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 `SeiZleba es eleqtronebi mTeli samyaroa xuTi kontinen-

tiT, xelovnebiT, SemecnebiT da omebiT! an kidev, yoveli atomi 

galaqtikaa asi planetiT, rac aqaa, iq yvelaferi SekumSuli sa-

xiTaa da agreTve is, rac iqaa — aq araa~.  
v. briusovi 

Sesavali 

mikroeleqtronikis ganviTareba, romelic gansazRvravs mecnierebis da 

teqnikis sxva dargebis progress, ZiriTadad, ganpirobebulia mikroeleq-

tronuli sistemebis swrafqmedebisa da integraciis xarisxis gazrdiT. am mi-

marTulebiT progresi miiRweva integraluri mikrosqemis (ims) elementebis 

geometriuli zomebis Semcirebisa da funqcionaluri qmedebis gazrdiT. 

magram am tendeciis ganviTarebis gzaze arsebobs fizikuri, teqnologiuri 

da energetikuli winaRobebi, romelTa gadalaxvis mcdelobam Seqmna axali 

mimarTuleba — nanoeleqtronika. dRemde gadauWrelia bevri sakiTxi, dakav-

Sirebuli iseT fizikur problemebTan, rogoricaa elementTaSorisi Seer-

Tebebi, romlebic ims-Si farTobis TiTqmis 90%-s ikaveben. mikrodan nanoe-

leqtronikaze gadasvlis mizniT ims-is elementebis miniaturizaciis sa-

kiTxi dResdReobiT metad aqtualuria. 

ramdenime rigiT zomebis Semcireba praqtikulad cvlis nanoelementis 

muSaobis fizikuri meqanizmebis safuZvlebs. magaliTad, nanoelementSi 

eleqtroni gamoiyeneba ara, rogorc denis gadamtani nawilaki, aramed, ro-

gorc talRa; mikroelementisTvis damaxasiaTebeli dreifis da difuziis 

procesebi saerTod ar arsebobs nanoeleqtronuli elementis misaRebad. na-

noeleqtronuli elementi Sedgeba kvanturi ormoebisa da potenciuri jebi-

rebisagan. aseTi elementis energetikuli speqtri damokidebulia struqtu-

ris zomaze da erTi eleqtronis damateba an gamokleba arsebiTad cvlis 

energetikul suraTs. ims Sedgeba rezistorebis, kondensatorebis, diode-

bis, tranzistorebis struqturuli komponentebisagan. nanoeleqtronikaSi 

struqturul komponentebs mravalfunqciuri daniSnuleba aqvT da isini 

rTul dinamikur funqciebs asruleben. 

nanoeleqtronika warmoadgens mikroeleqtronikis logikur gagrZele-

bas. myarsxeulovani sainformacio xelsawyoebis zomebi Semcirda mikrodan 

(10-6 m) nanomde (10-9m). nanoeleqtronikaSi elementebis tipuri zomebi Sead-

gens 10-100 nm-s. myarsxeulovani eleqtronuli xelsawyos zomis nanometru-

li ubnis zomasTan miaxloebisas Tavs iCens eleqtronis kvanturi Tvisebebi. 

nanoeleqtronika — mecnierebis da teqnikis is dargia, romelic Seiswav-

lis da ikvlevs nanometruli zomis elementebs, maT Seqmnas da gamoyenebas. 

aseTi xelsawyoebis funqcionirebis safuZveli kvanturi efeqtebia. aRsaniS-

navia, rom nanoeleqtronikis da nanoteqnologiis Seqmna araa ganpirobebuli 
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mxolod elementebis geometriuli zomebis SemcirebiT nanomasStabamde. Zi-

riTadi faqtoria nanomasalebisTvis sruliad axali, unikaluri Tvisebebis 

gamovlena, romelTa axsna klasikuri fizikis farglebSi SeuZlebelia da sa-

Wiroebs kvanturi fizikis CarTvas. axali procesebis kvlevisa da axsnisTvis 

saWiroa axali ideebi, axali midgomebi, axali gamzomi aparatura da teqno-

logiuri mowyobilobebi.  
nanonawilakebi zomebis mixedviT moTavsebulia mcire molekulebsa da 

kompaqtur myar sxeulebs Soris da Tavisi TvisebebiT gansxvavdeba orive me-

zoblisagan. nanonawilakebi, iseve rogorc myari sxeulebi, molekulebisagan 

gansxvavebiT, xasiaTdeba koleqtiuri TvisebebiT (fazuri mdgomareoba, siT-

bo da eleqtrogamtarebloba da a.S.), magram es Tvisebebi damokidebuli aR-

moCnda maT zomebze, ris axsnac tradiciuli molekulur-kinetikuri Teori-

is safuZvelze SeuZlebeli aRmoCnda.  

termini `nanomasala~ da `nanostruqtura~ SemoRebulia im SemTxvevis-

Tvis, roca obieqtis xazovani zoma erTi mimarTulebiT maincaa nanometruli 

diapazonis. aRsaniSnavia, rom struqturebi organzomilebiani, erTganzomi-

lebiani da nulganzomilebiania, radganac maTi zomebi erTi, ori an sami mi-

marTulebiT gansazRvrul `kritikul~ mniSvnelobaze naklebia. am `kritiku-

li~ mniSvnelobis qvemoT struqtura am mimarTulebaze (mimarTulebebze) 

sruliad gansxvavebul Tvisebebs avlens vidre kompaqturi, moculobiTi 

(samganzomilebiani) masala, romlisganacaa is damzadebuli.  
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I. nanoteqnologiis arsi,  

principebi, winaistoria da perspeqtivebi 

1. nanoteqnologiis arsi, amocanebi da terminologia 

TavsarTi `nano~ berZnuli sityvaa da niSnavs `jujas~, anu nanosamyaros na-

noominalobis zoma R Seicavs nanoobieqts nanometrebis masStabiT: 1nm=10-9m=    

=10-6mm=10-3mkm; nanoobieqti SeiZleba iyos bunebaSi biologiur, samedicino 

da a.S. obieqtis saxiT. swored maT miRebas da parametrebis gansazRvras Seis-

wavlis nanomecniereba. nanomecniereba SeiZleba ganisazRvros, rogorc 

disciplinaTaSoriso mecniereba, romelic ramdenime nm-ian (10-9m) zomis obi-

eqtebs da procesebs ikvlevs fudamenturad: fizikur-qimiuri, meqanikuri, 

siTburi, optikuri da a.S. Tvisebebis TvalsazrisiT. nanoteqnologia SeiZ-

leba ganisazRvros, rogorc nanomecnierebis gamoyenebiTi kvlevebisa da ma-

Ti praqtikuli miRebis erToblioba, romelic gadadis masobriv warmoebaSi. 

is Seicavs codnis, mecnieruli midgomebis da Taviseburebebis, konkretuli 

procedurebis da maTi materialuri Sedegis — nanoproduqtis erTobliobas. 

amitom SesaZlebelia, termini nanoteqnika, romelic moicavs yvela zemoT 

CamoTvlil procesebs da Teoriul safuZvlebs, miviCnioT nanoteqnologiis 

erT-erT Semadgenel nawilad. 
zogadad SeiZleba iTqvas, rom nanoeleqtronika wamoiSva winamorbedi 

mecnierebebisgan. kerZod, eleqtronika mecnierebis, teqnikisa da warmoebis 

sferoa, romelic moicavs eleqtronuli xelsawyoebis damuSavebas, kvlevasa 

da warmoebas.  

mikroeleqtronika eleqtronikis nawilia da moicavs principulad axa-

li tipis eleqtronuli xelsawyoebis — integraluri sqemebis Seqmnas, kvle-

vasa da gamoyenebis areebs. Tavis mxriv, integraluri sqema ramdenime urTi-

erTdakavSirebuli komponentis, elementis (tranzistorebi, diodebi, re-

zistorebi, kondensatorebi da a.S.) erTobliobaa mikrometris rigis zome-

biT (1mkm=10-6m), damzadebuli erT teqnologiur ciklSi, erT qvesafenze da 

asrulebs gansazRvrul operaciul funqcias (signalis gardaqmna, Senaxva da 

gadacema). termini `integraluri sqema~ gamoxatavs calkeuli komponente-

bis, elementebis konstruqciulad erT xelsawyoSi gaerTianebas (integraci-

as) da asrulebs ufro rTul funqcias, vidre calkeuli masSi Semavali es 

elementebi. 

mikroeleqtronuli xelsawyoebis Semdgomi ganviTarebis procesi mWid-

rodaa dakavSirebuli misi Semadgeneli elementebis da komponentebis minia-

tiurizaciasa da saimedoobis xarisxis amaRlebasTan. am movlenebma gansazR-

vra nanoeleqtronikis, rogorc mecnierebisa da teqnikis dargis Camoyali-

beba. is qmnis, ikvlevs da iyenebs nanometruli zomis (1-dan 100 nm-mde) eleq-

tronul sistemebs da xelsawyoebs, romelTa funqcionalur safuZvlebSia 
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kvanturi efeqtebi. amrigad, nanoeleqtronika mikroeleqtronikis erTgvari 

gagrZelebaa.  

nanomecniereba aris codnis da moqmedebis Taviseburebebis erToblioba 

nanozomis sagnebze, xolo nanoteqnologia da nanoteqnika maTze qmnis 

struqturebs da xelsawyoebs zomiT atomuridan (0,1÷ 100)nm.  

qvemoT moyvanilia zomiTi damokidebuleba nano da ufro maRalmetruli 

ganzomilebis sagnebsa da elementebs Soris. 

 

                                                                                                                                                   qalaqi 

                                                                                                                    avtomobili           ↑ 

                                                                                 adamianis                             ↑  

                                                         sinaTle           ↑ Tma 
                                  nanomili 

                   atomi                           0,4 . . 0,8          30 

                        1Å               1nm                                1mkm                1mm                 1m                1km 

                      10-10 m          10-9m                                10-6m               10-3m                                     103  

  

imisTvis, rom SeviswavloT nanoteqnologiis ZiriTadi principebi, saWi-

roa gaverkveT im sakiTxebis arsSi, saidanac warmoiSva igi. zogadad, SeiZle-

ba iTqvas, rom eleqtronikam Secvala adamianis yofa-cxovreba Zirfesvianad 

me-19 saukuneSi. misgan me-20 saukunis meore naxevarSi Seiqmna mikroeleqtro-

nika, xolo am saukunis dasawyisSi mikro gadaizarda nanoSi da upriania, jer 

gaverkveT mikroteqnologiis ZiriTad sakiTxebSi, romelic gagviadvilebs 

nanoteqnologiis Seswavlas.  

mikroeleqtronikis ganviTareba, romelic gansazRvravs mecnierebis da 

teqnikis sxva dargebis progress, ZiriTadad, ganpirobebulia mikroeleq-

tronuli sistemebis swrafqmedebisa da integraciis xarisxis gazrdiT. am mi-

marTulebiT progresi miiRweva integraluri mikrosqemis (ims) elementebis 

geometriuli zomebis Semcirebisa da funqcionaluri qmedebis gazrdiT. 

magram am tendeciis ganviTarebis gzaze arsebubuli mTeli rigi winaRobebis 

gadalaxvis mcdelobam Seqmna axali mimarTuleba — nanoeleqtronika. mikro-

dan nanoeleqtronikaze gadasvlis mizniT ims-is elementebis miniatiuriza-

ciis sakiTxi dResdReobiT metad problematuria, magram — sabolood misaR-

wevi. isic gasaTvaliswinebelia, rom ramdenime rigiT zomebis Semcireba, 

praqtikulad, mTlianad cvlis nanoelementis muSaobis fizikuri meqanizme-

bis safuZvlebs. magaliTad, nanoelementSi eleqtroni gamoiyeneba ara, ro-

gorc denis gadamtani nawilaki, aramed, rogorc talRa. nanoeleqtronika 

warmoadgens mikroeleqtronikis logikur gagrZelebas. sainformacio xel-

sawyoebi Semcirda mikrodan (10-6 m) nanozomamde (10-9m). nanoeleqtronikaSi 

elementebis tipuri zomebi Seadgens 10 — 100 nm-s.  
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aRsaniSnavia, rom nanoeleqtronikis da nanoteqnologiis Seqmna araa gan-

pirobebuli mxolod elementebis geometriuli zomebis SemcirebiT nanomas-

Stabamde. ZiriTadi faqtoria nanomasalebis sruliad axali, unikaluri Tvi-

sebebis gamovlena, romelTa axsna klasikuri fizikis farglebSi SeuZlebe-

lia da saWiroebs ufro rTuli fizikis CarTvas. magaliTad, rogorc cnobi-

lia, oqros masala ar iJangeba, magram nanoraodenobis oqros Tvladi atome-

bi (daaxloebiT 70 — 80 atomi) Zalian swrafad (feTqebadad) iJangeba. axali 

procesebis kvlevisa da axsnisTvis saWiroa axali ideebi, axali midgomebi, 

axali gamzomi aparatura da teqnologiuri mowyobilobebi.  

