevs vimsjeloT daSvebuli zonebis agebulebis Sesaxeb, ganvsazRvroT 

qvezonebis gamyofi energetikuli intervalebi. 

 

 

6.6. sinaTlis arekvla muxtis Tavisufal gadamtanebze 

(plazmuri arekvla) 

 
 muxtis Tavisufal gadamtanebs mniSvnelovani wvlili SeaqvT ara 

marto STanTqmis, aramed arekvlis speqtrSic. Tu kristali ar gamoirCeva 

Zlieri STanTqmiT, maSin muxtis Tavisufali gadamtanebis koleqtiuri 

rxeviTi procesebis wyalobiT (uZravi kristaluri mesris mimarT) unda 

gamovlindes (viwro sixSirul intervalSi) arekvlis koeficientis mkveTri 

cvlileba (nax.6.11) mis SesaZlo eqstremalur mniSvnelobebs Soris. am 
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procesis maxasiaTebel P  rezonansul sixSires _ plazmur sixSires, xo-

lo arekvlis swraf zrdas _ arekvlis plazmur kides uwodeben. is dasa-

bams plazmuri minimumidan iRebs. 

 
nax. 6.11. arekvlis plazmuri struqtura (_ Teoria, 

- · - · -  realuri speqtri) 
 

Tu arekvlis koeficientis sixSiruli damokidebulebis ganmsazRvrel 

(6.6) gamosaxulebaSi gaviTvaliswinebT susti STanTqmis  22 kn   pirobas, 

gveqneba 
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n
R                 (6.51) 

 drude-lorencis modelSi  n  gansazRvrulia (2.43) TanafardobiT, 

romlis mixedviT n  nulisken miiswrafvis, rodesac sinaTlis talRis six-

Sire mocemuli kristalis muxtis Tavisufali gadamtanebisaTvis damaxasi-

aTebel plazmur sixSires utoldeba. amis gamo, arekvlis koeficienti (6.51) 

marTlac naxtomiseburad unda gaizardos erTamde da SeinarCunos es sidi-

de 
P   yvela SesaZlo sixSirisaTvis. 

 realur kristalSi STanTqmis sruli ugulebelyofa SeuZlebelia. 

swored igi ganapirobebs eqsperimentulad gansazRvrul speqtrSi arekvlis 

amplitudis da damokidebulebis mkveTri rezonansuli xasiaTis Sesustebas 

(nax. 6.11). 

 
P   sixSireebisaTvis arekvlis koeficienti kvlav izrdeba. zonaTa-

Soriso gadasvlebis Sesabamisi kvantis energiebisaTvis muxtis Tavisufali 

gadamtanebis wvlili arekvlaSi najerobas aRwevs  

.
1

1
2




























R                       (6.52) 
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 plazmuri rxevis sixSire muxtis Tavisufali gadamtanebis koncentra-

ciisa da efeqturi masiT ganisazRvreba 
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                    (6.53) 

amitom, optikuri speqtrebidan plazmuri sixSiris dadgena efeqturi masis 

Sefasebis erT-erT farTod gavrcelebul meTods warmoadgens. 

 
P -s ricxviTi mniSvneloba SeiZleba moiZebnos arekvlis plazmuri 

minimumis energetikuli mdgomareobis mixedviT  

.
1

min










 P                    (6.54) 

cdomileba aq SeiZleba mniSvnelovani iyos; 
P -s dadgenis sizustis 

gasazrdelad gamoiyeneba dieleqtrikuli SeRwevadobis  1
 namdvili 

nawilis da e.w. danakargebis funqciis speqtrebi (nax. 6.12) 

 
 

   
.

1
2

2

2

1

2





 
mI                 (6.55) 

pirvel SemTxvevaSi, 
P -s ganmsazRvrelia  1

 damokidebulebis mier nu-

lovani mniSvnelobis gadakveTa dadebiTi daxrilobiT, meoreSi _   1
mI  

speqtrSi maqsimumis mdebareoba. 

 

 
nax. 6.12 muxtis Tavisufali gadamtanebis wvlili dieleqtrikuli 

SeRwevadobis namdvili nawilis (a)  
da danakargebis funqciis (b) speqtrebSi 
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6.7. STanTqma mesris siTbur rxevebze 

 
 kristaluri mesris atomebis rxevebis mier sinaTlis uSualo 

STanTqmisas fotonis energia gardaiqmneba fononis energiad. aseTi saxis 

gardaqmnebs adgili aqvs iseT naxevrad gamtarebSi, romlebSic qimiuri bma 

ionuri (an nawilobriv ionuri) xasiaTisaa. amitom, es SenaerTebi SeiZleba 

ganvixiloT, rogorc eleqtruli dipolebis erToblioba, romlebsac 

SeuZliaT eleqtromagnitur gamosxivebasTan urTierTqmedeba. sinaTlis 

maqsimalur STanTqmas maSin aqvs adgili, rodesac misi sixSire emTxveva 

dipolis sakuTari rxevis sixSires. radgan kristaluri meseri STanTqavs 

mxolod garkveuli energiis mqone fotonebs, optikuri parametrebis 

speqtrebi xasiaTdeba STanTqmis am meqanizmiT ganpirobebuli mTeli rigi 

maqsimimumebiT, romlebic Rrma infrawiTel areSi arian ganlagebuli. 

 mesris rxevebiT STanTqmuli sinaTlis sixSire SeiZleba dakavSirebu-

li iyos am rxevebis rogorc optikur, aseve akustikur StosTan. im SemTxve-

vaSi, rodesac adgili aqvs erTfononian STanTqmas, e.i. erTi fotonis STanT-

qmisas kristalSi warmoiqmneba erTi fononi, energiisa da impulsis mudmivo-

bis kanonebi ganapirobeben mxolod ganivi optikuri (TO) fononis warmoqmnas, 

optikuri parametrebis speqtrebSi Cndeba rezonansuli zoli, romelsac 

narCeni sxivebis zols uwodeben (nax. 6.13.). dieleqtruli SeRwevadobis dis-

persiul damokidebulebas erTfononiani STanTqmisaTvis Semdegi saxe aqvs: 

  2

22 t

t

S 








 

 .                    (6.56) 

S  da 
  _ narCeni sxivebis zolis mimarT dabalsixSiruli (statikuri) da 

maRalsixSiruli dieleqtrikuli SeRwevadobebi erTmaneTTan dakavSire-

buli arian lidein-saqs-teleris TanafardobiT  
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2
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                                  (6.57) 

t  da l  mesris ganivi da grZivi rxevebis sixSireebia. 

 (6.57) gamosaxulebis (6.56)-Si gaTvaliswinebiT miviRebT 
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                     (6.58) 

(6.56)-(6.58) formulebis analizi gviCvenebs, rom    monotonurad izrdeba 

S  mniSvnelobidan (rodesac 22

t  ) usasrulobamde (rodesac t ). 
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sixSiris Semdgomi zrdisas   -s mniSvneloba naxtomiseburad icvleba 

 -dan  -mde da inarCunebs uaryofiT mniSvnelobebs raRac max  sixSi-

remde, romelic akmayofilebs gantolebas 
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                     (6.59) 

amrigad, ( lt   ) sixSirul intervalSi gardatexis maCvnebeli warmosaxviT 

sidides  n  warmoadgens da, maSasadame, arekvlis koeficienti (STan-

Tqmis ugulebelyofisas _ 22 kn   gaTvalisiwinebiT) 
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R                    (6.60) 

miiswrafvis erTisaken, e.i. sixSireTa am diapazonSi kristali mTlianad 

irekvlavs masze dacemul sinaTles. radgan realur kristalSi, cxadia, k  

ar aris nulis toli, amitom R  ver aRwevs Teoriis Sesabamis 1R  zRvrul 

mniSvnelobas (nax. 6.13. a). 

sixSiris Semdgomi zrdisas, 
1 -dan raRac 

min  mniSvnelobamde, arek-

vlis koeficienti nulamde mcirdeba. 
min  sixSire SeiZleba gamoviTvaloT 

gantolebidan 

  .12

2

min

2min 
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                     (6.61) 

saidanac gamomdinareobs, rom  

.
1

122

min








 S

t                 (6.62) 

 

nax. 6.13. optikuri parametrebis speqtrebi ,,narCeni sxivebis zolis~ speqtralur 
areSi.  

  a) arekvla (_ Teoria, - · - · -  realuri speqtri). b) dieleqtrikuli SeRwevadobis 
namdvili da warmosaxviTi nawilebis realuri speqtrebi 
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 narCeni sxivebis zolSi ( lt   ), arekvlisa da gamWirvalobis 

Teoriuli speqtrebis realurTan SesaTanxmeblad, Semotanilia e.w. 

Caqrobis koeficienti  , romlis gaTvaliswinebiTac dieleqtrikuli 

SeRwevadobis namdvili da warmosaxviTi nawilebi miiRebs saxes (nax. 6.13.b) 
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 iseT naxevrad gamtarebSi, romlebSic qimiuri bma kovalenturi 

xasiaTisaa, SeiZleba adgili hqondes mravalfononian STanTqmasac _ 

fotoni STainTqmeba fononebis garkveuli (mocemul kristalisaTvis 

damaxasiaTebeli) kombinaciiT. am kombinaciebSi SeiZleba monawileoba 

miiRon rogorc optikurma, iseve akustikurma fononebmac, ris gamoc 

kombinaciebis ricxvi Zalian didia da es ki, Tavis mxriv, ganapirobebs 

fononuri STanTqmis speqtris rTul xasiaTs. garda amisa, mravalfononiani 

procesebisaTvis damaxiasiaTebeli STanTqmis koeficientis mniSvneloba 

mcirea da amitom, energetikulad erTmaneTTan axlos ganlagebuli dabali 

intensivobis STanTqmis calkeuli struqturebis garCeva eqsperimentulad 

gaZnelebulia. mravalfononiani STanTqmis speqtri infrawiTel unabSi qmnis 

zols, romlis fonzec gamoirCevian gansakuTrebiT didi albaTobis mqone 

kombinaciebis Sesabamisi calkeuli pikebi. 

 arsebobs sinaTlis mesris siTbur rxevebTan urTierTqmedebis kidev 

erTi meqanizmi. kristalSi gavlisas mesris rxevebTan urTierTqmedebis 

gamo fotonma SeiZleba Seicvalos energia da impulsi. am dros fotoni 

STainTqmeba ara mTlianad, aramed Tavisi energiisa da impulsis mxolod 

nawils gadascems mesers. amgvarad, Tu kristals davasxivebT monoqro-

matul sinaTles, maSin kristalidan gamosul sinaTleSi SeiZleba aRmova-

CinoT iseTi fotonebi, romelTac eqnebaT TavdapirvelTan SedarebiT gan-

sxvavebuli sixSire da talRuri veqtori. fotonebis gabnevas optikur 

fononebze ewoda raman-mandelStamis gabneva, xolo akustikur fononebze _ 

briluenis gabneva. 
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Tavi VII 

magtnitooptikuri da oscilaciuri movlenebi 

 

7.1. dispersiis kanoni magnitur velSi. 

landaus doneebi 

 

 Tavis saTaurSi gamotanili movlenebis klasSi aerTianeben efeqtebs, 

romlebic avlenen Zlieri magnituri velis sidideze kristalis kinetikuri, 

optikuri da Termodinamikuri koeficientebis aramonotonul, xSirad 

rezonansul damokidebulebas. amis mizezi ki is aris, rom B  magnituri 

induqciis veqtoris marTobul sibrtyeSi lorencis Zalis gavleniT 

eleqtronis moZraoba wriul orbitaze ikvanteba. eleqtronis kvaziuwyveti 

energetikuli speqtri mkveTrad gamoxatul diskretul, xolo mdgomare-

obaTa simkvrivis energiaze damokidebuleba _ oscilaciur xasiaTs iRebs. 