struqturis zomisa da funqcionalur daniSnulebas Soris kavSiris mo-

ZebnisTvis, pirvel rigSi, saWiro gaxda Sesabamisi teqnologiis da gamzomi 

aparaturis Seqmna, mikroeleqtronuli xelsawyoebis Seqmnis procesebis 

gardaqmna nanoeleqtronikis axal principebad. kerZod, mikroeleqtronikis 

is ZiriTadi sakiTxebi, saidanac warmoiSva nanoeleqtronikis principebi, 

aris Semdegi procesebi: 

a) qvesafeni (naxevargamtari) da mis zedapirze Jangis miRebis procesebi; 

b) fotolitografia: fotorezisti da misi saxeebi; fotoSabloni, misi 

miReba da kontroli; 

g) naxevargamtarSi difuziisa da legirebis procesebi; 

d) naxevargamtarze epitaqsiiT Txeli firebis miReba; 

e) fotolitografiis sruli procesi; 

v) topologiis Seqmna da xelsawyos modelireba; 

z) nanolitografiis sxvadasxva saxeebi, dafuZnebulni eleqtronis tal-

Ruri moqmedebis bunebaze;  

T) mikro da nanoxelsawyoebis muSaobis fizikuri procesebi da maTi Seq-

mnis Taviseburebani;  

i) mikro da nanoxelsawyoebis klasifikacia teqnologiuri da funqciona-

luri TvalsazrisiT. 

nanoteqnologiis principebis SeswavlisTvis, gaverkvioT zogierTi ter-

minis arsSi: 

qvesafeni — wamoadgens, ZiriTadad, naxevargamtaris an, zogjer, dieleq-

trikis firfitas, sisqiT 300 mkm, romelzedac formirdeba sqema, anu is aris 

sqemis sayrdeni; 

fotorezisti — organuli, blanti siTxea, romelic ultraiisferi sxi-

vis moqmedebiT icvlis sruqturas, ris Sedegadac icvleba gamxsneli mJavis 

mimarT medegoba, anu ultraiisferi sxivebis lokaluri dasxivebiT amowam-

vla moxdeba lokalurad, sasurveli areebis mixedviT; 

fotoSabloni — aris brtyel-paraleluriani minis an kvarcis firfita, 

dafaruli saWiro konfiguraciiT ultraiisferi sxivisTvis gaumWvirvale 

Gr2O3 an 32OFe  SriT; 
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fotolitografia — procesia, roca fotorezistis, fotoSablonis, qi-

miuri mJaveebisa da gamxsnelebis meSveobiT qvesafenis zedapirze gadadis 

fotoSablonidan saWiro suraTi; 

epitaqsia — procesia, romlis drosac xdeba qvesafenze (safenze) Txeli 

firebis gazrda ise, rom gazrdili firi imeorebs safenis struqturas; 

difuzia — maRaltemperaturuli (11000C) procesia, roca qimiuri ele-

mentis minarevis koncentraciis gradientiT xorcieldeba safenSi am ele-

mentis Seyvana; 

legirebis procesSic xdeba safenSi minarevuli elementis Seyvana ufro 

dabal temperaturaze vidre difuziis dros, romelic xdeba misi dasxivebi-

sas maRalenergetikuli energiis mqone am elementis ionebiT;  

integraluri mikrosqema (ims) — aris tranzistorebis, diodebis, rezis-

torebis (wanaRobebis) da kondensatorebis (ims-is aqtiuri da pasiuri ele-

mentebi) erToblioba, Seqmnili saWiroebis mixedviT, romelic formirdeba 

erT teqnologiur procesSi, erT safenze da asrulebs saWiro funqcias; 

fotoSablonis Seqmnamde xdeba ims-is modelireba misi momavali funqci-

onaluri daniSnulebis mixedviT — tranzistorebis, rezistorebis da kon-

densatorebis urTierTkomfortuli ganlageba, anu topologiis Seqmna. na-

noteqnologia — mecnierebis axali mimarTulebaa, romelic gansazRvruli 

raodenobis atomebis da molekulebis manipulaciiT awyobs da qmnis sasur-

veli struqturis masalebs da xelsawyoebs. mas SeuZlia miiRos sasurveli 

nanoobieqtebi da nanostruqturebi xelovnuri sinTeziT, romelTa msgavsic 

ar arsebobs saerTod bunebaSi, Seqmnas jer arnaxuli simZlavris da siswra-

fis kompiuterebi da sainformacio saSualebebis sxva xelsawyoebi. uaxloes 

aTwleulSi misi samecniero-teqnikuri ganviTarebis tempi Sobs nanorevo-

lucias da kardinalurad Seicvleba adamianis moRvaweobis yvela sfero. na-

noteqnologia, romelsac xSirad uwodeben `maRal teqnologiebs~, emyareba 

samecniero da eqsperimentul safuZvlebs. is warmoadgens disciplinaTaSo-

riso mecnierebas da msoflios bevr qveyanaSi aRiarebulia saxelmwifos gan-

viTarebis prioritetul mimarTulebad. 

1.1. sakuTari naxevargamtari da misi energetikuli speqtri 

naxevargamtarebi is masalebia, romelTa gamtarebloba moTavsebulia me-

talur (104 ÷ 106 omi-1sm-1) da dieleqtrikul (10-3 ÷ 10-5 omi-1sm-1) gamtareblobebs 

Soris. Zalian didia maTi mniSvneloba teqnikasa da yofacxovrebaSi. isini war-

moadgenen, ZiriTadad, ims-is safenebs an asruleben sxvadasxva funqciebs.  

naxevargamtarebi, ZiraTadad, moTavsebulia mendeleevis sistemis me-4 

jgufSi, — iseTebi, rogoricaa germaniumi (Ge) da siliciumi (Si). ganvixiloT 

sufTa, minarevebis gareSe, naxevargamtaruli masala, magaliTad, siliciumi, 

romlis kvanZebSi mxolod siliciumis atomebia. mis atoms aqvs gare Sreze 4 

savalento eleqtroni da molekulis Seqmnisas siliciumis yoveli moculo-
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biTi atomi garSemortymulia 8 eleqtroniT, riTac xdeba yvela bmis gajere-

ba, xolo zedapirze iqneba erTi gauwyvilebeli bma (nax.1.1). aseve naxevargam-

tarul masalas qmnian mendeleevis sistemis me-3 da me-5 jgufis elementebi 

SeerTebisas, magaliTad, galiumi (Ga) da arsenidi (dariSxani As) – GaAs; me-2 

da me-6 jgufis - cinki (Zn) da gogirdi (S) – ZnS da a.S. molekulis Seqmnisas, 

maTi yoveli atomic garSemortymulia 8 eleqtroniT.  

 

 

nax.1.1. sakuTari naxevargamtaris sqematuri warmosaxva 

 

absolutur nul gradus temperaturaze yvela savalento eleqtroni im-

yofeba bmaSi, energetikulad yvela eleqtroni erTnairia, araa upiratesi 

romelime maTgani. yoveli energetikuli zona Seicavs mraval calkeul ener-

getikul dones. cxadia, rom sasruli zomis kristalSi doneTa Soris manZili 

atomebis ricxvis ukuproporciulia. radgan kristalSi 1022 ÷ 1023 sm-3 atomia, 

maSin maT mier Seqmnili energetikuli doneebi erTmaneTisgan daSorebuli 

iqneba 10-22 ÷ 10-23 ev-iT, e.i. zona iqneba kvaziuwyveti. eleqtronebi maTze gan-

lagdeba paulis principiT da iqneba sasruli raodenobis. saWiro iqneba 

sruliad mcire energetikuli zemoqmedeba, rom eleqtroni gadavides zemo 

doneze, Tu iq iqneba Tavisufali adgili. amitom maTi energetikuli ganla-

gebisas yvela eleqtronis energetikuli done iqneba mkveTrad mikruli er-

TmaneTze, rac Seqmnis uwyvet speqtrs, e.w. savalento zonas (nax. 1.2-ze Ev). 

aseTi naxevargamtari masze gare Zabvis modebisas dens ar gaatarebs, radgan 

araa denis Tavisufali matareblebi — eleqtronebi. denis Tavisufali mata-

reblebis SeqmnisTvis saWiroa bmis gawyveta, anu misgan eleqtronis 

`mogleja~, risTvisac saWiroa energiis garkveuli raodenobis daxarjva (Eg). 

am energiaze ufro mcire sididis energiis modebisas Tavisufali eleqtro-

nebi ar miiReba, anu maT eqnebaT akrZaluli are, zona (nax. 1.2-ze Eg). am ener-

giis zemoT miiReba Tavisufali eleqtronebi, romlebsac SeuZliaT monawi-

leoba miiRon gamtareblobaSi da isini aq qmnian gamtareblobis zonas (nax. 

1.2-ze Ec).  
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nax.1.2. naxevargamtaris energetikuli zonebi 

 

naxevargamtarma es Eg energia SeiZleba miiRos sxvadasxva gziT, magali-

Tad, siTboTi an sinaTliT, maSin gamtareblobis zonaSi moxvdeba eleqtroni 

da is savalento zonaSi tovebs cariel adgils, anu xvrels. xvrelis muxti 

iqneba eleqtronis muxtis sawinaaRmdego — `dadebiTi~. Sesabamisad, gamta-

reblobis zonaSi eleqtronebis ricxvi (ni) iqneba toli savalento zonaSi 

xvrelebis ricxvisa (pi). aseTi naxevarigamtari aris sakuTari naxevargamtari 

da misTvis ii pn = . aseTi sakuTari naxevargamtaris gamtareblobas ewodeba 

sakuTari gamtarebloba.  

akrZaluli energiis sidide damokidebulia struqturis, atomTa bmis, 

masalis saxeze da amitom is gansxvavdeba naxevargamtaruli masalisTvis. 

1.2. eleqtronuli gamtareblobis (n) tipis  

naxevargamtari da misi energetikuli speqtri 

realurad naxevargamtarSi yovelTvis arsebobs minarevuli centrebi, 

anu ucxo atomebi, romlebsac ucxo atomebis saxiT vxvdebiT naxevargamta-

ris kristalSi — CanacvlebiTi (kvanZebSi) da CanergviTi (kvanZTa Soris). aseT 

SemTxvevaSi gamtarebloba ganpirobebulia minarevuli atomebiT da ewodeba 

minarevuli gamtarebloba. ganvixiloT CanacvlebiTi martivi centrebi, ro-

melTa moqmedeba damokidebulia Canacvlebuli atomis valentobaze. magali-

Tad, Tu siliciumSi SeviyvanT V jgufis elements (magaliTad, fosfors — P-s), 

romelsac aqvs xuTi savalento eleqtroni, maSin xuTidan oTxi savalento 

eleqtroni monawileobs mezobeli siliciumis atomebis bmaSi (nax.1.3.) da 

qmnis myar garss, Semdgars rva eleqtronisgan. am kombinaciidan me-9 eleq-

troni (anu fosforis me-5 eleqtroni) iqneba sustad bmuli xuTvalentova-



 17

nis birTvTan, SesaZlebelia advilad moswydes mas da gaxdes Tavisufali. ami-

tom minarevuli atomi gaxdeba erTjeradad dadebiTad damuxtuli ioni, ro-

melic iqneba uZravi. 

 

 
nax.1.3. n- tipis siliciumi 

 

energetikulad, am eleqtronis mowyvetis energia iqneba bevrad mcire, 

vidre sakuTari naxevargamtaris SemTxvevaSi Tavisufali eleqtronis miReba 

da, Sesabamisad, misi energetikuli done iqneba gamtareblobis zonasTan ax-

los akrZalul zonaSi, rac mocemulia nax. 1.4-ze. aseTi minarevuli naxevar-

gamtari aris eleqtronuli tipis, xolo minarevi — donoruli (gamcemi) ti-

pis. SesaZlebelia, rom gamtareblobis zonaSi Tavisufal eleqtronebs, Seq-

mnils minarevuli atomebiT, romlebisTvisac saWiroa mcire energia, daema-

tos Tavisufali, sakuTari eleqtronebi, gadmosuli savalento zonidan da 

gamtarebloba ufro metad iqneba eleqtronuli. aseTi naxevargamtari aris 

eleqtronuli, anu n - tipis. minarevs, romelic aZlevs eleqtronebs mesers, 

ewodeba donoruli. am dros, Tu doneze zis eleqtroni, is damuxtulia uar-

yofiTad da Tu ar zis, ionizebulia — neitraluria. amitom, gamtareblobis 

zonaSi eleqtronebis koncentracia ++= dNpn , sadac ionizebuli donore-

bis koncentracia ddd nNN −=+ . zogadad, p«Nd
+ da +≈ dNn . 
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nax.1.4. eleqtronuli tipis (n) naxevargamtaris 

energetikuli speqtri 

1.3. xvreluri gamtareblobis (p) tipis 

naxevargamtari da misi energetikuli speqtri 

rogorc aRvniSneT, realurad naxevargamtarSi yovelTvis arsebobs mina-

revuli centrebi, anu ucxo atomebi naxevargamtaris kristalSi — Canacvle-

biTi (kvanZebSi) da CanergviTi (kvanZTa Soris). aseT SemTxvevaSi gamtareblo-

ba ganpirobebulia minarevuli Canacvlebuli atomebiT da ewodeba minarevu-

li gamtarebloba. ganvixiloT CanacvlebiTi martivi centrebi, romelTa 

moqmedeba damokidebulia Canacvlebuli atomis valentobaze. magaliTad, 

Tu siliciumSi SeviyvanT me-3 jgufis elements (magaliTad, bors), maSin sami-

ve savalento eleqtroni monawileobs mezobeli siliciumis atomebis bmaSi 

(nax.1.5) da rvaeleqtroniani myari garsis SeqmnisTvis aklia erTi eleqtroni. 

am bmis SeqmnisTvis SeiZleba eleqtroni movides siliciumis sxva mezobeli 

bmidan. maSin miiReba uaryofiTi, uZravi ioni kvanZSi da xvreli savalento 

zonaSi, anu miiReba xvrelebis siWarbe. aseTi naxevargamtaria xvreluri, anu 
p- tipis. aseTi tipis minarevi aqceptorulia — neitraluria, roca masze ar 

zis eleqtroni da uaryofiTad damuxtulia, roca masze zis eleqtroni 

(nax.1.6). 
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nax.1.5. p-tipis siliciumi 

 

 
nax.1.6. xvreluri tipis (p) naxevargamtaris 

energetikuli speqtri 

 

zogadad, SeiZleba sakuTars daematos aqceptoruli da iyos gamtareb-

loba Sereuli, magram radganac sakuTari aRgzneba bevrad naklebia aqcepto-

rulze, amitom xvrelebis koncentracia p ≈N-
a. 
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1.4. denis matareblebis Zvradoba 

erTgvarovan naxevargamtarSi siTburi aRgznebiT Seqmnili Tavisufali 

eleqtronebi asruleben qaosur moZraobas. TiToeuli eleqtronis traeq-

toria wrfivia manam, sanam ar daejaxeba meseris defeqts, sxva denis matare-

bels da a.S. am dros denis saSualo mniSvneloba nulis tolia nebismieri mi-

marTulebiT.  

or mezobel dajaxebas Soris manZili aris Tavisufali ganarbenis manZi-

li λ , moZraobis saSualo siCqare am manZilze — υ  da Tavisufali ganarbenis 

saSualo dro — τ . maT Soris aris cxadi kavSiri 
υ
λτ = . 

Tu naxevargamtarul nimuSze modebulia sakmaod mcire mudmivi eleq-

truli veli raRac daZabulobiT, maSin qaosur moZraobasTan erTad gaCndeba 

eleqtronebis da xvrelebis urTierTsawinaaRmdegod mimarTuli moZraobis 

siCqaris mdgeneli. es siCqare iwodeba gamtareblobis dreifuli siCqaris sa-

Sualod. gare velis moqmedebiT m* efeqturi masis da e  muxtis matarebeli 

eleqtroni imoZravebs aCqarebiT: ∗= meEa / . am ricxobriv formulaSi efeq-

turi m* masa araa gravitaciuli, Tavisufali eleqtronis masa, Tumca mas 

aqvs masis ganzomileba. is Semoyvanilia myari sxeulis kristalis periodul 

potencialur velSi eleqtronis moZraobis gamartivebuli aRwerisTvis da 

gamoisaxeba: 
2

2
2 /

dk

Ed
m =∗ , sadac   plankis dayvanili mudmivaa, k  talRuri 

veqtoria da ( )kE  kristalSi velis dispersiis kanonia.  

SeiZleba CaiTvalos, rom mravaljeradi dajaxebis Sedegad eleqtronis 

dreifuli siCqaris saSualo: τυ a=dr , maSin τυ e=dr E/m*. aRvniSnoT  

  Em

e drυτμ ==
*

                                                                                                         (1.1) 

mas uwodeben muxtis matareblis Zvradobas. es ricxobrivad tolia er-

Teulovan velSi miRebuli dreifuli siCqarisa. misi ganzomilebaa sm2/v.wm. 

matareblis Zvradoba aris erT-erTi mTavari parametri naxevargamtaruli 

masalisTvis da Zalian didi gavlena aqvs uSualod masze Seqmnili sqemis pa-

rametrebze, kerZod, mis swrafqmedebaze. eleqtronisTvis Zvradoba uaryo-

fiTi sididea, xvrelisTvis ki — dadebiTi. 

(1.1) formula gvaZlevs saSualebas, gavaanalizoT Zvradobis damokide-

buleba naxevargamtaruli masalis zogierTi parametrisgan. Zvradoba damo-

kidebulia elqtronis Tavisufali ganarbenis saSualo droze, anu meseris 

raRac defeqtze gabnevisas or mezobel dajaxebas Soris manZilze. naxevar-

gamtarSi rac naklebi defeqtia, miT metia Tavisufali ganarbenis manZilis 

sigrZe. naxevargamtarSi eleqtronebis gabneva xdeba, ZiriTadad, minarevul 
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atomebze da meseris siTbur rxevebze. amitom eleqtronebis Zvradoba udi-

desi unda iyos sufTa an mcired legirebul naxevargamtarSi dabal tempera-

turaze. minarevuli atomebis koncentraciis gazrdisas da temperaturis ma-

tebasTan erTad, Zvradoba unda mcirdebodes. Zvradoba ukuproporciulia 

matareblis masisa. aqedan Cans, rom radgan sxvadasxva naxevargamtars aqvs 

sxvadasxva efeqturi masebi, amitom gansxvavebulia Zvradobebic. aseve, rad-

gan eleqtronis masa naklebia xvrelis masaze, amitom pn μμ > .  

sakontrolo kiTxvebi: 

1. ras niSnavs nano? 

2. ganmarteT, ra aris fotolitografia, fotorezisti da fotoSabloni; 

3. ganmarteT, ra aris qvesafeni, difuzia, legireba da epitaqsia; 

4. ra aris integraluri mikrosqema? 

5. rogoria sakuTari naxevargamtari? 

6. ra aris `xvreli~ da ra kavSirSia eleqtronTan? 

7. rogoria sakuTari naxevargamtaris energetikuli speqtri? 

8. rogor miiReba eleqtronuli tipis naxevargamtari? 

9. rogoria eleqtronuli tipis naxevargamtaris energetikuli speq-

tri? 

10. rogor miiReba xvreluri tipis naxevargamtari? 

11. rogoria xvreluri tipis naxevargamtaris energetikuli speqtri? 

12. ganmarteT — ra aris denis matarebelTa Zvradoba da ra erTeulebSi 

izomeba? 

13. denis matarebelTa Zvradoba ra parametrebzea damokidebuli?  

1.5. naxevargamtaris zedapirze  

dieleqtrikuli firebis miRebis procesebi 

siliciumis zedapirze myofi atomebi TavianTi bunebiT gansxvavdebian 

moculobaSi myofi atomebisgan. moculobaSi atomebi erTmaneTs ukavSirde-

bian gawyvilebuli eleqtronebiT, xolo zedapirze myof atomebs aqvT erTi 

gauwyvilebeli bma (nax.1.1) amitom isini cdiloben, rogorme Seavson es eleq-

tronebiT an moculobidan, an ufro advilad — gare atmosferodan. amitom 

siliciumis zedapirze realurad yovelTvisaa `sakuTari Jangi~ miRebuli 

gare atmosferodan damjdari atomebiT: JangbadiT, azotiT Tu sxva airebiT. 

amitom, procesis sruli kontrolisTvis saWiroa, siliciumze sqemis formi-

rebisTvis teqnologiis dawyebis win qimiurad gasufTavdes aseTi Jangisgan. 

dieleqtrikuli firebi aucilebeli Semadgeneli nawilebia ims-is warmo-

ebaSi. es firebi gamoiyeneba rogorc pasiuri, aseve aqtiuri elementebis 

formirebaSi. dieleqtrikuli firebi gamoiyeneba gamtar fenebs Soris izo-
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laciisTvis, niRbis saxiT difuziis an legirebis SemTxvevaSi sqemis hermeti-

zaciisa da pasivirebisTvis misi arasasurveli minarevebisgan, CamketqveSa 

dieleqtrikad — veliT tranzistorebSi, dieleqtrikad — fenovan kondensa-

torebSi da a.S. mis xarisxsa da srulyofazea damokidebuli ims-is warmoebis 

teqnologiis xarisxi da, saboloo variantSi — ims-is parametrebi. amitom di-

eleqtrikuli firebis winaSe dgas mkacri moTxovnebi. isini unda iyos: 

1) kargi izolaciis mqone, mcire gamtareblobis; 

2) mcire forianobis; 

3) kargi damcvelunariani; 

4) qvesafenTan maRali adgeziis xarisxiT; 

5) mdgradi parametrebiT gare faqtorebis zemoqmedebis mimarT; 

6) qimiurad advilad dasamuSavebeli mJavebis da tuteebis mimarT; 

7) mcire zedapiruli mdgomareobebiT naxevargamtarTan gamyof sazR-

varze; 

8) radiaciulad mdgradi. 

dReisTvis mikro- da nanoeleqtronikaSi gamoyenebuli dieleqtrikis sa-

xeebi, metad Tu naklebad, akmayofileben am moTxovnebs. am moTxovnebis dak-

mayofileba damokidebulia rogorc dieleqtrikis saxeze, aseve mis miRebis 

meTodze. arsebobs dieleqtrikis miRebis mravali meTodi: qimiuri (Termuli 

daJangva, agregatis qimiuri daSla da reaqciiT dieleqtrikuli firis qvesa-

fenis zedapirze dafena) da fizikuri (vakuumSi gafrqveva, plazmuri anodi-

reba) meTodebi. gavecnoT yvelaze ufro martiv da gavrcelebul meTods — 

siliciumis Termul daJangvas. 

es meTodi martivia, mimdinareobs reaqciiT Si + O2 (11500C) = SiO2, ar mo-

iTxovs rTul teqnologiur aparaturas da iZleva xarisxian orJangs (die-

leqtrikul fenas). siliciumis orJangs ( )2SiO  da siliciums erTmaneTTan ax-

los aqvT temperatuli gafarToebis koeficientebis mniSvnelobebi da ami-

tom temperaturis cvlilebisas maT gamyof sazRvarze ar Cndeba meqanikuri 

darRvevebi, 2SiOSi −  gamyof sazRvarze mcirea muxtis zedapirul mdgomare-

obaTa simkvrive, 2SiO  advilad da seleqciurad muSavdeba mJavaSi, sadac ar 

fuWdeba Si -is zedapiri, is kargad icavs Si -is zedapirs ucxo minarevebisgan 

da a.S. yovelive aman ganapiroba siliciumis Termuli daJangvis teqnologiis 

farTo gamoyeneba mikro- da nanoxelsawyoebis SeqmnaSi.  

arsebobs siliciumis Termuli daJangvis meTodis ori saxe: 1) maRaltem-

peraturuli daJangva `mSral~ JangbadSi da 2) SedarebiT dabaltemperatu-

ruli daJangva `svel~ JangbadSi. pirvel SemTxvevaSi siliciumis daJangva 

xdeba sinestisagan da sxva gazebisgan gasufTavebul Jangbadis areSi, xolo 

meore SemTxvevaSi daJangvis procesi mimdinareobs wylis orTqlis Semcvel 

Jangbadis garemoSi. nax.1.7a-ze gamosaxuli danadgaris 1, 2 da 3 onkanebis sa-

SualebiT SesaZlebelia orive procesis monacvlebiT Catareba.  
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orive SemTxvevaSi, Termuli daJangvis procesi mimdinareobs sami stadi-

iT: 1) damJangavis adsorbcia dasaJangi firfitis zedapirze; 2) damJangavis 

gasvla mzard dieleqtrikul firSi da 3) damJangavis reaqcia siliciumis 

atomebTan gamyof sazRvarze 2SiOSi − . 

 eqsperimentulad dadgenilia, rom gare Zabvis moqmedebiT SeiZleba Se-

icvalos daJangvis siCqare da, kerZod, rom daJangvis procesSi ufro metad 

monawileoben Jangbadis uaryofiTi ionebi.  