 wriul orbitaze eleqtronis moZraobis sixSire _ ciklotronuli C  

sixSire _ martivad dgindeba imis gaTvaliswinebiT, rom lorencis Zala 

warmoadgens centriskenul Zalas 

                          evB
R

vm


2*

                                (7.1) 

da 

                          
*m

eB
C                                    (7.2) 

swored es sixSire gansazRvravs eleqtronis erTi wriuli orbitidan 

meore wriul orbitaze gadasasvlelad saWiro energias, anu energetikul 

RreCos magnituri veliT gaxleCili daSvebuli zonis magnitur qvezonebs 

(landaus doneebs) Soris, aseve _ zonis nulovani donis wanacvlebas 

sawyisi mdebareobis mimarT. nax. 7.1-ze warmodgenilia dispersiis kvadra-

tuli izotropuli kanonis mqone gamtarobis zonis transformacia z  _ 

RerZis gaswvriv modebuli Zlieri magnituri velis pirobebSi. dispersiis 

kanoni ase Caiwereba (CavTvaloT, rom 0CE ): 
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                       (7.3) 

 pirveli, diskretulad cvladi Sesakrebi _ gansazRvravs eleqtronis 

energias xy sibrtyeSi ( ..,.2,1,0N  wriuli orbitis da, Sesabamisad, 

landaus donis rigobrivi nomeria), meore, uwyveti _ Seesabameba eleqtro-

nis moZraobas magnituri velis mimarTulebis gaswvriv. maSasadame, Zlieri 
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magnituri velis pirobebSi eleqtronis energiis talRur veqtorze kvazi-

uwyveti damokidebuleba vlindeba ukve mxolod calkeuli landaus donisa-

Tvis da isic mxolod talRuri veqtoris erTi (
zk ) komponentisaTvis. samgan-

zomilebiani kvaziuwyveti zona Seicvala erTganzomilebiani kvaziuwyveti 

energetikuli zonebis diskretul sistemad. (7.3)-is Sesabamisad icvleba ak-

rZaluli zonis siganec da misi nazrdi, (7.2)-is gaTvaliswinebiT, magnituri 

induqciis sididiT da muxtis gadamtanebis efeqturi masiT ganisazRvreba 
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  .             (7.4) 

 landaus doneTa formireba niSnavs, rom gamtarobis, Tu savalento 

zonebis mdgomareobaTa simkvrive calkeul landaus doneTa mdgomareobebis 

simkvrivis jamis saxiT unda iyos warmodgenili 
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              (7.5) 

 am jamSi TiToeuli Sesakrebis energiaze damokidebulebis hiperbo-

luri xasiaTi (TiToeuli qvezonis mdgomareobis simkvrive miiswrafvis 

usasrulobisken 0zk  wertilis maxloblobaSi) ganapirobebs swored 

(nax. 7.1 b) mdgomareobaTa simkvrivis oscilaciebs (aramonotonurobas). 

eleqtronis spinis gaTvaliswineba, cxadia, ganapirobebs landaus daneTa 

ricxvis gaormagebas, spinis mixedviT gadagvarebis moxsnis gamo. 

 

 
nax. 3.1. gamtarobis zonis (a) da  

mdgomareobaTa simkvrivis energiaze damokidebulebis (b) 
transformacia Zlier manitur velSi 

 
 
 
 



147 
 

7.2. ciklotronuli rezonansi 

 
 myari sxeulebis optikuri mudmivebis speqtraluri damokidebulebebis 

rezonansuli xasiaTi Zlier magnitur velSi, kristalis zogierTi funda-

menturi parametris maRali sizustiT dadgenis saSualebas iZleva. kerZod, 

STanTqmis rezonansuli maqsimumi kristalze dacemuli eleqtromagnituri 

gamosxivebis sixSireTa im areSi, romelic ciklotronul sixSires 

Seesabameba (nax. 7.2) _ ciklotronuli rezonansi _ muxtis gadamtanebis 

efeqturi masis gansazRvris kargad damuSavebul meTods udevs safuZvlad. 

 
nax. 7.2. ciklotronuli rezonansi 

C _s erTis da 

oris toli mniSvnelobebisaTvis 
 

 rezonansi    damokidebulebaSi miT ufro mkveTrad gamovlindeba, 

rac ufro meti brunvis Sesrulebas moaswrebs (magnituri velis gavleniT) 

muxtis gadamtani Tavisufali ganarbenis Sesabamis droSi, anu, rac ufro 

kargad Sesruldeba 1C  piroba. vinaidan C  radiosixSireTa diapazons 

Seesabameba, aRniSnuli pirobis Sesasruleblad 𝜏 1010 wm-is rigis unda 

iyos. realur, sakmaod srulyofil naxevarad gamtarSic ki, oTaxis 

temperturaze 1514 1010   wm. amitom, ciklotronuli rezonansi damakmayo-

fileblad gamovlindeba mxolod Zalian dabal temperaturaze, rodesac 

moxerxdeba muxtis gadamtanis moZraobaze struqturuli araerTgvarovnebis 

gavlenis Sesusteba da, e.i.  -s gazrda. 

 rezonansuli maqsimumis (nax. 7.2) sixSiruli mdebareobis mixedviT 

dgindeba C -s mniSvneloba da, maSasadame, (7.2) efeqturi masac, romelsac 

xSirad ciklotronul masas uwodeben.konkretuli kavSiri muxtis 

gadamtanebis efeqturi masis komponentebsa da am ciklotronul masas 
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Soris damokidebulia dispersiis kanonis saxeze, zonebis simetriaze. 

paraboluri, sferuli simetriis zonebis SemTxvevaSi masebi ubralod 

utoldeba erTmaneTs,  

                          
C

C

eB
mm


 **                                (7.6) 

xolo anozotropuli zonebisTvis kavSiri *

Cm  da *

3
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1 ,, mmm  masebs Soris 

izoenergetikuli zedapiris RerZebis da magnituri induqciis veqtoris 

urTierTganlagebiT ganisazRvreba 
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                     (7.7) 

 amdenad, efeqturi masis tenzoris TiToeuli komponentis dasadgenad 

cdebi magnituri velis sxvadasxva mimarTulebebisas unda ganxorcieldes. 

 

 

7.3. zonaTaSoriso magnitoSTanTqma 

 

 Zlier magnitur velSi eleqtronis energetikuli speqtris mniSvne-

lovani transformacia, cxadia, gavlenas moaxdens optikuri procesebis 

mimdinareobaze, rogorc zonaTaSoriso, aseve minareuli STanTqmis areSic. 

zonaTaSoriso STanTqmis magnituri velze damokidebulebis Seswavla 

akrZaluli zonis siganis maRali sizustiT dadgenis mZlavr meTods 

warmoadgens. 

 7.1 paragrafis Sesabamisad, z  RerZis gaswvriv mimarTuli Zlieri mag-

nituri velisas sferuli simetriis daSvebuli zonebis absoluturi eqst-

remumebis dispersiis kanonebi ase Caiwereba (spinis gauTvaliswineblad): 
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                        (7.9) 

maSin 
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             (7.10) 

kvantis STanTqmisas SesaZlebeli xdeba eleqtronis gadasvla savalento da 

gamtarobis zonebis landaus doneebs Soris. (7.10)_Si gaTvaliswinebulia 

mkacri SerCevis wesi, romlis Tanaxmad Zlier magnitur velSi moTavsebul 
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kristalSi SesaZlebelia eleqtronis mxolod iseTi gadasvlebi daSvebuli 

zonebis diskretul qvezonebs Soris, romlebisTvisac 

                          ,0 VC NNN                            (7.11) 

anu, Tu NNN VC  . STanTqmis monotonuri sixSiruli damokidebuleba 

Seicvleba STanTqmis koeficientis oscilaciebiT gE  areSi (nax. 7.3). 

amave dros, magnituri velis mimarTulebis gaswvriv eleqtronis energiis 

cvlilebis kvaziuwyveti xasiaTis SenarCunebis gamo, STanTqmis koefici-

entis maqsimumebi gamovlindeba sakmaod maRali saerTo STanTqmis fonze. 

 vinaidan magnitur qvezonebs Soris energetikuli intervali C  sixSi-

riT ganisazRvreba, xolo es ukanaskneli ki B -s sididezea damokidebuli, 

amitom, magnituri velis cvlilebebisas Seicvleba STanTqmis maqsimumebis 

energetikuli mdebareobac speqtrSi. Tu savalento da gamtarobis zonebis 

landaus doneTa ramodenime wyvils Soris eleqtronuli gadasvlebiT 

ganpirobebuli STanTqmis maqsimumebis mdebareobas aRvricxavT (B -s 

sxvadasxva mniSvnelobebisas), maSin am monacemebis safuZvelze agebuli 

grafikuli damokidebulebebis eqstrapolaciiT 0B  mniSvnelobisaken (nax. 

7.3) davadgenT naxevrad gamtaris akrZaluli zonis siganes, standartul 

optikur meTodebTan (Tavi VI) SedarebiT, mniSvnelovnad meti sizustiT. am 

grafikebis ( 1N  nomriT) daxriloba gvaZlevs *

rm  dayvanili efeqturi 

masis Sefasebis saSualebas. 

  

 

nax. 7.3. STanTqmis koeficientis oscilaciebi (a) da 
am maqsimumebis energetikuli mdebareobis damokidebuleba 

magnituri velis sidideze (b) 
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 STanTqmis koeficientis oscilaciebi vlindeba speqtris minareul 

areSic (SesaZlo eleqtronuli gadasvlebi ganxilulia 6.4 $-Si), rac 

minareuli mdgomareobis magnitur velSi gaxleCiT aris ganpirobebuli 

(zeemanis efeqti). minareuli STanTqmis maqsimumebis energetikuli mdgomare-

obis mixedviT dgindeba sixSire da, amdenad, muxtis gadamtanebis efeqturi 

masa im daSvebul zonaSi, romelTanac dakavSirebulia speqtris am ubnis 

formirebaze pasuxismgebeli minareuli mdgomareoba. 

 

7.4. magnitooptikuri movlenebi. 

faradeis da foixtis efeqtebi 

 
 kristalis optikuri maxasiTeblebis mgrZnobiaroba Zlieri magnituri 

velis mimarT mraval optikur movlenas ganapirobebs: 1. faradeis efeqti _ 

kristalSi gasuli eleqtromagnituri gamosxivebis polarizaciis sibrtyis 

Semobruneba; 2. keris efeqti _ faradeis analogiuri, oRond arekvlil sxi-

vebSi mimdinare procesi; 3. foixtis (an koton-mutonis) efeqti _ sinaTlis 

ormagi sxivTtexis movlena _ kristalSi gavlisas sinaTlis wrfivi pola-

rizacia icvleba elifsuri polarizaciiT; 4. magnitoplazmuri arekvla _ 

arekvlis plazmuri kidis transformacia da arekvlis erTi plazmuri 

minimumis (6.6) oriT Secvla Zlier magnitur velSi (nax. 7.4). 

 

nax. 7.4. arekvlis plazmuri kide. a) Teoria; 1 - 0B ; 2 - cB  ; 
b) arekvlis ori plazmuri minimumi InSb -is kristalSi 
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 magnitooptikuri movlenebis Seswavla, umetes SemTxvevaSi, miznad isa-

xavs muxtis gadamtanebis efeqturi masis dadgenas. vnaxoT, Tu rogor SeiZ-

leba ganxorcieldes es faradeis da foixtis efeqtebis safuZvelze. 

 faradeis efeqti aRiZvreba, Tu wrfivad polarizebuli eleqtromagni-

turi gamosxiveba kristalSi vrceldeba magnituri velis paralelurad. 

cnobilia, rom wrfivi polarizacia SeiZleba warmodgenili iyos ori wriu-

li mdgenelis (marjvena da marcxena wriuli polarizacia) meSveobiT, rom-

lebic xasiaTdebian 
Rn  da 

Ln  gardatexis maCveneblebiT (Tu 0B , maSin 

LR nn  ). magnitur velSi 
Rn  da 

Ln  gardatexis maCvenebelTa toloba irRve-

va, Cndeba svlaTa sxvaoba wriulad polarizebul mdgenelebs Soris, rac 

vlindeba kristalidan gamosuli, kvlav wrfivad polarizebuli sinaTlis 

polarizaciis sibrtyis SemobrunebiT garkveuli   kuTxiT 

                           ,
2

LR nn
c

d



                         (7.12) 

aq   sinaTlis sixSirea; xolo d  _ kristalis sisqe. 

 pirdapirproporciuli kavSiri Semobrunebis kuTxesa da magnituri 

velis sidides Soris myardeba V  verdes koeficientiT,  

                          ,VdB                                (7.13) 

romelic kristalis maxasiaTebel iseT mniSvnelovan parametrebzea 

damokidebuli, rogoricaa muxtis gadamtanebis efeqturi masa da koncentra-

cia. magnituri velis mimarTulebis cvlileba sapirispiroze ganapirobebs 

polarizaciis sibrtyis Semobrunebis mimarTulebis cvlilebasac. 

 magnituri velis gavleniT polarizaciis sibrtyis Semobruneba vlin-

deba speqtris mxolod iseT areSi, sadac mniSvnelovania sinaTlis disper-

sia  0ddn . naxevrad gamtarebis optikuri procesebis Taviseburebebidan 

(Tavi VI) gamomdinare, faradeis efeqti SeiZleba gamovlindes rogorc 

eleqtronis zonaTaSoriso gadasvlebis areSi, aseve ( g  ) ufro mcire 

sixSireebze, Tu ki mniSvnelovania muxtis Tavisufali gadamtanebis wvlili 

(maTi koncentracia N  ar aris Zalian mcire). 