Jangbadis izotopis gamoyenebam cdaze aCvena, rom Jangis zrda mimdinare-

obs Si-Si, 2SiOSi −  gamyof sazRvarze da ara 2SiO -gazis sazRvarze.  
2SiO  firis zrdis kinetikis eqsperimentulma gamokvlevebma aCvena, rom 

misi sisqis zrdis siCqare droSi emorCileba TiTqmis wrfiv, parabolur ka-

nons: tkxkx 21
2 =+ , sadac, x -Jangis sisqea, t  - daJangvis dro, 1k  da 2k , siCqa-

ris Sesabamisad, wrfivi da paraboluri mudmivebia. 

es kanoni ar sruldeba daJangvis procesis dasawyisSi, roca xdeba adsor-

bcia damJangvelis siliciumis zedapirze. 
 aqedan Cans, rom Jangis zrdis siCqare sisqis zrdasTan erTad ecema: 

x

k

dt

dx

2
~ 2 . marTlac, aseTi damokidebuleba cdazec SeimCneva (nax.1.7.b). 

 
nax.1.7. `mSrali~ da `sveli~ Jangbadis mimRebi danadgaris rotametri  

 (a 1, 2 da 3 onkanebi) da, Sesabamisad, SiO2-is zrdis siCqareebi sxvadasxva 

temperaturaze (b ----- `sveli~ da - - - `mSrali~ daJangvisas) 

  

`mSrali~ daJangvis dros 2SiO -is sisqis damokidebuleba daJangvis tempe-

raturaze da droze ganisazRvreba empiriuli formuliT: 







−⋅=

kT
tx

33,1
exp2,212                                                                                                         (1.2)   

sadac, k  - bolcmanis mudmivaa, T  - absoluturi temperatura da 1,33(ev) — 

procesis aqtivaciis energia.  
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procesis dadebiT mxared unda CaiTvalos is, rom `mSrali~ daJangviT mi-

Rebuli firi 2SiO  didi simkvrivisaa (2,27g/sm3). marTlac, aqtivaciis didi 

energia iwvevs Jangbadis ionebis didi simkvriviT Cawyobas JangSi. magram es 

procesi xasiaTdeba SedarebiT xangrZlivobiT, rac aixsneba Jangbadis ione-

bis mcire difuziis koeficientiT 2SiO -Si da daJangvis procesis didi aqti-

vaciis energiiT. 

daJangvis procesis siCqare SesamCnevad izrdeba, Tu Jangbadi gadis 

wylis orTqlSi da najeri orTqli miewodeba daJangvis ares, e.i. miiReba `nes-

tiani~ Jangbadis garemo. aqac xdeba procesis dasawyisSi Si -is zedapirze 

Jangbadis Semcveli naerTis hemoadsorbcia Txeli 2SiO  fenis warmoqmniT. 

Semdeg xdeba Jangbadis Semcveli orTqlis difuzia miRebul Txel JangSi da 

imisTvis, rom warimarTos Jangis sisqis Semdegi zrda, saWiroa warmoqmnil 

JangSi reagentis uwyveti gadatana.  

`sveli~ daJangvisas 2SiO  firis sisqis damokidebuleba daJangvis tempe-

raturaze da droze moicema Semdegi empiriuli formuliT: 







−⋅=

kT
tx

8,0
exp26,72                                                                                                          (1.3)   

sadac x  - Jangis sisqea, t  - daJangvis dro, k  - bolcmanis mudmiva, T  - tempe-

ratura da 0,8(ev) procesis aqtivaciis energia. 

(1.2) da (1.3) formulebis Sedarebam aCvena, rom `sveli~ daJangvis dros 

daJangvis aqtivaciis energia ufro dabalia, vidre `mSrali~ daJangvisas. ami-

tom `sveli~ daJangvisas Jangis zrdis siCqare ufro metia (nax.1.7b) da miRe-

buli firebis simkvrive ufro naklebia, vidre `mSrali~ daJangvisas. garda 

amisa, Jangis zrdis siCqareebs Soris gansxvaveba imiTacaa gamowveuli, rom 

difuziis koeficientebi 2SiO -Si aseTia: 

10105,9
2

−⋅=OHD sm2/wm; 6102,2 −⋅=OHD sm2/wm da 14108,2
2

−⋅=OD sm2/wm. 

praqtikam aCvena, rom pirveli da meore meTodis urTierTSenacvleba iZ-

leva SedarebiT karg Sedegs. amitom xarisxiani Jangis miRebisTvis daJangva 

mimdinareobs 15 wT `mSral~ JangbadSi, Semdeg `svel~ JangbadSi 1 sT da Semdeg 

— kvlav `mSralSi~ 15wT. am SemTxvevaSi miiReba 2SiO  firi sisqiT ~0,45 mkm 

kargi damcavi TvisebebiT. 

1.6. fotolitografia: fotorezisti da misi 

saxeebi; fotoSabloni, misi miReba da kontroli 

ims-is SeqmnaSi litografias ukavia wamyvani roli. litografiis procesi 

niSnavs Sablonidan suraTis didi sizustiT gadatanas firfitis zedapirze. 

misi saSualebiT xdeba `fanjrebis~ gaxsna niRbis firfitaSi, romelSic xdeba 
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minarevis difuzia, an legireba, Semdeg dieleqtrikuli firebisTvis saWiro 

formis da zomis micema da metalizacia. 

fotolitografia dafuZnebulia fotomgrZnobiare polimeruli masa-

lis — fotorezistis gamoyenebaze, romelic SeiZleba iyos pozitiuri an ne-

gatiuri. fotolitografiaSi gamoyenebuli fotorezistebi mgrZnobiareni 

arian ultraiisferi gamosxivebis mimarT 310-450 nm talRis sigrZis inter-

valSi. maTSi Seyvanilia specialuri minarevi firfitis zedapirze maTi adge-

ziis gaumjobesebisTvis da maRal temperaturaze mJavebis da tuteebis moq-

medebis medegobis xarisxis amaRlebisTvis. 

pozitiuri fotorezistis dasxivebis stadiaze xdeba molekulebSi qimi-

uri bmis gawyveta STanTqmuli gamosxivebis kvantis Sedegad, miiReba mole-

kulis daSla (destruqcia) da Tavisufali radikali. amis Sedegad gasxivebu-

li areebis medegoba gamxsnelis mimarT mcirdeba. gamxsnelis mimarT reaqci-

isas miiReba advilad aqroladi naerTi, rac saerTo jamSi iwvevs fotorezis-

tis mTlianad mocilebas zedapiridan. firfitis zedapirze miRebuli loka-

luri areebi imeoreben fotoSablonis suraTs. negatiuri fotorezistis 

SemTxvevaSi xdeba piriqiT — dasxivebuli areebi xdeba ufro medegi gamxsne-

lis mimarT da suraTi zedapirze miiReba Sebrunebuli. 

fotoSablonis suraTis firfitis zedapirze es procesi mimdinareobs 

sam stadiad: 1) fotoSablonis gavliT fotorezistis eqsponireba, anu ul-

traiisferi sxivebiT dasxiveba; 2) suraTis gamJRavneba qimiur naerTSi da 

(80-100)0C temperaturaze (5-7) wT. gaxureba, anu gamagreba, rac iZleva loka-

lurad damcveli niRbis Seqmnas da 3) firfitis daucvel areebSi misi zedapi-

ris mowamvla.  

yoveli am stadiis procesSi moqmedebs faqtorebi, romlebic amaxinjebs 

fotoSablonis sawyis suraTs. magaliTad, eqsponirebisas adgili aqvs dif-

raqcias, sinaTlis gardatexas da arekvlas, rac cvlis suraTis elementebis 

zomebs da iwvevs misi napirebis ganrTxmas. gamJRavnebis da gamagrebis pro-

cesSi SeiZleba moxdes fotorezistis gaberva, gaJRenTa da Tavisufal are-

ebSi gadasvla, rac cvlis suraTis zomebs. firfitis zedapiris mowamvlisas 

gamxsneli SeiZleba Sevides fotorezistis qveS da suraTi daamaxinjos. maSa-

sadame, fotoSablonidan suraTis elementis zusti gadatanisTvis firfitis 

zedapirze fotolitografiis process unda hqondes mTlianobaSi Sesabamisi 

garCevisunarianoba (sizuste). mas afaseben 1 mm-Si moTavsebuli xazebis maq-

simaluri ricxviT: R=1000/2amin, sadac mina  - xazis siganea [mkm]-Si. praqtikaSi 

xSirad garCevisunarianobas afaseben, ubralod, mina -is sididiT.  

fotolitografiaSi fotoSabloni aris ZiriTadi instrumenti. misi sa-

SualebiT xdeba fotorezistis lokaluri dasxiveba da ims-is topologiis 

zusti gadatana firfitis zedapirze. ims-is SeqmnisTvis saWiroa mravalje-

radi fotolitografia sxvadasxva suraTis fotoSablonebis, anu fotoSab-

lonis kompleqtis gamoyenebiT. is aris brtyel-paraleluriani minis an 
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kvarcis firfita, dafaruli saWiro konfiguraciiT ultraiisferi sxivis-

Tvis gaumWvirvale 3232 , OFeOGr SriT.  

fotoSablonis kompleqtis damzadebis procesi iwyeba ims-is topologi-

uri naxazis — fotooriginalis SeqmniT Sesabamisi Sreebis mixedviT. nax.1.8-

ze mocemulia fotoSablonis Seqmnis procesi erTi SrisTvis. sqemis foto-

Sablonis kompleqtisTvis topologia ixazeba koordinografiT specialur 

Txel firfitaze didi sizustiT, masStabiT 500:1. originalis zomebi mcir-

deba fotolinzebiT 50-jer da miiReba Suamdgomi Sabloni. es ukanaskneli, 

Tavis mxriv, kidev mcirdeba fotolinzebiT masStabiT 1:1 da specialuri 

linziT xdeba misi multiplikacia (gamravleba) gansazRvruli bijiT mTel 

zedapirze.  

amiT miiReba etalonuri fotoSabloni, romlis Semdeg mzaddeba samuSao 

Sabloni. ims-is Seqmnisas saWiroa mravaljeradi fotolitografia Sesabami-

si fotoSablonis gamoyenebiT. amitom arsebiTia fotoSablonis zusti Se-

Tavseba firfitaze wina fotolitografiiT Seqmnil suraTTan. winaaRmdeg 

SemTxvevaSi ims ar imuSavebs. amitom zusti SeTavsebisTvis yovel fotoSab-

lonze gaTvaliswinebulia specialuri niSnebi (SeTavsebis wertilebi, sura-

Ti 1.1), romlebic maTze zustad meordeba da gadadis firfitis zedapirze. 

fotoSablonis dadebisas zedapirze aTavseben wina litografiiT miRebul 

niSnebs da am fotoSablonis niSnebs — erTmaneTs da amiT aRweven SeTavsebis 

sizustis gazrdas. 

 

nax.1.8. fotoSablonis Seqmnis procesi 

                                                             
   sur.1.1. fotoSabloni: 1-SeTavsebis                                               sur.1.2. fotografiis  

    wertilebi da 2- 3232 ; OFeOGr                                                           proceduris warmosaxva 
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zogadad, SeiZleba davaskvnaT: fotolitografia, anu optikuri litog-

rafia aris procesi, sadac gamoiyeneba ultraiisferi (ui) dasxivebisadmi 

mgrZnobiare fotorezisti. fotolitografiis procesSi xdeba fotorezis-

tis lokaluri, fotoSablonis gavliT, dasxivdeba ui sxivebiT (sur.1.2) mas-

ze qimiuri zemoqmedebisTvis da, Sesabamisad, sasurveli suraTis gadasata-

nad safenis zedapirze. 

ganvixiloT 2SiO  niRbis magaliTze fotolitografiis procesis ZiriTadi 

etapebi, romelic gamosaxulia naxaz 1.19-ze. Si -is safenze Seqmnil 2SiO -is ze-

dapirs qimiurad asufTaveben da gacximaven, SemdgomSi fotorezistis kargi 

adgeziisTvis. aTavseben centrifugaze, zedapiris centrSi awveTben ramde-

nime wveT fotorezistis xsnars, romelic brunvisas ganirTxmeba mTel zeda-

pirze ∼1 mkm sisqiT da Semdeg aSroben RumelSi 1000C-ze 5÷10 wT-is ganmavlo-

baSi. firfitaze deben fotoSablons (nax.1.9a) suraTiT fotorezistisken 

(fr) da sinaTliT (ultraiisferi sxivi) asxiveben, Semdeg mas aSoreben. pozi-

tiuri fr-isas xdeba dasxivebuli nawilis amowamvla qimiuri gamxsneliT 

(nax.1.9b). amis Semdeg wamlaven 2SiO  mJaviT, romelic ar moqmedebs fr-ze. fr-

s aSoreben toluoliT, romelic ar moqmedebs Si  da 2SiO -ze (nax.1.9.g). amiT 

xdeba fotoSablonze CvenTvis sasurveli suraTis gadatana siliciumis ze-

dapirze. 