 n -tipis naxevrad gamtarSi muxtis Tavisufali gadamtanebiT ganpiro-

bebuli faradeis efeqtisaTvis 

                          .
2*2

0 nm

N

n

A
V


                             (7.14) 
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 Tu gamtarobis zonis izoenergetikuli zedapiri brunviT elifsoids 

warmoadgens, maSin  

                   
 

.
3

2
2*

||

2

0 m

NKK

n

A
V





                        (7.15) 

aq 
*

*

||




m

m
K  anizotropiis koeficientia, xolo 

c
eA

2

3

 . 

p  tipis naxevrad gamtarSi, hp  mZime da lp  msubuqi xvrelebis 

koncentraciebis gaTvaliswinebiT verdes koeficientisaTvis gveqneba 

                          .
2*2*2

0















lp

l

hp

h

m

p

m

p

n

A
V


                         (7.16) 

 kristalis STanTqmis kidis maxloblad ( g  ) verdes koeficienti 

sinaTlis sixSireze ramdenadme ufro rTulad aris damokidebuli, vidre 

es muxtis Tavisufal gadamtanebze mimdinare faradeis efeqtisaTvis iyo 

damaxasiaTebeli 

                         .
22

2

2*

0 



 


gnm

N

n

A
V                           (7.17) 

 Tu induqciis veqtori kristalSi sinaTlis gavrcelebis mimarTule-

bis marTobulia, maSin wrfivad polarizebuli eleqtromagnituri talRis 

E  veqtoris magnituri velisadmi marTobuli da paraleluri mdgenelebi 

sxvadasxva siCqariT gavrceldebian, ris Sedegad maT Soris gaCndeba faza-

Ta sxvaoba   (wrfivad polarizebuli sinaTle gardaiqmneba elifsurad 

polarizebulad – foixtis efeqti) 

                           .||  nn
c

d
                            (7.18) 

 polarizaciis sibrtyis Semobrunebis kuTxis analogiurad, foixtis 

efeqtis ZiriTadi maxasiaTebeli parametri   fazaTa sxvaoba – muxtis 

gadamtanebis efeqturi masiT da koncentraciiT ganisazRvreba 

                          .2

3*3

0

4

dB
m

N

n

e

n


                            (7.19) 

 rogorc warmodgenili gamosaxulebebidan gamomdinareobs, faradeis 

an foixtis efeqti saSualebas gvaZlevs ganvsazRvroT muxtis gadamtanebis 

efeqturi masa, Tu sxva cdebis (mgaliTad, holis efeqtis) safuZvelze dad-

genilia muxtis gadamtanebis koncentracia. amave dros, Tu daveyrdnobiT 

orive efeqtis monacemebs, maSin, martivi sferuli simetriis daSvebuli 
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zonebis SemTxvevaSi, SesaZlebeli iqneba efeqturi masis Sefaseba im 

SemTxvevaSic, Tu koncentraciis sidide cnobili ar aris. marTlac, (7.13), 

(7.14) da (7.19)-is SedarebiT gveqneba 

                          ,*





 eBmn
                              (7.20) 

aq   sinaTlis talRis sigrZea. 

 zemoT ganxiluli Tanafardobebis gamoyvanisas gaTvaliswinebuli iyo 

sami piroba, romelTa Sesruleba eqsperimentis Catarebisas martivia, alba-

Turi da xSirad aucilebelic: 1) 122   (analogiuri piroba da misi azri 

7.2$-Si iyo warmodgenili); 2) 22

c   _ gamoricxavs rezonansuli movle-

nebis ganviTarebas; 3) 22 kn   _ susti STanTqmis piroba, rac uzrunvel-

yofs kristalSi gamosxivebis gavrcelebas. 

 
 

7.5. oscilaciuri movlenebi 

 
 Zlieri magnituri velis zemoqmedeba energetikul zonur struqtura-

ze, mdgomareobaTa simkvriveze da muxtis gadamtanebis kristalur meserTan 

urTierTqmedebis xasiaTze, ganapirobebs kinetikuri koeficientebis magni-

turi velis sididesa da temperaturaze damokidebulebebis ara marto 

raodenobriv, aramed Tvisobriv cvlilebasac. 

 mTlianad gadagvarebul naxevrad gamtarebSi  1B , temperaturaTa 

areSi, sadac uzrunvelyofilia landaus doneTa siTburi garCevis-

unarianoba ( cTk 0 ) vlindeba kinetikuri koeficientebis oscilaciuri 

damokidebuleba magnitur velze, rac martiv fizikur interpretacias 

eqvemdebareba. magnituri velis da, amdenad, c  energiis zrdisas landaus 

doneTa moZraoba energiis mixedviT, maT mier fermis donis Tanmimdevruli 

gadakveTa ganapirobebs fermis doneze mdgomareobaTa simkvrivis periodul 

cvlilebas. vinaidan kinetikur procesebSi gadamwyvet wvlils swored fer-

mis doneze myofi eleqtronebi uzrunvelyofen, mdgomareobaTa simkvrivis 

qcevis Taviseburebebi gamovlindeba kinetikuri koeficientebis osci-

laciebiT. magnituri amTviseblobis da Termomagnituri koeficientebis 

aRniSnuli meqanizmiT gamowveuli oscilaciebi de haaz-van alfenis osci-
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laciebis saxelwodebas atareben, yvela sxva kinetikuri koeficientebisa ki 

_ Sebnikov-de haazis. 

 arsebobs kinetikuri koeficientebis oscilaciebis sruliad gansxva-

vebuli meqanizmic, romelic muxtis gadamtanebis grZiv optikur fononebze 

aradrekad rezonansul gabnevasTan aris dakavSirebuli. am magnitofononur 

oscilaciebs eqnebaT adgili, Tu fononis energia c  energiis toli an 

jeradia, rac uzrunvelyofs eleqtronis gabnevas or landaus dones 

Soris. Tu sawyis da saboloo mdgomareobebSi eleqtronis spinis gegmili 

sapirispiro niSnisaa, maSin oscilaciebs spinmagnitofononurs uwodeben. 

Sebnikov-de haazis oscilaciebisagan gansxvavebiT magnitofononuri 

oscilaciebi SedarebiT maRal temperaturaze gamovlindeba, rodesac 

meserSi optikuri fononebis garkveuli raodenoba iqneba aRznebuli. amave 

dros, Tkc 0  da 1c  pirobebis Sesrulebis aucilebloba gansa-

zRvravs SesaZlo temperaturaTa zeda zRvars. magnitofononuri oscilaci-

ebis periodi ganisazRvreba optikuri fononebis sixSiriT da muxtis gadam-

tanebis efeqturi masiT. amdenad, periodis dadgena am parametrebis 

sidideze msjelobis saSualebas gvaZlevs. Subnikov-de haazis oscilaciebis 

periodi ki N  muxtis gadamtanebis koncentraciazea damokidebuli da am 

movlenis Seswavla, magaliTad, N  tipis naxevrad gamtarSi, zonis absolu-

turi eqstremumis SemadgenlobaSi Semavali minimumebis N  ricxvis dadgenis 

pirdapir meTods warmoadgens. 

 romelime kinetikuri koeficientis magnituri velis daZabulobis 

Sebrunebul sidideze damokidebulebis periodisaTvis miRebul zogad 

gamosaxulebas aqvs Semdegi saxe: 

                          3
2

*

*


 N
m

m
C

c

dn
HH                           (7.21) 

aq   3
1

*

3

*

2

*

1
3

2
* mmmNmdn   mdgomareoba da simkvrivis efeqturi masaa (7.2), *

cm  _ 

ciklotronuli efeqturi masa (7.7), xolo 
HC  _ mudmiva 

                          
 

.
3

2

3
2

2 c

e
CH


                            (7.22) 

Tu cdas CavatarebT magnituri velis sami (elifsoidis mTavari RerZebis 

Sesabamisi) mimarTulebisaTvis gveqneba: 
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.                       (7.25) 

 am TanafardobaTa gadamravlebiT ekvivalenturi minimumebis ricxvi-

saTvis miviRebT 

                        .2
1

321
2

3




NCM H                         (7.26) 

 Tu zonis izoenergetikuli zedapiri brunviTi elifsoidia, maSin 

elifsoidis brunvis RerZisadmi magnituri velis ori (paraleluri da mar-

Tobuli) mimarTulebisas ||  da 
  periodebis gazomviT davadgenT 

anizotropiis koeficientis (7.15) sidides 

                          .

2

||

















K                               (7.27) 

 amrigad, oscilaciuri movlenebis eqsperimentuli Seswavla kvlevis 

sxva, ganxiluli meTodebisagan gamoirCeva miRebuli informaciis araordi-

narobiT, magram eqsperimenti mTel rig teqnikur sirTuleebTan aris 

dakavSirebuli. 
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Tavi VIII 

rekombinaciuli movlenebi 

 

8.1. wonasworuli da arawonasworuli 

koncentraciebi 

 
 kristalSi, Termodinamikuri wonasworobis pirobebSi arsebul muxtis 

Tavisufali gadamtanebis koncentracias wonasworul koncentracias uwo-

deben  00 , pn , e.i. wonasworuli muxtis gadamtanebis ricxvs miekuTvneba is 

eleqtronebi da xvrelebi, romelTa generacia siTburi energiis xarjze 

mimdinareobs. kristalur meserTan siTbur wonasworobaSi myofi am 

gadamtanebis ganawileba, kvanturi mdgomareobis mixedviT, aiwereba ganawi-

lebis funqciis meSveobiT (Tavi III), romelsac wonasworuli vuwodoT _ 

 Ef0 . cxadia, kristalSi garkveuli sididis 00
, pn  koncentraciebis Senar-

Cuneba sakmaod rTuli, dinamiuri procesis Sedegia, romelic generaciasTan 

erTad rekombinaciasac (gamtarobis eleqtronis bmul mdgomareobaSi 

dabrunebas da amdenad ori Tavisufali gadamtanis _ eleqtronis da xvre-

lis mospobas) moicavs. Termodinamikuri wonasworobisas am ori procesis 

maxasiaTebeli 0G  da 0R  siCqareebi erTmaneTs utoldeba  ( 0G  _ drois er-

TeulSi, kristalis moculobis erTeulSi generirebuli, xolo 0R  _ rekom-

binirebuli eleqtron xvreluri wyvilebis ricxvia). 

 gareSe zemoqmedebas kristali gamoyavs Termodinamikuri wonaswo-

robis mdgomareobidan. Sedegad icvleba muxtis gadamtanebis ganawileba 

kvanturi mdgomareobebis mixedviT (e.i. ganawilebis funqcia), SedarebiT 

Zlieri zemoqmedebisas ki SeiZleba Seicvalos koncentraciac, Warbi pn  ,  

koncentraciebi arawonasworulis pn,  da wonasworulis 00 , pn  sxvaobebs 

warmoadgenen 

                          .0nnn                                 (8.1) 

                          .0ppp                                (8.2) 

 vinaidan gareSe zemoqmedebiT ganpirobebul, rogorc wesi, gazrdil 

generacias Tan axlavs rekombinaciis procesis intensifikaciac, amitom 

kristalSi swrafad damyardeba stacionaluri pirobebi  0 tn , gene-

raciis da rekombinaciis siCqareTa tolobis ( RG  ) aRdgenis gamo. Tu 
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Termodinamikuri wonasworobis pirobebSi rekombinaciis siCqare 

wonasworuli koncentraciebis mniSvnelobebze iyo damokidebuli 

                          000 pnR                                  (8.3) 

axal stacionalur pirobebSi is ukve arawonasworuli koncentraciebiT 

ganisazRvreba 

                          ,pnR                                   (8.4) 
aq  koncentraciisagan damoukidebeli (kristalis Tvisebebis gamomxatve-

li) rekombinaciis koeficientia. 

 mesame TavSi naCvenebi iyo, rom mocemul kristalSi gadamtanebis 

wonasworuli koncentracia F  fermis energiiT (   TkEF c 0/  dayvanili 

fermis doniT) ganisazRvreba. arawonasworul pirobebSi, muxtis gadam-

tanebis statistikis cnobili Tanafardobebis formalurad ucvleli saxiT 

SesanarCuneblad, fermis energiis nacvlad Semotanilia efeqturi 

parametrebi, romlebsac eleqtronis ** , nnF   da xvrelis ** , ppF   fermis kvazi 

energias (kvazi doneebs) uwodeben. maSin, magaliTad, gadaugvarebeli 

naxevrad gamtarisaTvis 

                          ,
*

0

*
*  

 nn
c enen                           (8.5) 
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*
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V epep





                          (8.6) 

da 

                          ,
0

*
*

Tk

EF cn
n


                               (8.7) 

                          .
0

*

*

Tk

FE pV

p


                               (8.8) 

 aRsaniSnavia, rom Termodinamikuri wonasworobis mdgomareobidan ga-

daxris kriteriumad SeiZleba gamoviyenoT ara marto Warbi koncentraciis 

mniSvneloba (Warbi koncentraciis inJeqciis done), aramed fermis donis 

efeqtur doneebad gaxleCis sididec (nax. 8.1). marTlac, (8.5), (8.6) gamosaxu-

lebebis gadamravlebiT 

                          pnepnnp
 

 00
                             (8.9) 

da maSasadame 

                       .ln
00

0

**

pn

np
TkFF pn                             (8.10) 
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nax. 8.1. fermis donis or efeqtur doned gaxleC  
a)wonasworuli mdgomareoba;  

b)arawonasworuli mdgomareoba 
 

 muxtis gadamtanebis inJeqciis dabali donisas, rodesac FFF pn  **
, 

eleqtronebisa da xvrelebisaTvis erTiani fermis done SeiZleba Sevinar-

CunoT, magram am SemTxvevaSic ar aris gamoricxuli mniSvnelovani 

gansxvaveba arawonasworuli muxtis gadamtanebis ganawilebis funqciasa 

 Ef  da  Ef0  sawyis, wonasworuls Soris. sailustraciod nax. 8.2-ze moyva-

nilia gamtarobis zonaSi mdgomareobaTa simkvrivis da, agreTve, 

mdgomareobaTa simkvrivis wonasworul da arawonasworul ganawilebis 

funqciaze namravlebsa da energias Soris damokidebulebebi. 

 
nax. 8.2. eleqtronebis mdgomareobaTa simkvrivis   da 

misi wonasworul 0f  da arawonasworul f  ganawilebis 

funqciaze namravlebis energetikuli diagrama 
 

 amave dros, martivi analizis safuZvelze, umetes SemTxvevaSi, SeiZ-

leba dasabuTdes arawonasworuli eleqtronebisa da xvrelebisaTvis gana-

wilebis funqciis wonasworuli formis gamoyenebis SesaZlebloba. axlad 
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generirebuli gadamtanebis energia SeiZleba mniSvnelovnad Warbobdes 

wonasworuli gadamtanebis energias. es cxeli eleqtronebi, Tu xvrelebi 

ganabneven Warb energias - gadascemen mas kristalur mesers. aRmoCnda, rom 

am procesis xangrZlivoba 1010  wamis rigisaa, maSin, rodesac daSvebul 

zonaSi muxtis gadamtanebis sicocxlis dro gacilebiT didia _ 82 1010   wm. 

amdenad, Warbi muxtis gadamtanebic arsebobis drois ZiriTad nawils 

kristalur meserTan siTbur wonasworobaSi atareben (maTi anergia mesris 

saSualo siTburi energiis toli xdeba). es ki uflebas gvaZlevs fermis 

energiis axali (efeqturi) mniSvnelobebis gamoyenebiT SevinarCunoT 

ganawilebis funqciis wonasworuli forma. 

 

 

8.2. arawonasworuli muxtis gadamtanebis sicocxlis 

dro bipolaruli da monopolaruli generaciisas 

 
 rekombinaciis procesis mimdinareoba mWidro kavSirSia muxtis 

gadamtanebis generaciis pirobebTan, eleqtronebis da xvrelebis inJeqciis 

donesTan. ganvixiloT wonasworuli koncentraciis aRdgenis procesi 

kristalSi, romelSic gareSe zemoqmedebiT generacia xorcieldeba 

gamtarobis zonaSi eleqronis savalento zonidan aRgznebiT (bipolaruli 

generacia, pn  ). zemoqmedebis Sewyveta rekombinacia - generaciis 

siCqareTa tolobas daarRvevs. vinaidan rekombinaciis siCqares 

arawonasworuli koncentracia, xolo generaciisas _ wonasworuli 

koncentracia gansazRvravs, amitom rekombinaciis siCqare gadaaWarbebs 

generaciis siCqares 

                        ,0Gpn
t

p

t

n










                           (8.11) 

(8.3) da 00 GR   gaTvaliswinebiT miviRebT 

            .0000 nnpnpnpn
t

n





                  (8.12) 

 gavaanalizoT (8.12) jer susti bipolaruli generaciisas, rodesac 

 ,00 pnn   maSin 

                      .00000 nnpnnpn
t

n





                 (8.13) 
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 00 pn   gansazRvravs kristalis moculobis erTeulSi, drois erTeulSi 

erTi Tavisufali muxtis gadamtanis rekombinaciis albaTobas. aRvniSnoT 

es namravli 


t1  da gamoviyenoT (8.13)-Si, gveqneba  

                          .0



nnn

t

n 








                            (8.14) 

 am TanafardobiT martivad miiReba gamosaxuleba, romelic saSuale-

bas mogvcems ganvsazRvroT Warbi koncentracia drois nebismieri momentisa-

Tvis, Tu cnobilia misi sidide gareSe zemoqmedebis Sewyvetis momentSi 

 0t  

                              
t

entn


 0                               (8.15) 
relaqsaciis procesis maxasiaTebel   sidides, romelic drois im Sua-

leds gansazRvravs, romlis ganmavlobaSic muxtis gadamtanebis Warbi kon-

centracia (e ) neperis ricxvjer mcirdeba, arawonasworuli muxtis 

gadamtanebis relaqsaciur sicocxlis dros (an ubralod sicocxlis 

dros) uwodeben.   Warbi koncentraciis arsebobis saSualo dros warmoad-

gens. bipolaruli generaciisas es dro erTnairia rogorc eleqtronebi-

saTvis, aseve xvrelebisaTvis  pn    da sxvadasxva naxevrad gamtarSi 

82 1010   wm Seadgens. 

 Zlieri bipolaruli generaciisas, rodesac  00 pnn   (8.12) Semdeg-

nairad SeiZleba gadaiweros: 

                          .2n
t

n





                                 (8.16) 

am gantolebis Sesabamisad ki 
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                           (8.17) 

 relaqsaciuri procesi aRar aiwereba eqsponencialuri kanoniT (mas 

hiperboluri kanoni Seesabameba, Tumca, rodesac Warbi koncentracia imde-

nad Semcirdeba, rom 0nn   piroba dairRveva, is gadava eqsponencialurSi) 

da sicocxlis   droisaTvis mxolod myis mniSvnelobas aqvs azri, vinaidan 

is arawonasworuli koncentraciiT ganisazRvreba 

                           
 

.
1

tn
t





                                (8.18) 

 Tu gareSe zemoqmedebiT kristalSi Cndeba mxolod erTi tipis dama-

tebiTi muxtis gadamtani (donoris ionizacia p  tipis naxavrad gamtarSi), 

maSin generacias monopolaruli ewodeba. kristalis garkveul areSi mux-
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tis ZiriTadi gadamtanebis Warbi koncentraciis Seqmna ganapirobebs maT 

difuzias kristalis wonasworuli koncentraciis ubnebisaken. eleqtro-

neitralobis piroba irRveva, yalibdeba sivrculi muxti da Siga eleqt-

ruli veli. gareSe zemoqmedebis Sewyvetis Semdeg, swored es veli ganapi-

robebs muxtis gadamtanebis dreifs da uzrunvelyofs sivrculi muxtis 

mospobas. am relaqsaciuri procesis siCqare kristalis eleqtrogamta-

robaze da dieleqtrikul SeRwevadobazea damokidebuli 

                           .0
0












t
                           (8.19) 

aq   sivrculi muxtis simkvrivea, romlis myisi mniSvneloba (8.19)-is 

Sesabamisad Semdegnairad ganisazRvreba: 

                              .0 m
t

et




                           (8.20) 

 monopoluri generaciisas arawonasworuli muxtis gadamtanebis 

relaqsaciur sicocxlis dros m  dieleqtrikul an maqsvelis relaqsaci-

ur dros uwodeben  

                          .0




 m                                (8.21) 

 maqsvelis relaqsaciis dro naxevrad gamtarSi 1312 1010    wams Seadgens. 

 

 

8.3. muxtis gadamtanebis difuzuri sigrZe 

 
 davubrundeT kristalSi arawonasworuli koncentraciis lokaluri 

aris Seqmnis Sedegad Warbi muxtis gadamtanebis wonasworul koncentraci-

aTa areSi difuziis process. mis dasaxasiaTeblad ramdenime mniSvnelovani 

parametri iqneba Semotanili. magaliTisTvis ganvixiloT n  tipis gadaugva-

rebeli naxevrad gamtari, romlis erT-erTi kidis maxlobel fenebSi Warbi 

koncentracia iqmneba Sesabamisi sixSiris sinaTlis dasxivebiT (nax. 8.3). ga-

naTebuli aridan nawilakebis nakadi proporciuli iqneba koncentraciis 

gradientis da procesi SeiZleba aiweros difuziuri denis cnebis gamoyenebiT 

                          .neDJ nD                                (8.22) 
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nax. 8.3. generirebuli Warbi eleqtronebis ganawileba kristalis 

wonasworuli koncentraciis areSi 
 

 proporciulobis nD  koeficients difuziis koeficients uwodeben. 

ainSainis Tanafardoba amyarebs kavSirs difuziis koeficientsa da muxtis 

gadamtanebis Zvradobas Soris 

                          .nn T
e

k
D                                 (8.23) 

 kristalis gaunaTebel areSi difundirebuli Warbi gadamtanebis 

koncentracia x  siRrmeze eqsponencialuri kanoniT aris damokidebuli  

                            Dl
x

enn


 0                            (8.24) 

Dl  muxtis gadamtanebis difuzur sigrZes uwodeben. is gansazRvravs man-

Zils, romelzec Warbi koncentracia neperis ricxvjer mcirdeba (nax. 8.3-ze 

enn  21
 da 

12 xxlD  ). rac metia arawonasworuli muxtis gadamtanebis 

sicocxlis dro da difuziis koeficienti, miT ukeTesi pirobebi iqneba 

difuziisaTvis da izrdeba difuzuri sigrZe 

                          
nnD Dl  .                              (8.25) 

 cxadia (8.22) - (8.25)-is analigiuri gamosaxulebebi gveqneba p  tipis na-

xevrad gamtarebSic. magaliTad, Gep  -Si difuziuri sigrZe Seadgens 0,7mm. 
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8.4. rekombinaciis ZiriTadi meqanizmebi 

 
 rekombinaciis procesebis, am procesebTan dakavSirebuli efeqtebis 

mravalsaxeobis gaTvaliswinebiT, TvalsaCinoebisaTvis mizanSewonilia re-

kombinaciis klasifikaciuri sqemis Camoyalibeba (nax. 8.4). klasifikacias, 

rogorc wesi, safuZvlad udevs sami mosazreba: procesis aRZvris mizezi, 

ganxorcielebis meqanizmi da is, Tu ras moxmardeba rekombinaciis dros ga-

monTavisuflebuli energia. 

 
nax. 8.4. rekombinaciis klasifikaciis sqema 

 

 rekombinacia spontanuria (I gvaris), Tu is TavisTavad aRiZvreba da 

mimdinareobs,xolo iZulebiTia (II gvaris) - Tu mis ganxorcielebas gareSe 

biZgi sWirdeba. rekombinacia gamosxivebadi, fotonuria (mas luminescen-

ciasac uwodeben), Tu rekombinaciisas gamonTavisuflebuli energia gamo-

iyofa kristalidan fotonebis nakadis saxiT ( 1A ). Tu es energia ar gamos-

xivdeba da kristalur mesers gadaecema, maSin rekombinacia fononuria  2A . 

gamonTavisuflebuli energia SeiZleba sxva Tavisufali muxtis gadamtanis 

energiis zrdaze (gacxelebaze) daixarjos. aseT rekombinacias oJe rekombi-

nacias uwodeben ( 3A ). cxadia, “cxeli” muxtis gadamtani gabnevis procesis 

Sedegad Tavis Warb energias sabolood mainc kristalur mesers gadascems. 