 

nax.1.9. fS-iT teqnololiuri procesi 
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1.7. naxevargamtarSi minarevis difuziisa da legirebis procesebi 

naxevargamtaris lokaluri ubnebis eleqtrofizikuri Tvisebebis cvli-

leba (eleqtrogamtareblobis tipi, xvedriTi winaaRmdegoba) SesaZlebelia 

minarevuli atomebis masSi kontrolirebadi SeyvaniT. amisTvis ims-is Seqmnis 

teqnologiaSi, ZiriTadad, gamoiyeneba ori meTodi — Termuli difuzia da 

ionuri legireba.  

1) minarevis Termuli difuzia. maRal temperaturaze (∼800÷11500C) naxe-

vargamtaris zedapiris gavliT minarevuli atomebi vrceldeba mis moculo-

baSi siTburi moZraobis Sedegad. 

kristalur meserSi minarevuli atomis SeRweva, ZiriTadad, xdeba meseris 

vakansiebSi Tanmimdevruli gadaadgilebiT. SesaZlebelia agreTve gadaadgi-

leba kvanZTa Soris da Semdeg Canacvleba kvanZSi. unda aRiniSnos, rom minare-

vuli atomi eleqtrulad aqtiuria, anu aris an donori, an aqceptori mxo-

lod maSin, roca is aris kvanZSi. Sesabamisad, Zlierad legirebuli ubnebi 

rom miviRoT, saWiroa vakansiis didi koncentracia nimuSis zedapiris uban-

Si. zogadad, temperaturis zrdiT izrdeba vakansiebis ricxvi, Tanaxmad ga-

mosaxulebisa:  







−=

kT

E
NN expvak  (1.4) 

sadac N  kristalis kvanZebSi myofi atomebis ricxvia, E  - vakansiis Seq-

mnis aqtivaciis energia, k  - bolcmanis mudmiva da T  - absoluturi tempe-

ratura. siTburi rxevebis moqmedebiT minarevul atoms SeuZlia daikavos 

yoveli mezobeli vakansiis adgili da ase gadaadgildes kristalSi. kvanZi-

dan vakantur kvanZSi minarevuli atomis gadasvlis W  albaToba damokidebu-

lia mezoblad vakansiis arsebobis albaTobaze da potencialuri jebiris ga-

dalaxvis albaTobaze, romelic arsebobs atomsa da vakansiis adgils Soris: 

kT

E

eW
Δ−

~   (1.5) 

sadac EΔ  difuziis procesis aqtivaciis energiaa, romelic Seicavs vakansi-

is gaCenisa da minarevuli atomis vakansiaSi Cajdomis energiebs. 

difuziis danadgaris sqema mocemulia nax.1.10.-ze, sadac SesaZlebelia, 

SenacvlebiT, rogorc n-, aseve p-tipis ubnebis miRebis procesebis Catareba. 

Termuli difuziis procesi tardeba kvarcis RumelebSi, romlis gaxureba 

xdeba maRalsixSiruli wyaroTi da sadac misabmel aparatSi iqneba Sesabamisi 

minarevi naerTTan erTad, romelic aris, magaliTad, AsH3, B2H6, 3BBr  an 3POCl .

siliciumSi bevri minarevuli atomi difundirebs kvanZTa Soris da Cer-

deba maTSi, e.i. qmnis Canergvis myar xsnarebs. radganac atomis kvanZTa Soris 

gadasvlis albaToba ufro metia, vidre kvanZidan kvanZSi, amitom minarevis 
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Canergvis difuzia ufro swrafad mimdinareobs, vidre Canacvlebis. difuzi-

is meTodiT naxevargamtarSi SeiZleba SeviyvanoT minarevi mocemul maRal 

temperaturaze, zRvrul gamxsnelobaze naklebi koncentraciiT da oTaxis 

temperaturamde gacivebisas iqneba zRvruli. nivTierebis difuziuri gada-

tanis procesebis aRwera SesaZlebelia fikis kanonebiT. 

 

nax.1.10. difuziis danadgaris sqema 

  

difuziis pirveli gantoleba (fikis I kanoni) gansazRvravs minarevuli 

atomebis nakads misi didi koncentraciis ubnidan naklebi koncentraciis 

ubnisaken, koncentraciis gradientis Semcirebisken: 

 
dx

dN
DF −=                                                                                                                           (1.6)  

sadac, D  - difuziis koeficienti, romelic ricxobrivad tolia minarevuli 

atomebis raodenobisa, gamavali drois erTeulSi difuziis mimarTulebis 

marTob farTis erTeulSi, roca minarevuli koncentraciis gradienti 
dx

dN
 

erTis tolia. niSani minusi miuTiTebs, rom difuzia midis koncetraciis Sem-

cirebis mimarTulebiT. 

difuziis meore gantoleba (fikis II kanoni) gamodis pirvelidan im daSve-

biT, rom difuziis koeficienti araa damokidebuli koncentraciaze: 

2

2

x

N
D

t

N

∂
∂=

∂
∂

                                                                                                                           (1.7)   

fikis II kanoni gamosaxavs difuziis ZiriTad kanons. is gansazRvravs mo-

cemul temperaturaze naxevargamtarSi Seyvanili minarevis koncentracias 

drois nebismier momentSi, zedapiridan nebismier manZilze.  
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xSir SemTxvevaSi, mikro- da nanosqemis elementebis Seqmnisas difuziur 

procesebs atareben or stadiad. procesis pirveli stadia, e.w. zedapirze Se-

devna, eTanadeba difuziis usasrulo wyaros da difuzanti Sedis naxevargam-

taris mcire SreSi; meore stadia, e.w. zedapiridan siRrmeSi gandevna, eTana-

deba difuzias sasruli, pirvel stadiaSi Seqmnili wyarodan. am dros xdeba 

zedapiridan gansazRvrul siRrmemde naxevargamtarSi minarevis gadanawile-

ba da zedapiruli koncentraciis Semcireba moculobaSi minarevuli koncen-

traciis gazrdis Sedegad.  

 
nax.1.11. difuziis procesi (a) 

da minarevis ganawileba siRrmeSi (b) 

 

rogorc wesi, siliciumSi minarevis difuzia xdeba lokalurad, 2SiO -is 

niRabis gamoyenebiT, sisqiT ∼0.5mkm. nax.1.11-ze gamosaxulia difuziis proce-

si (a) da minarevis ganawileba siRrmeSi (b). minarevis koncentracia maqsima-

luria zedapirze da ecema firfitis moculobaSi (nax.1.11.b). 0x  manZils, sa-

dac minarevuli, donoruli koncentracia emTxveva safenSi aqceptorul Na 

koncentracias, ewodeba difuziuri Sris sisqe. am SemTxvevaSi 0x  eTanadeba 

np −  gadasasvlelis sazRvars.  

2. ionuri legireba. ionuri legireba aris teqnologiuri procesi, roca, 

firfitis zedapiris minarevis ionebis bombardirebiT xdeba minarevis Seyva-

na nimuSSi. 

zemoT ganxilul Termuli difuziis process aqvs rigi naklovanebebi, 

riTac misi farTo gamoyeneba SezRudulia. magram maT Soris gamorCeulia is, 

rom adgili aqvs minarevis Sesvlas niRbis qveS, rac iwvevs zomis damaxinje-

bas. 

amitom gamoiyeneba naxevargamtaris sxva elementTa ionebiT legireba. 

naxevargamtaris kristalSi minarevis ionis SeyvanisTvis saWiroa gansazR-

vruli energia, romelsac is Rebulobs gare eleqtruli velidan ramdenime 

aseuli kilovolti Zabvisas. ionuri legirebis danadgarSi winaswar Rebu-

loben malegirebeli nivTierebis ions eleqtruli da magnituri Zalebis 

moqmedebiT, aCqareben sasurvel energiamde da gamosasvlelze aTavseben sa-
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miznes. naxevargamtaris, rogorc samiznis, temperatura aris oTaxis an axu-

reben im temparaturamde, rom moxdes difuziis procesis aqtivacia da Seyva-

nili minarevis gadanawileba. rogorc difuziis dros, ionuri legirebisas 

naxevargamtaris eleqtruli gamtareblobis tipis Secvla xdeba minarevis 

Canacvlebisas meseris kvanZebSi. am dros minarevis koncentraciis maqsimumi 

mdebareobs naxevargamtaris siRrmeSi (nax.1.12), romlis regulireba SesaZ-

lebelia ionis energiiT. Tu ionuri nakadi mimarTulia qvesafenis zedapiris 

marTobulad, maSin legirebuli aris konfiguracia zustad emTxveva niRbis 

kidis sazRvars da gverdiT legirebas adgili ara aqvs.  
ionuri legireba (implantacia) iZleva saSualebas:  

1) zustad da ganmeoradebulad ganxorcieldes malegirebeli ionis Ca-

nacvleba meseris kvanZebSi ionuri nakadis denisa da dasxivebis dros kon-

trolirebiT; 

2) p – n  gadasvlis siRrmis miRebis didi sizuste (0,02mkm-mde);  

3) procesis ganxorcielebis siswrafe (ramdenime wT-Si) danadgaris jgu-

furi CatvirTvisas kargi ganmeoradovnebiT; 

 
nax.1.12. ionuri legirebisas energiis 

mixedviT minarevis ganawileba siRrmeSi 

 

4) praqtikulad minarevis ganawilebis nebismieri profilis miReba safe-

xuriani legirebiT, anu legirebis energiisa da malegirebeli elementis sa-

xis cvlilebiT. 

 miuxedavad amisa, ionur legirebas aqvs zogierTi naklovanebebi: 
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1) ionuri legirebis Semdeg saWiroa firfitis gamowva (6500C) minarevis 

aqtivizaciisa da miRebuli radiaciuli defeqtis gaqrobisTvis; 

2) ionuri legirebis procesis Catarebis danadgari sakmaod ZviradRi-

rebulia da rTuli. 

kristalis meserSi moTavsebul atomTan dajaxebisas ioni waanacvlebs 

mas kvanZTa Soris, ris Sedegadac Seiqmneba wertilovani defeqti (vakansia da 

kvanZTaSorisi atomi). Tavis mxriv, kvanZTa Soris gasul atoms SeuZlia Seq-

mnas wanacvlebaTa kaskadi da mouwesrigebeli areebi. maSasadame, moZraobis 

gzaze Seiqmneba darRveulstruqturiani ubnebi, e.w. klasterebi, romlebSic 

SeiZleba SeerTdnen da Seiqmnas amorfuli ubnebi.  

ionuri legirebis danadgari Sedgeba ionis wyarosagan, mas-speqtromet-

risagan, amaCqareblisagan da misaRebi kamerisagan.  

praqtikulad difuzia da ionuri legireba xorcieldeba firfitis zeda-

pirze lokalurad 2SiO  an 43 NSi -is niRbebis gamoyenebiT, sisqiT 0,5mkm, ro-

melic aRemateba am masalebSi ionebis ganarbenis SesaZlo manZilebs.  

sakontrolo kiTxvebi: 

1. rogori moTxovnebi dgas dieleqtrikuli firebis winaSe? 

2. ramdeni saxis Termuli daJangva arsebobs da raSi mdgomareobs TiToe-

ulis arsi? 

3. riT gansxvavdeba Termuli daJangvis es meTodebi erTmaneTisgan? 

4. aRwereT fotorezistis da fotoSablonis arsi da daniSnuleba; 

5. ramdeni saxis fotorezisti arsebobs da ra gansxvavebaa maT Soris? 

6. riT gansazRvraven fotolitografiis sizustes? 

7. raSi mdgomareobs fotolitografiis procesi? 

8. ra aris difuzia myar sxeulebSi? 

9. rogor tardeba Termuli difuziis procesi? 

10. ra aris ionuri legireba? 