164 
 

 rekombinaciis (samive tipis) procesSi Cabmuli energetikuli mdgoma-

reobebis mixedviT ansxvaveben rekombinaciis 4 saxes (nax. 8.4 da 8.5) 

 Tu rekombinacia eleqtronis da xvrelis uSualo Sexvedris Sedegad 

warimarTa, maSin mas zonaTaSoriso ewodeba. nax. 8.5-ze sqematurad naCvene-

bia zonaTaSoriso rekombinacia luminescenciiT (1) da oJe rekombinacia 

eleqtronis (2) da xvrelis (3) “gacxelebiT”. 

 
nax. 8.5. rekombinaciis meqanizmis ganmsazRvreli eleqtronuli 

gadasvlebis sqema ( 3,26;2,25,4;1,33,2;1,11 BABABABA  ) 

 

rekombinaciis zonaTaSoriso meqanizmi ganmsazRvrelia SedarebiT mcire ak-

rZaluli zonis siganis  ev3,0 gE  naxevrad gamtarebSi. Tu ev5,0 gE -ze, 

maSin procesSi monawileoben lokalur mdgomareobaSi myofi minarevebiT 

Seqmnili mdgomareobebi (Tumca, SesaZlebelia sxva tipis defeqtebis 

wvlilic - mesris sakuTari wertilovani defeqtebi, dislokaciebi da sxva) 

rekombinaciis procesSi monawile aRniSnul centrebs - rekombinaciul 

centrebs, xolo maT energetikul dones - saWer dones uwodeben. nax. 8.5-iT 

warmodgenilia rekombinaciis sqema tE  energiis erTi saWeri donis monawi-

leobiT. neitralur mdgomareobaSi myofi defeqti CaiWers eleqtrons, dai-

muxteba uaryofiTad da kulonuri urTierTqmedebis xelSewyobiT Semdgom 

CaiWers xvrelsac (daabrunebs CaWeril eleqtrons savalento zonaSi). 

SesaZlebelia pirvel etapze orive niSnis muxtis gadamtanebis CaWera 

sxvadasxva centrze - eleqtronisa 1tE  doneze, xvrelisa - 2tE  doneze Semd-

gomi rekombinaciiT, rodesac orive muxtis gadamtani erT-erT centrze 

Sexvdeba erTmaneTs (nax. 8.5-5). 
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 muxtis gadamtanebis rekombinacias SeiZleba win uZRodes eqsitonis 

Camoyalibeba _ gamtarobis eleqtroni jer qmnis xvrelTan bmul wyvils, 

CaiWireba ra eqsitonur doneze, xolo Semdgom adgili aqvs rekombinacias, 

anu eqsitonis anihilacias (nax. 8.5-6). 

 rekombinaciis yvela ganxiluli meqanizmi moqmedebs ara marto kris-

talis moculobaSi, aramed mis zedapirzec. amave dros, vinaidan kristalis 

zedapiri moculobasTan SedarebiT gacilebiT met defeqts (rogorc 

raodenobis, aseve nairsaxeobis mixedviT) Seicavs, rekombinacia aq gacile-

biT ufro intensiurad mimdinareobs. amis gamo dasaSvebia zedapiruli 

rekombinaciis calke klasad gamoyofa klasifikaciur sqemaze (nax. 8.4). 

 kristalSi rekombinaciis ramdenime meqanizmis erTdroulad moqmede-

bisas, rekombinaciis albaToba da muxtis gadamtanebis saSualo sicocxlis 

dro TiToeuli meqanizmisaTvis damaxasiaTebeli parametrebis jamiT gani-

sazRvreba 

                      ,0iri

i

ti

i

rir VNWW                        (8.26) 

                         .
111

0

 
i iritii i VN 

                     (8.27) 

 (8.26) da (8.27) TanafardobebSi tiN  romelime erTi tipis rekombina-

ciuri centrebis koncentraciaa, iV0  - muxtis gadamtanebis saSualo siTbu-

ri siCqarea, ri  - koeficientia, romelic muxtis gadamtanebis erTi wyvilis, 

mocemuli tipis erT centrze rekombinaciis albaTobas gansazRvravs. am 

koeficientis ganzomileba farTobis ganzomilebas emTxveva da is 

rekombinaciuli procesis efeqturi kveTis saxelwodebas atarebs. 

 lokalur mdomareobebze muxtis gadamtanis CaWera yovelTvis rekom-

binaciiT ar dasruldeba. Tu, magaliTad, saWeri done Txelia (daSvebuli 

zonis eqstremumis maxloblad aris ganlagebuli), maSin siTburi energiis 

xarjze SesaZlebeli xdeba muxtis gadamtanis reaqtivacia (an CaWerili 

eleqtronis dabruneba gamtarobis zonaSi, an CaWerili xvrelis - savalen-

to zonaSi). am SemTxvevaSi defeqts - miwebebis centrs, xolo mis tE  - 

lokalur dones - miwebebis saWer dones uwodeben. 

 imisaTvis, rom Sefasdes muxtis ZiriTadi gadamtanebisaTvis ama Tu im 

saWeri donis roli (rekombinaciulia is, Tu - miwebebis) Semotanilia misi 
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maxasiaTebeli parametri, romelic donis energetikul mdgomareobasa da 

araZiriTadi muxtis gadamtanebis koncentraciazea damokidebuli 
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 saWeri done rekombinaciulia, Tu 1K  da miwebebis, Tu - 1K . Tu 

1K , maSin saWer dones demarkaciuli (sasazRvro) ewodeba. swored demar-

kaciuli dE  donis mimarT saWeri donis ganlagebis mixedviT gamoaSkarav-

deba - xels Seuwyobs is rekombinacias, Tu piriqiT - muxtis gadamtanis Ca-

WeriT da Semdgom daSvebul zonaSi dabrunebiT gazrdis mis sicocxlis 

dros. 

 
nax. 8.6. saWeri donis rolis sailustraciod, demarkaciuli doneebiT 

akrZaluli zonis dayofis sqema. dn
E  - demarkaciuli done 

eleqtronebisaTvis ( 1
n

K ),
dp

E  - xvrelebisaTvis ( 1
p

K ) 

 

 

 saWeri done miwebebisaa eleqtronebisaTvis, Tu ganlagdeba gamtaro-

bis zonasa da eleqtronebisaTvis gansazRvrul demarkaciul dones Soris 

(I are nax. 8.6-ze). saWeri done miwebebisaa xvrelebisaTvis, Tu moTavsda 

xvrelebisaTvis gansazRvruli demarkaciul donesa da savalento zonas 

Soris (III are nax. 8.6-ze). yvela sxva SemTxvevaSi saWeri done rekombi-

naciulia. 
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8.5. luminescenicia naxevrad gamtarSi 

 
 zemoT ganxilul rekombinaciis sam SesaZlo tips Soris uaRresad 

mniSvnelovania - praqtikuli gamoyenebis da meToduri TvalsazrisiT - 

luminescencia. imis da mixedviT, Tu kristals ra gziT miewoda muxtis 

Tavisufali gadamtanebis generaciisaTvis saWiro energia, ansxvaveben 

gamosxivebadi rekombinaciis oTx saxes: eleqtroluminescencias, fotolu-

minescencias, kaTodoluminescencias da radiaqtiur luminescencias (gene-

racia ganpirobebulia, Sesabamisad, eleqtruli veliT, optikuri diapazonis 

eleqtromagnituri gamosxivebiT, swrafi damuxtuli nawilakebiT bombardi-

rebiT da radioaqtiuri gamosxivebiT). 

 rekombinaciis SesaZlo meqanizmebis gaTvaliswinebiT luminescencia 

SeiZleba gamovlindes speqtris rogorc sakuTar, aseve minareul areSi. Tu 

minareul areSi luminescenciis intensivobis da STanTqmis koeficientebis 

speqtruli damokidebulebebi erTmaneTis analogiuria (nax. 8.7), zonaTa-

Soriso gadasvlebis areSi, rodesac gE , STanTqmis koeficientis 

zrdis fonze vlindeba gamosxivebis intensivobis mniSvnelovani Sesusteba. 

 
nax. 8.7. STanTqmis (a) da luminescenciis (b)  

speqtrebiminareul (I) da sakuTar (II) areebSi.  
(g)-zonaTaSoriso luminescenciis sqematuri interpretacia 

 

 mokletalRovan ubanSi luminescenciis es Tavisebureba imiT aixsneba, 

rom generaciisas SedarebiT maRal energetikul mdgomareobaSi aRgznebuli 

muxtis Tavisufali gadamtani, Tavisi sicocxlis drois ganmavlobaSi 

aswrebs 1 - 3 gabnevis aqtis ganxorcielebas. amis gamo, misi energia zonebis 
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absoluturi eqstremumebis Sesabamisi xdeba (nax. 8.7,g) da, amdenad, 

uSualod rekombinaciisas gamosxivdeba praqtikulad mainc gE -s toli 

energiis kvanti. 

 luminescenciis zonaTaSoriso meqanizmTan SedarebiT, gacilebiT 

ufro albaTuria misi warmarTva lokaluri donis monawileobiT. am Sem-

TxvevaSi gamosxivebuli fotonis energia gE -ze naklebi iqneba, vinaidan 

gadasvlebis erT-erT safexurze (nax. 8.8-is I etapze), rogorc wesi, 

gamosxivebas adgili ara aqvs da gamonTavisuflebuli energia kristalur 

mesers gadaecema. 

 luminescenciis procesSi monawile muxtis gadamtanis sicocxlis 

dro, iseve, rogorc saerTod rekombinaciis maxasiaTebeli relaqsaciis 

dro, kristalis mraval parametrzea damokidebuli. am mxriv, gansakuTrebiT 

mniSvnelovania  -s damokidebuleba fermis donis mdebareobasa da 

temperaturaze. 

 
nax. 8.8. luminescencia lokaluri donis monawileobiT. 

gadasvlebis sqema (a) da speqtri (b) 
 

 

 

8.6. muxtis gadamtanebis sicocxlis drois damokidebuleba 

fermis donis mdebareobasa da temperaturaze 

 
 rogorc vnaxeT, muxtis gadamtanis sicocxlis dro naxevrad gamtaris 

konkretuli mdgomareobis maxasiaTebel mraval parametrzea damokidebuli: 

1) muxtis gadamtanebis wonasworul koncentraciaze (da amdenad legirebis 

xarisxze); 2) rekombinaciuli centrebis tipze, koncentraciasa da energe-
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tikul mdgomareobaze; 3) muxtis gadamtanebis Warb koncentraciaze; 4) tempe-

raturaze da a.S. yvela am faqtoris gaTvaliswinebiT relaqsaciis dro 

aseTi gamosaxulebiT SeiZleba iyos warmodgenili (hol-Sokli-ridis 

modeli); 
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Sesabamisad gamatarobis da savalento zonebSi muxtis gadamtanTa 

wonasworuli koncentraciebia im SemTxvevisaTvis, rodesac fermis done 

saWer dones emTxveva. Tu SemovifarglebiT susti generaciiT 
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gansazRvraven xvrelebis an eleqtronebis sicocxlis dros saWer doneze 

maT CaWeramde (Sesabamisad xvrelebisagan an eleqtronebisagan mTlianad 

Tavisufali saWeri donisas). 

  (8.33) saSualebas gvaZlevs davadginoT saWeri donis da fermis donis 

urTierTganlagebis gavlena  -s mniSvnelobaze. amisaTvis, akrZaluli zona 

davyoT oTx ubnad da analizi CavataroT TiToeuli ubnisaTvis cal-calke 

(nax. 8.9). 

 I ubani - fermis done gamtarobis zonis Zirsa da saWer dones Soris 

aris ganlagebuli.naxevrad gamtari n  tipisaa, saWeri done praqtikulad 

mTlianad aris eleqtronebiT Sevsebuli da maTi koncentracia am doneze 

mudmivia  101000 ,,, pnnnpnconstnt  . xvrelis CaWera eleqtronebiT 

mTlianad dakavebul tE  mdgomareobebze yovelTvis rekombinaciiT 

dagvirgvindeba da relaqsaciis dro mxolod xvrelis CaWeris albaTobiT 
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ganisazRvreba. marTlac, miTiTebuli pirobebis gaTvaliswinebiT (8.33) 

umartives constp  0  gamosaxulebamde dava. 

 

nax. 8.9. muxtis gadamtanis sicocxlis drois 
damokidebuleba fermis energiaze 

 

 II ubani - fermis done saWer doneze dabla devs  tEFE 1 , sustad 

legirebuli n  tipis naxevrad gamtaria  00 pn  . saWer doneze arsebuli 

mdgomareobebis nawili ar aris dakavebuli eleqtronebiT 

 110101 , pnppnn  da . rekombinaciis albaToba mcirdeba rekombinaciis 

centrebze eleqtronebis ricxvis Semcirebis Sedegad, e.i. izrdeba muxtis 

ZiriTadi gadamtanebis sicocxlis dro 
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Tu wonasworuli 0n  koncentraciisaTvis bolcmanis ganawilebas gamoviye-

nebT (Tavi VII) da gaviTvaliswinebT (8.31) miviRebT, rom fermis donis 

dawevisas sicocxlis dro eqsponencialuri kanoniT izrdeba 
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 III ubani sustad legirebuli p  tipis naxevrad gamtars Seesabameba 

 011000 ,, nnppnp  , maSin  
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            (8.38) 

sicocxlis drom maqsimums miaRwia, rodesac fermis donem akrZaluli 

zonis Suaze gaiara. amis Semdgom   mcirdeba, vinaidan dacarielebul 

saWer doneze CaWerili eleqtronis rekombinacia miT ufro albaTuri 

iqneba, rac ufro gaizrdeba kristalSi xvrelebis koncentracia fermis 

donis Semdgomi dawevisas. 

 rodesac fermis done IV ubanSi ganlagdeba, saWer doneze yvela 

mdgomareoba xvrelebiT aris dakavebuli  0tn . rekombinaciis albaToba 

saWer doneze mxolod eleqtronebis CaWerazea damokidebuli ( p  tipis 

naxevrad gamtari, 101000 ,, npppnp  ). relaqsaciis dro, I ubnis 

analogiurad, aRar aris damokidebuli fermis donis mdebareobaze 

constn  0 . 

 muxtis gadamtanebis sicocxlis drois temperaturaze damokidebu-

lebis Sesaswavlad ganvixiloT n  tipis naxevrad gamtari, romlis akrZa-

luli zonis zeda nexevari davyoT sam intervalad: 1 _ gamtarobis zonis 

Ziridan donorul donemde ( Dc EE  ); 2 _ donorul da saWer doneebs Soris 

( tD EE  ); 3 _ saWeri donidan akrZaluli zonis Suamde ( it EE  ). nax. 8.10.-ze 

Tavmoyrilia fermis donis mdebareobis,sicocxles drois da koncent-

raciis logariTmebis damokidebulebebi Sebrunebul temperaturaze. 

aRniSuli parametrebis temperaturuli damokidebuleba SeiZleba daiyos 

xuT ubnad: 
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nax. 8.10. muxtis gadamtanebis koncentraciis (a), fermis donis (b) 

da sicocxlis drois (g) temperaturuli damokidebulebebi 
 I _ fermis done donorul doneze maRla devs. siTburi energiis 

xarjze mimdinareobs donoruli centrebis ionizacia, gamtarobis zonaSi 

muxtis gadamtanebis koncentracia izrdeba. amave dros, saWer doneze yvela 

mdgomareoba eleqtronebiT dakavebuli rCeba, ris gamoc, is ar axdens 

gavlenas muxtis gadamtanebis relaqsaciis droze da const . 

 II _ Tumca fermis donem gadakveTa donoruli done, igi jer kidev 

saWer doneze maRlaa. Sedegad _ donoruli done praqtikulad dacariele-

bulia, saWeri done ki kvlav Sevsebuli. muxtis gadamtanebis sicocxlis 

drosTan erTad temperaturaze damokidebuli xdeba koncentraciac. 

 III _ fermis done saWer donesac gascda. saWeri done Tavisufldeba, 

ris gamoc SesaZlebeli xdeba am centrebze gamtarobis eleqtronebi CaWera, 

magram vinaidan kristalSi xvrelebi praqtikulad ar moiZebneba, rekombina-

ciis albaToba mcirea da, amdenad, adgili aqvs sicocxlis drois zrdas. 

saWeri donidan gasanTavisuflebeli eleqtronebis ricxvis simciris gamo 

gamtarobis zonaSi eleqtronebis koncentraciac SeiZleba mudmivad CaiTva-

los. 

 IV _ fermis donem akrZaluli zonis Suamde miaRwia ( iEF  ). tempera-

turam imdenad moimata, rom mimdinareobs muxtis gadamtanTa generacia sava-

lento zonidan, maTi koncentracia mkveTrad izrdeba. saWer doneze CaWe-
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ril eleqtrons xvrelTan Sexvedris da rekombinaciis saSualeba uCndeba, 

ris gamoc sicocxlis dro iwyebs Semcirebas. 

 V _ muxtis Tavisufal gadamtanTa koncentracia imdenad gaizarda, 

rom saWer doneze ganTavisuflebuli mdgomareoba faqtiurad myisierad iv-

seba eleqtroniT, romelic ebmeba rekombinaciis aqtSi.sicocxlis dro I 

ubanTan SedarebiT Semcirebulia da kvlav ar aris temperaturaze damo-

kidebuli. 

 

8.7. naxevrad gamtaris fotomgrZnobiaroba. 

fotogamtaroba 

 
 kristalze optikuri diapazonis eleqtromagnituri talRebis dasxi-

vebam mravali movlenis aRZvra SeiZleba ganapirobos. am movlenebs optikur 

da fotoeletrul efeqtTa klasebSi aerTianeben. fotoeleqtrul movle-

naTa klasi, Tavis mxriv, or jgufad iyofa: pirvel jgufs miekuTvneba is 

procesebi, romlebic ganaTebisas kristalis eleqtrogamtarobis cvlile-

basTan (fotomgrZnobiarobasTan) arian dakavSirebulni, xolo Tu sinaTlis 

zemoqmedebiT kristalis garkveul wertilebs Soris Cndeba potencialTa 

sxvaoba, maSin isini fotovoltaur movlenaTa jgufs warmoadgenen. 

 sinaTlis fotoeleqtrulad aqtiuri STanTqma (gamtarobis arsidan 

gamomdinare) muxtis gadamtanebis koncentraciis an Zvradobis cvlilebis 

gamomxatvel procesad unda miviCnioT. martivi msjelobiT SeiZleba dava-

sabuToT, rom rogorc wesi, fotomgrZnobiaroba koncentraciis cvlilebiT 

aris ganpirobebuli, xolo Zvradoba praqtikulad mudmivi rCeba. marTlac, 

Zvradoba warmoadgens  ra zonur parametrs, erTnairad axasiaTebs rogorc 

daSvebul zonaSi arsebul wonasworul muxtis gadamtanebs, aseve sinaTlis 

zemoqmedebiT damatebiT generirebulsac. Zvradobis cvlilebas mxolod im 

SemTxvevaSi eqneba adgili, Tu kristalis energetikuli zonuri 

struqturis Taviseburebebidan gamomdinare, SesaZlebelia muxtis Tavisu-

fali gadamtanebis ramdenime zonaSi ganawileba (an gadanawileba). maSasa-

dame, miviCnioT, rom fotogamtaroba umetesad eleqtronebis da xvrelebis 

Warbi koncentraciebiT aris ganpirobebuli. 

 dasxivebisas kristalis eleqtrogamtarobis sididis cvlilebas fo-

togamtaroba ewodeba  
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      pnpnpn pnepnpne   000      (8.39) 

Tumca, ufro xSirad iyeneben kuTri fotomgrZnobiarobis cnebas _ 

sinaTlis erTeulovan intesiobaze gaTvlil fardobiT fotogamtarobas 

         

.
0



I
S


                          (8.40) 

 fotogamtaroba, optikur efeqtebTan da luminescenciasTan erTad, 

naxevrad gamtaris energetikuli zonuri struqturis, muxtis gadamtanebis 

maxasiaTebeli parametrebis dadgenis mZlavr meTods warmoadgens. am 

TvalsazrisiT mniSvnelovani xdeba fotogamtarobis speqtruli 

ganawilebis, misi aRZvris da relaqsaciis droze damokidebulebis 

Seswavla. (8.39)-Si gaviTvaliswinoT, rom stacionarul pirobebSi 

eleqtronebis da xvrelebis Warbi koncentraciebi maTi generaciis siCqariT 

da sicocxlis droiT ganisazRvreba 

        
 .ppnneG                         (8.41) 

 sinaTlis zemoqmedebiT eleqtron-xvreluri wyvilebis generaciis 

siCqare kristalis maxasiaTebel ramdenime parametrze da misi zedapiris 

erTeulovan farTobze dacemuli fotonebis ricxvze aris damokidebuli 

 ,10 R
I

G 





                            (8.42) 

aq   da R  Sesabamisad, STanTqmis da arekvlis koeficientebia, 0I  _ 

dacemuli sinaTlis intensivoba,   _ kvantis energia, xolo   _ kvanturi 

gamosavali, romelic gviCvenebs Tu STanTqmuli fotonebis ricxvidan ra 

nawili wavida eleqtron-xvreluri wyvilebis generaciaze. (8.42)-is 

gaTvaliswinebiT fotogamtarobisaTvis gveqneba 

  .10
ppnnR

I
e 


 


                (8.43) 

aRsaniSnavia, rom fotogamtarobis sinaTlis intensivobaze wrfivi 

damokidebuleba samarTliania mxolod susti generaciisas. zogadad, foto-

gamtaroba sinaTlis intensivobis xarisxovani funqciaa mI0~ . rogorc we-

si, 15,0  m , Tumca SesaZlebelia, zewrfivi fotomgrZnobiarobac _ 1m . 



175 
 

 
nax. 8.11. fotogamtarobis relaqsaciuri mrudebi saWeri centrebis 

ori sxvadasxva koncentraciisas  .
12 tt

NN   
 

 kristalSi saWeri centrebis arseboba, maTze muxtis gadamtanebis mi-

webebis SesaZlebloba, mniSvnelovan gavlenas axdens fotogamtarobis 

kinetikaze. saWer doneebze muxtis gadamtanebis CaWera, maTi generaciisas, 

anelebs gamtarobis  zrdis process sinaTlis dasxivebisas. sinaTlis 

gamorTvis Semdeg, saWeri doneebis ganTavisufleba aWianurebs gamtarobis 

relaqsacias (nax. 8.11). 

 iseve, rogorc luminescenciisaTvis, fotogamtarobisaTvisac damaxasi-

aTebelia kargi analogia STanTqmis koeficientis speqtrul kanonzomie-

rebebTan gE  areSi, magram zonaTSoriso gadasvlebis areSi fotogam-

taroba swrafad aRwevs maqsimums da Semdeg mkveTrad ecema (nax. 8.12). miuxe-

davad imisa, rom kristali, cxadia, kvlav STanTqmis koeficintis maRali 

mniSvnelobiT xasiaTdeba. mizezi, amjerad, procesze zedapiris 

(zedapiruli rekombinaciis) zegavlenaSi imaleba, rac metia kvantis energia 

da, e.i. STanTqmis koeficientic, miT ufro Txel fenaSi xdeba kristalSi 

SeRweuli praqtikulad yvela fotonis STanTqma. muxtis gadamtanebis 

generaciis procesi ifargleba zedapiris maxlobeli fenebiT, sadac 

rekombinaciuli centrebis simravle mkveTrad amcirebs muxtis gadamtanebis 

sicocxlis dros da, e.i. fotogamtarobasac 
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nax. 8.12. STanTqmis (a) da fotomatarobis (b) speqtrebi 

STanTqmis sakuTari kidis maxloblad  .5,0
max

 
g

 
  

 fotogamtarobis speqtruli damokidebulebis mixedviT naxevrad gam-

taris akrZaluli zonis siganis dadgenis gamartivebuli procedura Semo-

Tavazebuli iyo t.mosis mier. akrZaluli zonis siganed (sakmaod maRali 

sizustiT) SeiZleba miviCnioT im kvantis energia, romelsac speqtrSi foto-

gamtarobis maqsimaluri mniSvnelobis 1/2 Seesabameba ( g  nax. 8.12-ze). 

 

8.8. demberis da fotomagnitoeleqtruli efeqtebi 

 
 fotoeleqtruli movlenebis umravlesoba nimuSis araerTgvarovnebas 

ukavSirdeba da xSirad, swored am araerTgvarovnebaTa sazRvrebze TamaS-

deba, magram arsebobs iseTi fotovoltaruli movlena, romlis aRZvra 

erTgvarovan kristalSia SesaZlebeli da mis fizikur safuZvels eleqtro-

nebis da xvrelebis ZvradobebSi arsebuli gansxvaveba warmoadgens. 

movlenas demberis efeqts uwodeben. 

 vTqvaT, kristali ganaTebulia sinaTliT, romlis kvantis energia 

ramdenadme metia akrZaluli zonis siganeze maSin, eleqtron_xvreluri 

wyvilebis generacias zedapiris maxlobel fenebSi eqneba adgili da 

daiwyeba eleqtronebis da xvrelebis difuzia Warbi koncentraciis aridan 

kristalis danarCen, wonasworuli koncentraciis areSi (nax. 8.13.), vinaidan 

eleqtronis Zvradoba mniSvnelovnad metia xvrelebis Zvradobaze, eleqtro-

nebi ufro swrafad miaRweven kristalis ganaTebulis mopirdapire waxnags. 