11. ra upiratesobiT xasiaTdeba TiToeuli maTgani? 

1.8. epitaqsiiT Txeli firebis miReba  

epitaqsia — es aris procesi, roca monokristalur (naxevargamtaris) qve-

safenze efineba (naxevargamtaris) atomebi da dafenili firi agrZelebs qve-

safenis struqturas da mis kristalografiul orientacias. xSir SemTxveva-

Si qvesafenis da firis masala erTnairia (homeoepaqsia), magram SeiZleba iyos 

sxvadasxva masala axlomyofi kristaluri struqturiT (heteroepitaqsia), 

magaliTad, siliciumis firi safironze. epitaqsiuri firi miiReba qvesafe-

nis zedapiris mTel farTobze Tanabrad. praqtikulad didi mniSvneloba 
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aqvs SemTxvevas, roca epitaqsiis procesSi xdeba minarevis, rogorc malegi-

rebeli elementis SerCeva. qvesafenis sxvadasxva gamtareblobis tipze SeiZ-

leba sxvadasxva gamtareblobis tipis epitaqsiuri firis miReba. amdenad, Se-

iZleba miviRoT epitaqsiuri firi xvedriTi winaRobis did diapazonSi, damo-

ukideblad qvesafenis xvedriTi winaRobisa. es iZleva saSualebas, miviRoT 

np − , ppnn −− ++ ,  da pn −+  gadasasvlelebi. amitom epitaqsiur-planaru-

li teqnologiiT miRebuli Txeli epitaqsiuri firi (∼2÷10mkm), gazrdili 

qvesafenze sisqiT ∼300mkm., TamaSobs gadamwyvet rols mikro- da nanoteqno-

logiaSi. 

naxevargamtaris atomebis wyaros agregatuli mdgomareobis mixedviT, 

epitaqsiuri procesi iyofa gazur, Txevad da myari fazis procesebad. 

siliciumis teqnologiaSi gavrceleba pova gazur-fazurma epitaqsiam, 

rogorc martivma procesma da misaRebma seriul warmoebaSi. am dros silici-

umis da minarevis atomebi gamoiyofa Sesabamisi orTqlismagvari SenaerTi-

dan qimiuri reaqciis Sedegad da efineba siliciumis qvesafens. epitaqsiuri 

fenis xarisxi ganisazRvreba SenaerTidan gamoyofili siliciumis da minare-

vis atomebis pirobiT da qvesafenis zedapiris mdgomareobiT. amisTvis mniS-

vnelovania, upirveles yovlisa, rom meseris daSenebaSi monawileobdnen 

calkeuli atomebi da ara maTi jgufebi (aglomeratebi), winaswar SeerTe-

bulni dafenamde. Sesabamisad, qimiuri reaqciis xasiaTi unda iyos heteroge-

nuri, anu SenaerTidan siliciumis da minarevis atomis gamoyofis Semdeg 

kvlavSeerTeba unda xdebodes qvesafenis zedapirze da ara airovan fazaSi. 

sawyisi reagenti ise unda iyos SerCeuli, rom reaqciis gverdiTi produqte-

bis molekulebi mocemul temperaturaze advilad adsorbirdebodes qvesa-

fenis zedapiridan da ar aWuWyianebdes miRebul fers. 

albaToba imisa, rom dafenili atomi daikavebs misTvis xelsayrel mdgo-

mareobas, Sesabamis Tavisufali energiis minimums, izrdeba atomebis Zvrado-

bis gazrdiT, anu qvesafenis temperaturis zrdiT. zedapirze adsorbirebu-

li atomebis didi simkvrivisas izrdeba maT Soris moqmedeba da, Sesabamisad, 

mcirdeba maTi Zvradoba. aqedan gamodis, rom epitaqsiuri firis ufro 

srulyofili struqtura miiReba sxva danarCeni pirobebis mudmivobisas, fi-

ris zrdis dabali siCqareebisas. 

epitaqsiuri firis srulyofili struqturis formirebaSi mniSvnelova-

ni wvlili Seaqvs qvesafenis firfitis zedapirs. dislokaciebi, napralebi da 

qvesafenis zedapirze arsebuli sxva saxis defeqtebi auareseben mzardi fi-

ris struqturas. am epitaqsiamdeli defeqtebis nawilobrivi Semcireba SeiZ-

leba zedapiris winaswari qimiuri mowamvliT. epitaqsiis procesSi warmoiSo-

ba defeqti, e.w. Cawyobis defeqti. am defeqtis warmoSobis mizezia is, rom 

gamyof sazRvarze firfita-epitaqsiuri firi miiReba meqanikuri daZabulo-

ba, gamowveuli firfitisa da firis legirebis xarisxisa da meseris mudmivis 

gansxvavebiT. es defeqtebi izrdeba firis zrdasTan erTad, erTdebian da 
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qmnian sxvadasxva saxis blokebis firSi. yovelive es amcirebs firis struq-

turis srulyofis xarisxs. 

SenaerTidan siliciumis gamoyofisTvis gamoiyeneba aRdgeniTi da piro-

lizuri reaqciebi. aRdgeniTi reaqciis dros iyeneben siliciumis tetraq-

lorids - 4SiCl , xolo pirolizis dros silans - 4SiH . temperatura piroli-

zis dros ufro dabalia, vidre aRdgenisas, magram silani advilaalebadi da 

toqsikuria, amitom misi Senaxvisa da xmarebisTvis saWiroa specialuri Wur-

Weli da danadgarebi. amis gamo ufro xSirad gamoiyeneba aRdgeniTi reaqcie-

bi. 4SiCl -is gaSliT epitaqsisas reaqciis gantoleba aseTia:  

↑+↓→+ HClSiHSiCL 224                                                                                              (1.8)  

es procesi mimdinareobs firfitebis zedapirebTan axlos. aq wyalbadi 

gamoiyeneba, rogorc gazmatarebeli, romelsac miaqvs narevi firfitis ze-

dapiramde. epitaqsiuri firis legirebisTvis gamoiyeneba an 3BCl  (aqcepto-

rulisTvis), an fosfini 3PH , an arsini 3AsH  (donorulisTvis): 

↑+↓→+ HClBHBCl 223                                                                                                 (1.9) 

 (1.8) gantolebiT miRebuli Si -is atomebi adsorbirdebian firfitis ze-

dapirze, ganicdian masze migracias, erTdebian kristaluri meseris kvanZeb-

Si da firi miiReba firfitis struqturis gagrZelebiT. (1.9)-iT miRebuli 

donoruli an aqceptoruli atomebi Tavsdebian, Sesabamisad, kvanZebSi da iZ-

levian Sesabamisi tipis gamtareblobis epitaqsiur firebs. maRali tempera-

turis gamo minarevebi gadis qvesafenSic da, piriqiT, qvesafenidan amodis 

firSi. amitom gamyofi sazRvari firfita-epitaqsiuri firi ar aris mkveTri. 

ufro mkveTri sazRvrisa da firis Txeli sisqis miRebisTvis gamoiyeneba mo-

lekulur-sxivuri epitaqsia (nax.1.13). is dafuZnebulia epitaqsiuri masalis 

nakadisa da qvesafenis masalis urTierTqmedebaze.  

 

nax.1.13. molekulur-sxivuri epitaqsiis danadgaris sqema: 

1-Sesabamisi elementis damWeri; 

2- molekuleri sxivi; 3-safeni da 4-safari 
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epitaqsiuri procesi mimdinareobs ∼10-7pa vakuumSi, qvesafenis tempera-

tura SedarebiT dabalia ∼6000C. vakuumis xufis SigniTaa rogorc ZiriTadi, 

agreTve, malegirebeli elementebis damWerebis specialuri WurWeli 

(nax.1.13 1). SeiZleba maTi aorTqleba temperaturiT an lazeris sxiviT. aor-

Tqleba SeiZleba erTi an ori amaorTqleblidan, riTac SesaZlebelia qvesa-

fenze monofiris an legirebuli firis datana. epitaqsiuri firis sisqis re-

gulireba SeiZleba drois mixedviT safaris regulirebiT (nax.1.13-is 4). wya-

ros temperaturis an lazeris sxivis simZlavris da qvesafenis temperaturis 

regulirebiT SeiZleba miviRoT sasurveli qimiuri Sedgenilobis da struq-

turis epitaqsiuri firi.  

1.9. sqemis Seqmna velis tranzistoris magaliTze 

nax.1.14-ze mocemulia velis tranzistoris miRebis teqnologiuri mar-

Sruti. safenad aRebulia siliciumis firfita sisqiT 300 mkm, p-tipis, 4,5 

omi•sm kuTri winaRobiT, iwmindeba qimiurad (nax.1.14-is 1). iJangeba Termu-

lad ∼0,6 mkm sisqemde ise, rogorc aRwerilia am Tavis §1.5-Si (nax.1.14-is 2). 

Semdeg efineba fotorezisti (nax.1.14-is 3), tardeba fotolitografiis 

procesi (nax.1.14-is 4-6) gamomdeni da Camdeni areebis miRebisTvis im pirobe-

biT, rogorc aRwerilia §1.3-Si. amis Semdeg tardeba fosforis difuzia 

(nax.1.14 8), rogorc aRwerilia am Tavis § 1.7-Si. mTlianad ixsneba Jangi, kvlav 

iJangeba 0,1 mkm sisqemde, xdeba fotolitografia CamketqveSa dieleqtrikis 

formirebisTvis, efineba metali, magaliTad alumini, tardeba fotolitog-

rafia gamomyvanebis da sakontaqto farTobebis misaRebad (nax.1.14-is 9), rom-

lis saboloo saxe mocemulia nax.1.15-ze. 

 
nax.1.14. velis tranzistoris  

miRebis teqnologiuri marSruti 
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nax.1.15. velis tranzistoris saboloo saxe 

1.10. topologiis Seqmna da xelsawyos modelireba 

mikro- da nanosqemis Seqmnis procesSi erT-erTi gadamwyveti adgili uka-

via topologiis SemuSavebas, anu elementebis da SeerTebebis formis da gan-

lagebis suraTis Seqmnas. topologiis modelis SemuSavebisa da misi optimi-

zaciisas gasaTvaliswinebelia Semdegi ZiriTadi faqtorebi: 

 1. didi integraciis qvesafenis zedapirze naxevargamtaruli ims-is yve-

la elementis urTierTmimarTeba unda iyos rac SeiZleba mWidro. magram am 

dros izrdeba elementebs Soris parazituli kavSirebi, siTbocvla da saku-

Tari xmauris done;  

2. naxevargamtaruli ims-is yvela elementi mzaddeba erT teqnologiur 

ciklSi, rac zrdis proeqtirebis sizustes.  

ims-is topologiis SemuSavebis safuZvelia eleqtruli sqemis Sedgena 

teqnologiuri da konstruqciuli moTxovnebis gaTvaliswinebiT. topolo-

giuri naxazis Sedgena iTvaliswinebs Semdeg calkeul etapebs: 

- sawyisi monacemebis miReba da SeTanxmeba; 

- ims-is elementebis struqturis gamoTvla da sizuste; 

- qvesafenze an mis moculobaSi sqemuri elementebis ganlageba da kvan-

ZTaSoriso SeerTebebis Sedgena; 

- topologiis winaswari variantis Seqmna; 

- miRebuli topologiis optimizacia, anu Sesworebebi (Tu saWiroa) ga-

moTvlebSi, ganlagebasa da zomebSi; 

- saboloo, anu muSa topologiis Seqmna. 

ims-is topologiis SemuSavebas iwyeben saerTo eleqtruli, konstruqci-

uli da teqnologiuri monacemebis miRebiT da maTi urTierTSeTanxmebiT. 

sawyisi eleqtruli monacemebi iTvaliswinebs eleqtruli sqemis Sedgenas sa-

Wiro eleqtrofizikuri parametrebiT, ims-is elementebisTvis gansazRvru-

li zomebis da statikuri da dinamikuri parametrebis micemas. konstruqciu-

li monacemebi gulisxmobs ims-is elementebis ganlagebas kristalis zeda-
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pirze, maTi SeerTebis, kontaqturi farTebis zomebis gansazRvras da korpu-

sis gamomyvanebTan maT SeTanxmebas. yvela zoma moicema specialur naxazze im 

masStabiT, ra masStabiTac Semdeg gamoixazeba cal-calke ims-is topologiu-

ri naxazebi Sreebis saxiT, romelTa Semcirebis Semdeg gansazRvruli masSta-

biT mzaddeba fotoSablonis kompleqti. 

naxevargamtaruli ims-isTvis ufro xSirad gamoiyeneba planaruli kon-

struqcia, romelic niSnavs elementebis sxvadasxva tipis Sreebis ganlagebas 

erT paralelur sibrtyeze (safenis zedapirze).  

ims-is topologiis Seqmna rTuli procesia da saWiroebs did sizustes 

dawyebuli qvesafenis daJangvidan, damTavrebuli kristalis korpusSi Cas-

mamde. amitom aucilebelia, fotoSablonis kompleqtSi sxvadasxva fenis Sab-

lonis urTierTSeTanxmebisTvis gakeTdes SeTavsebis wertilebi. am werti-

lebs topologiaSi unda hqondes gansazRvruli adgili. nax.1.16-ze mocemu-

lia ims struqtura principuli eleqtruli sqemiT, Sesabamisi ims-is saxiT 

WrilSi da Sesabamisi topologiuri naxaziT planaruli teqnologiiT misa-

Rebad. sawyisi eleqtruli monacemebiT iTvleba aqtiuri (T) da pasiuri (R) 
elementebis eleqtrofizikuri parametrebi, maTTan Tanxmdeba komponen-

tTaSoriso sadenebis da sakontaqto farTis parametrebi. amis Semdeg ixaze-

ba principuli eleqtruli sqema (nax.1.16 a). ims-is konstruirebisas aucile-

belia aqtiuri da pasiuri elementebis, metalis sadenis da sakontaqto far-

Tis geometriuli zomis dadgena da urTierTganlageba ise, rom rac SeiZleba 

naklebi gadakveTis wertilebi warmoiSvas sadenebis SeerTebisas (nax.1.16 b). 