177 
 

 
nax. 8.13. demberis (a) da fotomagnitoeleqtruli 

(b) efeqtebis aRZvris sqema 
 

orive waxnagze dairRveva eleqtroneitralobis piroba _ erTze gaukompen-

sirebeli uaryofiTi, xolo meoreze _ dadebiTi muxtebis dagrovebis gamo. 

gaCndeba Sida eleqtruli _ demberis veli, romlis garkveuli mniSvnelobi-

saTvis miRweuli iqneba stacionaruli mdgomareoba. kristalis boloebs 

Soris aRZruli Zabva ZvradobaTa pnb   fardobis garda, temperaturaze 

da Warbi koncentraciis sididezea damokidebuli 

 
 

.
1

1ln
1

1

00

0




















pnb

nb

b

b

e

Tk
U D       (8.44) 

 Tu kristals movaTavsebT magnitur velSi, romelic sinaTlis 

gavrcelebis (da, e.i. muxtis gadamtanebis difuzuri nakadis) marTobulia, 

maSin magnituri velis gavleniT muxtis gadamtanebis traeqtoriaTa gamru-

debis gamo (nax. 8.13. b) kristalSi gaCndeba eleqtruli veli. es veli 90-ian 

kuTxes adggens, rogorc sinaTlis gavrcelebis, aseve, magnituri velis 

mimarTulebebTan da mas fotomagnitoeleqtrul an kikoin-noskovis vels 

uwodeben. movlena holis da nernst _ etingshauzenis efeqtebis analogebad 

SeiZleba miviCnioT. 
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Tavi IX 

naxevrad gamtarebi Zlier eleqtrul velSi 

 

9.1. muxtis gadamtanebis Zvradoba da koncentracia 

Zlier eleqtrul velSi 

 

 am kursis farglebSi ganxiluli kinetikuri movlenebis absoluturi 

umravlesoba mimdinareobda iseT eleqtrul velebSi, romlebsac ar 

SeswevdaT unari aReZraT muxtis gadamtanebis siTburi siCqaris Tanazomadi 

dreifuli siCqare. muxtis gadamtanebis koncentracia da Zvradoba velis 

daZabulobaze damoukidebel sidideebs warmoadgendnen da, amdenad, 

kristalisaTvis samarTliani iyo omis kanoni 

.J       (9.1) 

 cxadia, roca velis daZabuloba garkveul k  kritikul mniSvnelobas 

gadaaWarbebs, zemoxsenebuli pirobebi irRveva, rac Tavis mxriv, naxevrad 

gamtari xelsawyoebisaTvis mniSvnelovani procesebis, Tu movlenebis 

aRZvras uwyobs xels. 

 Zlier eleqtrul velSi (miiCneven, rom k  , Tu dreifuli siCqare 

siTburi siCqaris 10% aWarbebs) Zvradobis cvlilebis xasiaTi gabnevis 

meqanizmzea damokidebuli, rac   relaqsaciis drois muxtis gadamtanebis 

energiasTan arsebuli kavSiridan gamomdinareobs (9.45). akustikur fono-

nebze gabnevisas 2
1

~


  da maSasadame  1~ V  velis zrdisas Zvradoba 

mcirdeba. Tu gabneva ionizirebul minarevebze mimdinareobs, maSin 2
3

~   

da velis zrdas Zvradobis zrdac  3~ V  axlavs Tan. 

 
nax. 9.1. Zvradobis damokidebuleba Zlieri eleqtruli velis 

daZabulobaze sxvadasxva temperaturisas  
1234

TTTT   
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 nax. 9.1.-ze moyvanilia gabnevis am ori meqanizmisaTvis    damokide-

buleba kristalis mniSvnelovnad gansxvavebuli temperaturebisas da cxadi 

xdeba, rom velis daZabulobis zrda temperaturis momatebis analogiur 

zemoqmedebas axdens Zvradobaze. 

 Zlier eleqtrul velSi koncentraciis zrdis ramodenime meqanizmi 

arsebobs: 1) frenkelis efeqti; 2) dartymiTi ionizacia; 3) zineris efeqti. 

pirveli maTgani eleqtruli velis gavleniT ZiriTadad minareuli atomis 

ionizaciisaTvis saWiro energiis Semcirebas gulisxmobs, rac am atomis 

eleqtronebis potenciuri energiis cvlilebis Sedegia gareSe velSi. 

muxtis gadamtanebis koncentraciis eleqtruli velis daZabulobaze damo-

kidebuleba 


enenBen o

Tk

E

o

Tk

EdE






0202                       (9.2) 

omis kanonidan Sesabamisi gadaxrasac ganapirobebs 
 eJ o ,                        (9.3) 

aq on  da o  koncentraciis da eleqtrogamtarobis wonasworuli 

mniSvnelobebia, xolo 

  1
*

0
2

3 

  Tke                       (9.4) 

( *  kristalis dieleqtrikuli SeRwevadobaa). 

 koncentraciis zrdis meore meqanizmi martiv fizikur mosazrebebs 

eyrdnoba. Zlieri eleqtruli velis gavleniT gamtarobis eleqtroni 

Tavisufali ganarbenis manZilze imdenad did kinetikur energias agrovebs, 

rom mesris Semadgenel atomebze gabnevisas axerxebs gadasces maT axali 

muxtis gadamtanis generaciisaTvis saWiro energia. cxadia, ufro 

albaTuria minareuli atomis ionizacia, radgan akrZaluli zonis siganis 

toli energiis misaniWeblad SedarebiT didi velebia saWiro. Tumca, isic 

gasaTvaliswinebelia, rom aCqarebuli muxtis gadamtanis mier energiis 

dagroveba ramdenime Tavisufali ganarbenis sigrZeze SeiZleba mimdinare-

obdes  (e.i. gabnevis TiToeuli aqtisas dagrovebuli  energiis mxolod 

nawili ikargeba). 

 zineris, anu gvirabuli efeqti eleqtrul velSi eleqtronis potenci-

uri energiis cvlilebis Sedegad energetikuli mdgomareobis wanacvlebis, 

koordinatTa sivrceSi maTi daxris erT-erTi gamovlenaa. (eleqtruli 

velis pirobebSi zonebis energiis manZilze damokidebuleba Semdeg 

paragrafSi iqneba ganxiluli). nax. 9.2.-is Sesabamisad daSvebuli zonebis da 
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minareuli donis daxra SesaZleblad xdis energiis dauxarjavad eleqtro-

nis gadayvanas bmuli mdgomareobidan Tavisufal mdgomareobaSi. eleqtroni 

arsebuli 

 
nax. 9.2. donoruli donidan (1) da savalento zonidan (2)  

gamtarobis zonaSi gadasvlis SesaZleblobebi sust (a) da 
Zlier (b) eleqtrul velebSi 

 

potenciuri barieris (
111, CBAABC ) gadaulaxavad (barieris qveS) axerxebs 

gamtarobis zonaSi gadasvlas, ris gamoc, es movlena gvirabuli efeqtis 

saxelwodebiT aris cnobili. energetikuli TvalsazrisiT, aseTi ,,horizon-

taluri~ gadasvlis albaToba W  damokidebulia gamWirvalobis P  koefi-

cientze 

PeW ~                               (9.5) 
da 

*

2

2*24
bE

h

am
P n
                          (9.6) 

eEb 0  sidides ( 0E  gadasvlis energiaa _ Dg EE ,  da a. S.), romelic toli 

energiis sawyis da saboloo wertilebs gamohyofs erTmaneTisagan, barieris 

sigane ewodeba. swored igi, barieris *E  simaRlesTan da mesris a  

mudmivasTan erTad, gansazRvravs gamWirvalobis koeficients. 

 elqtruli velis daZabulobis mniSvnelovani zrdisas, dartymiTi 

ionizaciis da zineris efeqtebis wyalobiT, muxtis gadamtanebis koncentra-

ciis zrdam SeiZleba zvavuri xasiaTi miiRos, ris gamoc mkveTrad gaizrde-

ba gamtaroba, kristalSi gamavali deni, gamoyofili siTbo _ adgili eqneba 

garRvevas da nimuSi mwyobridan gamova, daiSleba. 

 Cvens mier ganxiluli procesebi eleqtruli velis daZabulobis 

garkveuli mniSvnelobebiT xasiaTdeba. gamtarobis zrdis meqanizmis 

moqmedebis es sazRvrebi nax. 9.3-zea moyvanili 
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nax.9.3. Zlieri eleqtruli velis eleqtrogamtarobaze zemoqmedebis 

meqanizmebi 
 

 

9.2. zonebis gamrudeba 

 

 rogorc zemoT iyo aRniSnuli, naxevrad gamtarze sxvadasxva gareSe 

zemoqmedebis gavlenis Seswavlisas SeiZleba daveyrdnoT efeqturi masis 

meTods (1.108), romlis Sesabamisad hamiltoniani ase Caiwereba 

 ,'
2 *

2

rU
m

H 


                   (9.7) 

aq  rU '  SeSfoTebis saxiT iTvaliswinebs eleqtronze gareSe velis 

moqmedebas, magram analizisaTvis ufro gamosadegi gamosaxuleba SeiZleba 

miviRoT, Tu SeSfoTebis Teoriis magivrad ganxiluli iqneba moZraobis 

kvanturi gantoleba, romlis gamoyeneba idealuri naxevrad gamtaris 

hamiltonianisTvis 

 rU
m

H 
2

ˆ
2

                       (9.8) 

migviyvans Semdeg Tanafardobamde: 

      constrkMrUkE  ,' 00
                       (9.9) 

 rkM ,0
 aRniSnulia gareSe  rU '  potenciur velSi myofi eleqtronis 

hamiltonis funqcia (droze damoukidebeli). 

 (9.9)-is mivyevarT mniSvnelovan daskvnamde, rom kristalSi moZravi na-

wilakis sruli energia 0H  rCeba mudmivi. Tumca,  kE0
 kristaluri veli da 

 rU '  gareSe zemoqmedebiT ganpirobebuli energiebi SeiZleba icvlebodnen 

da es cvlilebebi urTierTsapirispiro xasiaTisaa yovelTvis. vinaidan  kE0
 

SeiZleba Seicvalos mxolod daSvebuli zonis sazRvrebSi, amitom daS-
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vebuli zonis siganiT izRudeba  rU '  cvlilebis SesaZleblobac. marTlac, 

(9.9) gamosaxulebis diferencirebiT 

0'0  dUdE                       (9.10) 

da    

maxmin0' EEEU   .                         (9.11) 

(9.11)-is Tanaxmad eleqtroni periodul, rxeviT moZraobaSi unda iRebdes 

monawileobas velis gaswvriv da am rxevis Sesabamisi monakveTis sigrZe 

gareSe Zalis sididezea damokidebuli 






e

EE

F

U
r minmax

0

' 
                        (9.12) 

  

 nax. 9.4. gareSe velSi eleqtronis potenciuri energiis (1) da 
hamiltonis funqciis (2) koordinatze damokidebuleba 

 

 vinaidan  kE0
 koordinatze damokidebuli ar aris, amitom nebismieri 

fiqsirebuli 1kk   talRuri veqtoris mniSvnelobisaTvis  rH0
 damokide-

bulebas  rU ' -is saxe gansazRvravs (nax. 9.4). Tu gaTvaliswinebuli iqneba 

energiis  10 kE  yvela SesaZlo mniSvneloba _ dadgindeba zonebis ener-

getikuli ganlagebis damokidebulebac koordinatze (nax. 9.5). am diagramis 

safuZvelze, Zlieri eleqtruli velis moqmedebas, zonebis erTgvarovan 

velSi daxra. zogadad ki gamrudoba SeiZleba davukavSiroT, Tavis mxriv, 

zonebis gamrudeba kristalSi _ eleqtronis moZraobis yvela Taviseburebis 

(maT Soris gvirabuli efeqtis) axsnis saSualebas gvaZlevs. aq gabnevas ara 

aqvs adgili, maSin eleqtronis sruli energiis Seucvlelad gadadis zonis 
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erTi donidan meoreze. magaliTad 654321 ,, xxxxxx   wertilebs Soris 

rxeviTi moZraobisas. gabnevis SemTxvevaSi, velSi SeZenili energia 

gadaecema kristalur mesers da eleqtroni rCeba zonis erTsa da imave 

doneze kristalSi nebismier manZilze gadaadgilebisas. 