SemuSavebul topologiaSi unda iyos gaTvaliswinebuli SemoWris xazi 

(nax.1.16 b-ze 6), romelzec xdeba miRebuli saboloo kristalis SemoWra 

(nax.1.16 g) calkeuli ims-is kristalebis misaRebad.  

 

nax. 1.16. naxevargamtaruli sqemis topologia: eleqtruli sqema 

(a), topologiuri naxazi(b) da sqema ganxorcielebuli kristalSi (g) 
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naxaz 1.16 g-ze gamosaxulia kristalze miRebuli sqema topologiis da 

Sesabamisi fotoSablonis kompleqtis Seqmnis Semdeg. kargad Cans teqnolo-

giuri procesebis Tanmimdevroba, romelic gansazRvrulia Sesabamisi teqno-

logiuri marSrutiT. 

1.11. integraluri sqemebi da maTi klasifikacia 

integraluri sqemebi, damzadebis da teqnologiuri miRebis Tvalsazri-

siT, iyofa: naxevargamtarul, firovan da hibridul sqemebad. 

naxevargamtarul integralur sqemaSi misi elementebi moTavsebulia 

qvesafen naxevargamtaris zedapiriswina areSi. am SemTxvevaSi elementebi 

ganlagebulia erT sibrtyeSi, gamomyvanebiT qvesafenis zedapirze, anu Seq-

mnilia planaruli teqnologiiT. aseTi sqemebi miCneulia Tanamedrove mik-

roeleqtronikis ZiriTad sqemebad. 

firovani sqemebi mikrosqemebia, sadac elementebi Seqmnilia dieleqtriku-

li qvesafenis zedapirze dafenili sxvadasxva saxis firebiT. es SeiZleba iyos 

Txel (1÷2 mkm) da sqelfirovani (5÷20 mkm) sqemebi. firovani sqemebi Seicavs mxo-

lod pasiur elementebs. amitom aseTi sqemebis funqciebi SemosazRvrulia. 

hibriduli integraluri sqema aris sqema, sadac firovani da diskretu-

li sqemebia gaerTianebuli erT dieleqtrikul qvesafenze. diskretuli 

elementebi dawebebulia da SeerTebebi maTsa da firovan elementebs Soris 

aris sivrculad gamtarebiT. amitom aqtiur elementebs uwodeben dakide-

bul elementebs. 

kidev gvxvdeba erTi saxis Sereuli integraluri sqema, sadac aqtiuri 

elementebi formirdeba naxevargamtaris zedapiriswina areSi da pasiur ele-

mentze — firebis saxiT mis zedapirze. 

integraluri mikrosqemis (ims) Seqmnis teqnologiuri donis Sefasebis 

erT-erTi ZiriTadi kriteriumia integraciis xarisxi. is gviCvenebs integra-

luri sqemis sirTulis xarisxs, romelic xasiaTdeba kristalSi (ucxour li-

teraturaSi ixmareba chipirun) integraluri teqnologiiT Seqmnil elementTa 

ricxviT. integraciis xarisxis gamosaxatavad xmaroben xarisxis ricxvs 

Nk lg= , sadac N  - elementTa ricxvia kristalSi. k -s mniSvnelobis mixed-

viT, integralur sqemebs yofen dabali integraciis ( 1≤k , anu 10≤N ), saSua-

lo integraciis ( 2≤k ), didi integraciis ( 3≤k ) da zedidi integraciis 

( 3>k , anu 100>N ) sqemebad. 

nebismieri saxis integraluri sqemisTvis ZiriTadi da yvelaze rTuli 

elementi aris tranzistori. maTi muSaobis fizikuri principebis mixedviT, 

tranzistorebi iyofa bipolarul da unipolarul (velis) tranzistorebad. 

hibridul integralur sqemaSi gamoiyeneba ukorpuso diskretuli bipolaru-

li da velis tranzistorebi. naxevargamtarul integralur sqemaSi gamoyene-

buli es tranzistorebi Seqmnilia planaruli teqnologiiT da sqema moTavse-
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bulia hermetulad Sesabamis korpusSi. gare zemoqmedebisgan dacvis mizniT, 

yvela integraluri sqema daxurulia hermetulad. korpusiani sqema hermetu-

lad ixureba vakuumSi, xolo ukorpuso — eboqsitiT an specialuri lakiT. 

funqcionaluri daniSnulebis mixedviT, integraluri sqemebi iyofa 

cifrul (logikur), analogur (wrfiv) da analogur-cifrul sqemebad, mowy-

obilobaSi maTi gamoyenebis moTxovnisa da farTo da specialuri moxmarebis 

sqemebis Sesabamisad. 

cifruli sqemis safuZvelia tranzistoruli gasaRebi — metali kontaq-

tis gasaRebi. misTvis damaxasiaTebelia ori mdgradi mdgomareoba: gaxsnili 

da Caketili. martivi gasaRebis bazaze igeba ufro rTuli sqemebi: logikuri, 

bistabiluri, trigeruli da a.S. 

analoguri sqemis safuZvelia ubralo gamaZliereblis ujredi — kaskadebi 

an safexurebi. gamaZlierebeli kaskadis safuZvelze igeba ufro rTuli (mra-

valkaskadiani) gamaZliereblebi, stabilizatorebi (denis an Zabvis), sixSiris 

gardamqmnelebi (modulatorebi, deteqtorebi), sinusoidaluri rxevebis ge-

neratorebi da a.S. aseT sqemebs xSirad uwodeben wrfivs an kvaziwrfivs. 

mosaxerxebeli iqneba cifruli da analoguri sqemebis specifikasa da xa-

risxobrivi gansxvavebis Sesaxeb cnobili iyos maTi e.w. gardamavali maxasia-

Teblis ganxilvisas. es maxasiaTebeli iZleva kavSirs Sesaval da gamosaval 

Zabvebs Soris. 

imisda mixedviT, Tu ra konstruqciis da funqcionaluri daniSnulebis 

safuZvelze romeli ims mzaddeba, teqnologiuri procesebis ricxvi da mim-

devroba aris sxvadasxva. es operaciebi gaerTianda damoukidebel teqnolo-

giur etapebad, romlebic SeiZleba daiyos sam ZiriTad jgufad: 

pirveli — winaswari samuSaoebis mizania, miiRos naxevargamtaruli mo-

nokristaluri Zelaki — gansazRvruli eleqtrogamtareblobis tipis da 

xvedriTi winaRobiT; Zelakis daWra firfitebad da maTi zedapirebis damuSa-

veba meqanikurad da qimiurad; makrodetalis korpusis Seqmna. 

meore — damuSavebiTi, aerTianebs yvela im operacias, romelic saWiroa 

ims-is struqturis formirebisaTvis. yvela am procesis dasrulebis Semdeg 

sakontrolo firfitaze Semowmdeba procesis xarisxi.  

mesame — akreba da kontrolSi Sedis erT firfitaze miRebuli ims-ebis 

gancalkeveba, anu firfitis daWra gansazRvrul xazebze, maTi Cawebeba kor-

pusSi, sadenebis SeerTeba korpusTan oqros sadenebiT, hermetizacia, meqani-

kuri da klimaturi gamocda ims-is parametrebze da markireba. 

gansakuTrebuli mniSvneloba aqvs, samive jgufis procesebis Catarebis bo-

los iyos firfitidan ims-is rac SeiZleba didi procentuli gamosavali, misi 

parametrebis ganmeoradoba da stabiluroba. amisTvis saWiroa yvela procesi 

Catardes sufTa klimatur atmosferoSi da am dros gamoyenebuli yvela kompo-

nenti — gazi, qimiuri reaqtivebi da siTxeebi — iyos teqnikurad sufTa.  

klimaturi atmosferos sisufTave moicavs temperaturis mudmivobas, 

sinotivis stabilurobas da haeris 1m3 moculobaSi mtvris nawilakebis rac 

SeiZleba mcire raodenobis arsebobas.  
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atmosferos temperatura, pirvel rigSi, moqmedebs fotolitografiis 

xarisxze da teqnoqimiur procesebze. temperaturis cvlilebiT icvleba 

fotorezistoris siblante da qimiuri procesebis Catarebis siCqareebi, rac 

uaryofiTad moqmedebs saboloo procentul gamosavalze da ims-is paramet-

rebis ganmeoradobaze. 

sinotivis cvlilebisas xdeba firfitis zedapirze haeridan sxvadasxva 

molekulebis adsorbcia, rac qmnis arakontrolirebad da arasasurvel Sena-

erTebs zedapirze, aseve difundireben moculobaSi. aRsaniSnavia, rom haeri-

dan wylis molekulebis adsorbcia ufro intensiuria, vidre sxva molekule-

bis, amitom sasurvelia, haeris sinotive rac SeiZleba naklebi iyos, magram 

aranaklebi sanitaruli normis 30%-isa. 

haeris higiena xasiaTdeba mtvrianobiT, rac gulisxmobs 1 litr haerSi 

0,5 mkm-ze naklebi zomis mtvris nawilakis raodenobiT. mtvris nawilakma dam-

zadebuli ims-is zedapirze moxvedrisas SeiZleba gamoiwvios masSi mokle 

CarTva, garRveva da a.S. 

zemoT CamoTvlili moTxovnebis dasakmayofileblad iqmneba specialuri 

oTaxebi, romlebSic moTavsebulia yvela teqnologiuri danadgari da tar-

deba ims-is Seqmnis yvela procesi.  

ims-is SeqmnaSi didi mniSvneloba aqvs samuSao wylis sisufTaves. is gamoi-

yeneba yvela qimiuri procesis reagentebis gawmenda-dasufTavebisTvis. 

wyals winaswar asufTaveben sxvadasxva ionebisa da koloiduri xsnarebisgan 

distilaciis da deionizaciis meTodebis gamoyenebiT, sadac ixmareba specia-

luri filtrebi da danadgar-mowyobilobebi ui sxivebis damuSavebiT. wylis 

sisufTaves gansazRvraven misi moculobis xvedriTi winaRobiT. misi 1 l-is 

moculobis xvedriTi winaRoba unda iyos (10-18) momi, roca Cveulebrivis-

Tvis - (3-6) kom-ia.  

sakontrolo kiTxvebi: 

1. ras niSnavas epitaqsiis procesi?

2. rogor mimdinareobs molekulur-sxivuri epitaqsiis procesi?

3. ras niSnavs sqemis topologia?

4. risTvisaa saWiro sqemis modelireba?

5. rogor mimdinareobs velis tranzistoris Seqmnis procesebi?

6. CamoTvaleT integraluri sqemis saxeebi maTi damzadebis mixedviT;

7. CamoTvaleT integraluri sqemis saxeebi maTi konstruqciisa da fun-

qcionaluri daniSnulebis mixedviT;

8. ra aris integracia da rogor gamoiTvleba?