 
 

 
nax. 9.5. daSvebul zonebSi eleqtronis energiis 

 koordinatze damokidebuleba 
 

 amave dros, nax. 9.5. Sesabamisad, eleqtroni SeiZleba 65 xx   monakveTis 

wertilebidan gadavides 
21 xx   monakveTis wertilSi anu gadavides energiis 

mixedviT genetikurad ufro maRla ganlagebul zonaSi. Tumca gadasvlebs 

15 xx   da 51 xx   energetikulad Tanasworuflebiania. is gadasvlebia 

ufro albaTuri, romlebic eleqtronebis SedarebiT ufro maRali 

koncentraciis zonidan mimdinareobs. amdenad, Zlierma eleqtrulma velma 

gamtarobis zonaSi eleqtronebis koncentraciis mkveTri zrda SeiZleba 

ganapirobos, rac Cvens mier ukve ganxiluli zineris efeqtis arss 

warmoadgens. 

 Termoeleqtruli movlenebis ganxilvisas (9.2) aRniSnuli iyo ori 

kristalis kontaqtis maxlobel fenebSi. muxtis gadamtanebis 

gadanawilebiT kontaqtur potencialTa sxvaobis aRZvris SesaZlebloba. 

cxadia, am kontaqturma eleqtrulma velmac SeiZleba ganapirobos 

energetikuli zonebis gamrudeba da naxevrad gamtaruli xelsawyoebisaTvis 
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uaRresad mniSvnelovani procesebis gamomwvev mizezad mogvevlinos. mokled 

SevexoT am procesebis fizikur safuZvlebs eleqtrul velSi moTavsebuli 

n  da p  tipis naxevrad gamtarebis (nax. 9.6.) Tavisufali zedapiris maxlo-

beli fenebis magaliTze. eleqtruli velis mimarTulebis  mixedviT, naxev-

rad gamtaris zedapiris maxlobeli fenebi an gamdidrdeba (velis efeqti), 

an gaRaribdeba muxtis ZiriTadi gadamtanebiT. zedapirze koncentraciis 

sidide Sn  SeiZleba mniSvnelovnad gansxvavdebodes kristalis moculobisa-

Tvis damaxasiaTebeli wonasworuli koncentraciisagan  0n . eleqtroneit-

ralobis piroba zedapiris maxloblad dairRveva, Camoyalibdeba sivrculi 

muxti da formirebuli stacionaruli Siga eleqtruli veli gamoiwvevs 

daSvebuli zonebis, Tu lokaluri doneebis energiebis cvlelebas manZilis 

mixedviT 

,
Tok

Se

oS enn




      (9.13) 

aq S  zedapirze eleqtrostatikuri potencialis mniSvnlobaa. cxadia, 

sakmarisad Zlieri velebis SemTxvevaSi zedapiris maxlobeli fenebis 

gaRaribebam gamtarobis tipis cvlilebac ki SeiZleba ganapirobos. aseTi 

inversiuli fenebis Camoyalibeba niSnavs, rom zedapiris moSorebiT, 

kristalis siRrmeSi moiZebneba egreTwodebuli i  fenac, sadac 1npn   da 

mas fizikur np  gadasasvlels uwodeben. amrigad, gareSe Zlieri 

eleqtruli velis modebiT da misi moqmedebis SewyvetiT, SesaZlebelia 

erTgvarovan kristalSi fizikuri np  gadasasvlelis Camoyalibebac da 

moSlac. 

kristalSi eleqtruli velis SeRwevis siRrme da e.i. muxtis ZiriTadi 

gadamtanebiT gamdidrebuli, Tu gaRaribebuli fenis sisqec gamoisaxeba 

sididiT, romelsac debais ekranirebis sigrZes uwodeben. 
DL  gansazRvravs 

manZils, romelzec eleqtrostatikuri potenciali e  neperis ricxvjer 

icvleba  DS Lx exp . is muxtis gadamtanebis koncentraciaze, dieleq-

trikul SeRwevadobasa da temperaturazea damokidebuli 

2
1

0

00

*
1











n

Tk

e
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     (9.14) 

naxevrad gamtarebSi 
DL  ramodenime mkm-s Seadgens. 
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nax. 9.6. n da p  tipis naxevrad gamtarebSi, zedapiris maxlobel fenebSi muxtis 

gadamtanebis koncentraciis, sivrculi muxtis, potenciuri energiis, Siga 
eleqtruli velis ganawileba siRrmis mixedviT da energetikuli zonebis 

gamrudeba gareSe eleqtrul velSi 
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 9.3. gamosvlis muSaoba. zedapiruli mdgomareobebi 

 
 vakuumSi moTavsebuli kristalis zedapiris maxloblad yovelTvis 

arsebobs kristalidan amofrqveuli eleqtronebis Rrubeli. kristalSi 

zedapiris maxlobel fenebSi ki rCeba gaukompensirebeli dadebiTi muxti. 

es damuxtuli ormagi Sre (nax. 9.7) eleqtruli ZaliT (romelic zedapirzea 

maqsimaluri) icavs kristals eleqtronebis mniSvnelovani emisiisagan, 

vinaidan ormagi damuxtuli Sre jamSi eleqtroneitraluria, mis zemoqmede-

bas mxolod uSualod am SreSi moxvedrili eleqtroni ganicdis, Tanac miT 

ufro Zlierad, rac ufro axlos aRmoCndeba is dadebiTi da uaryofiTi 

muxtis sazRvarTan (magaliTad, nax. 9.7. g-ze I eleqtronze moqmedi Zala 

nulis tolia, xolo III _ maqsimaluri). maSasadame, vakuumSi gamosasvlelad 

eleqtronma unda daZlios potenciuri barieri (nax. 9.7. d), romlis simaRle 

damuxtuli ormagi Sris dasaZlevad saWiro muSaobis sididiT ganisazRv-

reba. vakuumSi gadasuli eleqtronis dasaxasiaTeblad mosaxerxebelia 

gamoviyenoT am potenciuri barieris Sesabamisi maqsimaluri energia (mas 

VCE  vakuumur dones uwodeben), xolo barieris simaRles ki davukavSiroT 

e.w.  gamosvlis muSaoba  

.CVC EE                                (9.15) 

 
 

nax. 9.7. vakuumSi kristalis zedapiris maxloblad damuxtuli ormagi Sris (a), 
eleqtronis damabrunebeli Zalis ganawilebis (b.g) da potenciuri barieris (d) 

sqema 
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TeoriaSi xSirad vakuumuri donis simaRles aiTvlian ara gamtarobis zo-

nis Ziridan, aramed fermis donidan (Termodinamikuri gamosvlis muSaoba) 

FEVC 0                               (9.16) 

 gadaugvarebel naxevrad gamtarebSi 0 , xolo liTonebSi da 

gadagvarebul naxevrad gamtarebSi 0 . 

 kristalis zedapiris roli damuxtuli ormagi Sris warmoqmniT ar 

ifargleba. rogorc araerTxel iyo aRniSnuli, zedapiri mdidaria sxva-

dasxva saxis defeqtebiT. aq irRveva moculobisaTvis damaxasiaTebeli mes-

ris perioduloba, icvleba nawilakebs Soris bmis pirobebi. yovelive amis 

gamo, akrZalul zonaSi, zedapiris maxloblad Cndeba lokalur energeti-

kul mdgomareobaTa mTeli seria (zedapiruli, tamis doneebi). iseve, 

rogorc moculobiTi, zedapiruli mdgomareobebic SeiZleba iyos dono-

ruli da aqceptoruli, Txeli da Rrma. maT raodenobriv zomad miCneulia 

zedapiris farTobis erTeulze mosuli zedapiruli mdgomareobebis ricxvi. 

 zedapiruli aqceptorebis gavleniT kristalis zedapiris maxlobeli 

fena gaRaribdeba eleqtronebiT, adgili eqneba zonebis damatebiT gamru-

debas, gamosvlis muSaobis cvlilebas, SesaZlebelia inversiuli fenis 

Camoyalibebac. piriqiT, donoruli mdgomareobebi xels uwyoben zedapiris 

eleqtronebiT gamdidrebas (nax. 9.8). 

 
nax. 9.8. zedapiruli aqceptoruli (a) da donoruli (b) mdgomareobebis gavlena n 

tipis naxevrad gamtaris zedapiris maxlobel fenebze 

 Tkenne
SoSS 0

exp.    
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9.4. ganis efeqti 

 
 1963 wels, GaAs da InP  kristalebis volt-amperuli damokidebule-

bebis kvlevisas, ganma aRmoaCina denis spontanuri rxevebi, romelTa aRZv-

ras adgili aqvs garkveul kritikul mniSvnelobebze ( 410k v/sm) ufro 

Zlieri eleqtruli velis modebis SemTxvevaSi. movlenas ganis efeqti ewo-

da da is aixsna ridli-uotkins-hilsumis modeliT. 

 mudmivi Zlieri eleqtruli velis pirobebSi denis maRali sixSiris 

rxevebis aRZvra SesaZlebelia mxolod iseT naxevrad gamtarSi, romlis 

zonuri agebuleba da maxasiaTebeli parametrebi ramdenime sakmaod mkacr 

moTxovnas akmayofilebs. energetikul speqtrSi unda arsebobdes (magali-

Tad, GaAs -is msgavsad) ori energetikulad sakmaod axlos ganlagebuli gam-

tarobis zona, romelTa efeqturi masebi da e.i. Zvradobebic mniSvnelovnad 

gansxvavdeba erTmaneTisagan (nax. 9.9). SedarebiT susti velisas ( k  ) 

gamtarobis yvela eleqtroni Tavmoyrilia maRali Zvradobis   minimumSi 

da mxolod es msubuqi eleqtronebi gansazRvraven denis sidides  

, enJ                     (9.17) 

Tu veli gadaaWarbebs kritikul mniSvnelobas, eleqtronebis nawili iZens 

zonaTaSoriso gabnevisaTvis sakmaris energias, gadanawildebian   da X  

eqstremumebs Soris da kristalis gamtaroba ganpirobebuli iqneba ukve, 

rogorc swrafi  , aseve neli X  eleqtronebiT 

  . XXnneJ  
                           (5.18) 

 

 

nax. 9.9. ganis efeqtis aRZvrisaTvis aucilebeli zonuri agebulebis Taviseburebebi 
GaAs -is magaliTze 
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 efeqtis arsSi gasarkvevad ganvixiloT L  sigrZis kristali, 

romelSic velis daZabuloba yvelgan uaxlovdeba k -s, garda kaTodis 

maxlobeli mcire ubnisa, sadac (magaliTad, legirebis araerTgvarovnebis 

gamo) winaRoba SedarebiT didia da k   (nax. 9.10). swored aq eqneba 

adgili eleqtronebis zonaTaSoriso gabnevas, maTi Zvradoba Semcirdeba da 

ubnis winaRoba kidev ufro gaizrdeba, vinaidan Zlieri velis aris 

(eleqtruli domenis) orive sazRvris gareT eleqtronebi ufro swrafad 

moZraoben, vidre TviT am areSi, misi wina fronti gaRaribdeba, xolo ukana 

fronti gamdidrdeba eleqtronebiT. e.i. faqtiurad adgili eqneba 

Camoyalibebuli domenis moZraobas anodisaken, romlis miRwevisas domeni 

iSleba. domenis Camoyalibebis, SV  siCqariT moZraobis da daSlis Sedegad 

Cndeba swored denis rxevebi. marTlac, Zabvis modebisas deni swrafad 

miaRwevs mocemuli kristalisaTvis damaxasiaTebel nominalur 0I  

mniSvnelobas, magram maSinve domenis Camoyalibebis Sedegad, deni daecema 

minI  mniSvnelobamde. domenis daSlisas aRsdgeba denis 0I  sidide, magram 

kaTodis maxloblad axali domenis Camoyalibebis gamo procesi Tavidan  

gameordeba. aRZruli rxevebis periodi kristalis sigrZesa da domenis 

moZraobis siCqarezea damokidebuli 

     SV

L
T                           (5.19) 

 

nax. 9.10. eleqtruli domenis struqtura (a) da  
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kristalSi aRZruli denis rxevebi (b) 

domenis moZraobis siCqare 5,0SV m/wm gansazRvravs agreTve denis minimalur 

mniSvnelobas  

SVenI S0min                                  (5.20) 

da ramdenime aTeuli mkm-is sigrZis kristalSi 
1010  sixSiris rxevebs 

uzrunvelyofs. aRsaniSnavia, rom domenis Camoyalibeba gacilebiT ufro 

swrafad mimdinareobs, vidre misi daSla. 

 dasasrul, kidev erTxel SevexoT zonuri agebulebisadmi zemoT nax-

seneb moTxovnebs. denis rxevebis efeqturi mimdinareobisaTvis eqstremumebs 

Soris RreCo ar unda iyos didi, radgan garTuldeba eleqtronebis zeda 

zonaSi gadasrola, magram arc Zalian mcire unda iyos, vinaidan am SemTx-

vevaSi adgili eqneba eleqtronebis TavisTavad zonaTaSoriso gabnevas. 
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