9. ra pirobebia saWiro sufTa oTaxebis SeqmnisTvis?
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2. mikrodan nanoteqnologiaze gadasvlis Taviseburebani 

mikroeleqtronikis ganviTarebis ZiriTadi tendenciaa integraciis xa-

risxis da ims-is swrafqmedebis gazrda. man Tavisi ganviTarebis gzaze dRem-

de gaiara ramdenime etapi. gasuli saukunis 50-ian wlebSi gamogonebul iqna 

pirveli naxevargamtaruli (bipolaruli) tranzistori (j. bardini, u. brat-

taini, u. Sokli — 1956 wels nobelis premia). 60-ian wlebSi SemoTavazebuli 

iyo integraluri sqemis Seqmnis koncefcia, agreTve, monokristaluri sili-

ciumis zedapirze pirvelad damzadda mdn-velis tranzistori CamketqveSa 

SiO2 dieleqtrikiT. 70-ian wlebSi SemuSavda p- da n-arxiani mdn-tranzisto-

rebis Seqmnis teqnologia. maTi gaerTianebiT Seiqmna e.w. komplementaruli 

mdn xelsawyo, romelic dResac iTvleba didi integraluri sqemis ZiriTad 

Semadgenel nawilad. 

siliciumze ims-is planaluri teqnologiis aTvisebis Semdeg, misi srul-

yofa da warmoeba ganuxrelad izrdeba. bolo 50 wlis ganmavlobaSi SenarCu-

nebulia muris kanoni, romlis Tanaxmad, am periodSi yovel weliwad-naxevar-

Si ims-Si elementTa ricxvi orjer izrdeba. amas eTanadeba, Sesabamisad, cal-

keuli masSi Semavali elementebis zomebis yovelmxrivi Semcireba, swrafqme-

debis gazrda, energomoxmarebisa da Rirebulebis Semcireba. 

ims elementebis ricxvis (pirvel rigSi, tranzistorebis ricxvis) eqspo-

nencialurma zrdam mogvca is, rom marto 2005 wels mTlianad iqna warmoebu-

li ~1019 tranzistori (dedamiwis yovel mosaxleze 1 miliardi cali tranzis-

tori), rac sami rigiT metia msoflioSi yovelwliurad warmoebul xorblis 

marcvalze. Sesabamisad, erTi marcvlis da 1000 tranzistoris fasebi erTna-

iria. 

maSasadame, TiTqmis naxevari saukunis ganmavlobaSi mikroeleqtronika 

viTardeba Zalian swrafad, kompaqturad, mowyobilobebis Rirebulebis Sem-

cirebiT. magram am tendenciis Semdgomi gagrZelebis gzaze gvxvdeba sxvadas-

xva xarisxis fundamenturi siZneleebi, romlebic, ZiriTadad, elementebis 

zomebis SemcirebasTanaa dakavSirebuli. miniatiurizaciis gzaze aris iseTi 

sazRvrebi, romelTa gadalaxvac SesaZlebelia alternatiuli meTodebiT, 

magram imis iqiT, ukve aris SemosazRvruloba, SezRudvebi, romlebsac al-

ternativa ara aqvs. 

ZiriTadad, fundamenturi siZneleebia: teqnologiuri (fotolitogra-

fia), fizikuri (Termodinamika, eleqtrodinamika da kvanturi meqanika) da 

energetikuli (eleqtronebis energetikuli speqtri). 

ims-is Seqmnis teqnologiaSi fotolitografiis procesi aris safuZveli 

da, amasTanave, yvelaze Zviri. fotolitografSiaSi gamoyenebuli ultraiis-

feri gamosxiveba ar aris gamosadegi 100nm zomebis qvemoT, radgan am zomis 

fotoSablonSi mosalodnelia sxivis difraqcia. amrigad, ims-is integraciis 

Semdgomi gazrdisa da miniatiurizaciis gzaze saWiroa litografiis garCe-
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vis unarianobis gazrda, romelic gamoisaxeba relies TanafardobiT d = 
A

κλ
, 

sadac mudmivi k=0,6-s; λ — gamoyenebuli gamosxivebis talRis sigrZe da A ga-

mouyenebeli optikis mudmivaa, romlis maqsimaluri mniSvneloba realur pi-

robebSi tolia 0,8-is. aqedan cxadia, rom garCevisunarianobis gazrdisTvis 

(d-s SemcirebisaTvis) saWiroa SevamciroT λ. am mizniT SeiZleba gamoviyenoT 

fotolitografiis alternatiuli meTodebi — rentgenuli da lazeruli 

litografia. lazeruli litografia iZleva saSualebas, Seiqmnas elementi 

10nm da ufro mcire zomiT. SeiZleba eqsimeruli lazerebis gamoyeneba, mag-

ram unda aRiniSnos, rom gamosxivebis l≤200nm-iT haeriT STainTqmeba, amitom 

aseTi gamosxivebisTvis saWiroa vakuumi. 

 dRemde gadauWrelia bevri sakiTxi, romelic dakavSirebulia fizikur 

siZneleebTan. upirveles yovlisa, esaa komponentTaSoriso SeerTebis prob-

lema: Tanamedrove ims-Si farTis mxolod 20% ukavia elementebs, xolo da-

narCeni 80% — maT Soris SeerTebebs. dResdReobiT SesaZlebelia nanometru-

li masStabis tranzistoruli struqturis Seqmna, xolo maTi integraciisa 

da jgufuri teqnologiis Seqmnis sakiTxi gadauWrelia. es imiTaa gamowveu-

li, rom komponentTaSoriso metalizaciis zomebis (ganivkveTis) Semcireba 

iwvevs masSi denis gavlisas gaxurebas (joulis siTbos gamoyofa), rac iwvevs 

siTboarTmevis pirobebis wina mxareze wamowevas. 

eleqtrodinamikuri SezRudvebi ganpirobebulia sqemaSi kondensatore-

bis da masalis inerciulobasTan, rac aferxebs denis da Zabvis swraf Sec-

vlas erTidan meore mdgomareobaSi xelsawyos gadarTvisas. informacia mu-

Savdeba da inaxeba sqemaSi calke bitebis (logikuri `nuli~ da `erTi~) saxiT, 

romelic fizikurad xorcieldeba denis, Zabvis an muxtis gadacemiT an Senax-

viT sqemis gansazRvrul wertilSi. muxtis matareblebis moZraobis da eleq-

tromagnituri talRis gavrcelebis siCqaris sasruloba sqemaSi iZleva dama-

tebiT Semofargvlas misi swrafqmedebis mimarT. 

kvantur-meqanikuri SezRudva vlindeba elementis zomis Semcirebisas 

atomur masStabamde imiT, rom SesamCnevi xdeba atomuri da eleqtronuli 

diskretuloba nawilakTa gadatanisa da urTierTqmedebis dros. zomis miax-

loeba eleqtronis de broilis talRis sigrZesTan iwvevs eleqtronuli 

speqtris deformacias da diskretulobas, nivTierebis eleqtruli, magni-

turi da optikuri Tvisebebis Secvlas. masis Semcireba (Sesabamisad, nawila-

kis P impulsis da E energiis) iwvevs misi mdebareobis (x, y, z) ganus-

zRvrulobis gazrdas da mocemuli mdgomareobis arsebobis gaxangrZlivebas 

(t) haizenbergis ganusazRvrulobis principis Sesabamisad: px≥
2


 da 

E·t≥
2


. uwyveti speqtris transformacia, ganawileba, mdgomareoba, dama-

xasiaTebeli moculobiTi sxeulisaTvis, gadasuli diskretul speqtrSi mci-
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re zomis obieqtebisTvis, gvexmareba axali principebisa da xerxebis SeqmnaSi 

cifrul teqnikaSi nanoxelsawyoebis marTvisTvis. ramdenime rigiT zomebis 

Semcireba praqtikulad cvlis nanoelementis muSaobis fizikur safuZvels. 

nanoelementSi gamoiyeneba ukve ara eleqtroni, rogorc eleqtruli muxtis 

gadamtani nawilaki, aramed misi talRuri funqcia. 

nanoeleqtronuli elementi, rogorc wesi, Sedgeba kvanturi ormoebisa 

da potencialuri jebirebis erTobliobisagan. aseTi elementebis energeti-

kuli speqtri damokidebulia zomebze. Sedareba mikroeleqtronuli da na-

noeleqtronuli elementis Seqmnasa da funqcionirebaSi mocemulia cxr. 2.1-

Si, xolo maTi zomebi cxr. 2.2-Si: 
 

cxrili 2.1: 

 

zogierTi parametrebiT mikro da nanoeleqtronikis Sedareba 

 

# mikroeleqtronika  nanoeleqtronika 

1 2 3 4 

1. ZiriTadi masala Si da CaAs 1. fotoSablonSi mgrZnobiarobis 

(zomis) SezRudva masSi sinaT-

lis difraqciiT 

2. dieleqtrikis formireba 

T=(700-1150)°C 

2. eleqtronis talRis sigrZe λ 

~0,8 mkm 

3. fotolitografia 3. XXX 

4. lokaluri difuzia (T=1150°C) 

an ionuri legireba (gamowva 

T=700°C) 

4. XXX 

5. ims-is elementebi: tranzis-

tori, diodi, rezistori, 

kondensatori 

5. XXX 

6. q muxtis gadamtani m masis 

nawilakebi 

6. m da q → e-is talRiT 

7. deni — dreifuli da difuzi-

uri 

 

7.

XXX 

XXX 

8. ims-Si `Sesavali~ da `gamosa-

vali~ dacilebulia sivrcu-

lad 

8. `Sesavali~ da `gamosavali~ da-

cilebulia droSi 

9. ims mdgradi mdgomareoba — 

logikuri `1~ an `0~ 

9. logikuri `1~ da `0~ → spiniT 

10. masalebi: legirebuli naxe-

vargamtarebi, dieleqtrike-

bi, metalebi 

10. axali masalebi (C60, C70, N20, nana-

milakebi, nanowertilebi, nano-

organikebi,...) 
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11. ims-is integraciis xarisxi — 8 11. integraciis xarisxi — 10 

12. taqtis sixSire — 10 ghc 12. taqtis sixSire 10 thc 

13. robotis Seqmna 13. nanobatis Seqmna mikrobis zomis 

(nanometris rigis) 

14. kompiuterSi informaciis 

gardaqmna, damuSaveba da Se-

naxva 

14. uinercio, mcire zomis kompiu-

teris Seqmna 

15. mexsiereba — 50 mgbaiti (2.n) 15. bato » baitze (2n) 

  16. masalebSi magiuri ricxvi — zo-

ma cvlis Tvisebebs da eleqtro-

nis speqtrs. 

  17. masalis miReba `zemodan~ da 

`qvemodan~ 

  18. bunebaSi ararsebuli masalis 

miReba 

  19. moxmarebis mcire energodana-

xarjebi 

 

miuxedavad imisa, rom nanoeleqtronika aris 21-e saukunis mecniereba, 

mikroeleqtronika mainc rCeba erT-erT prioritetul mimarTulebad, xolo 

nanoeleqtronika aris mikroeleqtronikis logikuri gagrZeleba.  
 

cxrili 2.2. 

 

nanoteqnikis obieqtis tipuri zomebi 

 

gamoyenebis sfero                  procesebi                                       zomebi, nm 

                                           eleqtr. talRis sigrZe                          10 ... 100 

                                           eleqtr. Tavisuf. ganarb.                       1 .... 100 

eleqtronika               gvirabgasvla                                                1 .... 10 

                                           tranzistoris Camketi                             50 ... 80 

                                           sqemaSi Txeli fenebi                                 5 .... 15 

                                           kvanturi Wa                                                     1 .... 100 

                                           optikur boWkoSi talRa                         10 ... 100 

                                           metalSi skin-Sris sisqe                           10 .... 100 

optika                             ultraiisf. gamosxiveba                          10 ... 100 

                                            rentgenis gamosxiveba                              0,01 ... 10 

                                            dislokaciebi                                               1 ... 10 

                                            firis marcvlis zoma                                1 ... 10 

                                            minar. klasteri, precipitati              0,1 ...10 

                                            fazaTa sazRvari                                          1 ... 10 
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masalebi                         substruqturuli ujredi                    10 .. 80 

                                            zedapiris wina Sre                                     1 ... 50 

                                             zedapiris simqrqale                                0,1 .. 10 

                                             fulerenis diametri                                1 

                                             nanomilakis diametri                              1 ... 100 

                                             nanostruqtura                                           10 ... 80 

                                             baqteria                                                           100 ... 1000 

                                             virusi                                                                20 ... 300  

molekuluri                ribosomas diametri                                    20 

biologia                        sisxlis ujredi                                            2 ... 100 

                                             dnm-is diametri                                            20 

                                             membranis sisqe                                              10 

2.1. fotolitografiis alternatiuli meTodebi 

mikrosqemis miniatiurizacia sruladaa damokidebuli fotoSablonis 

xazis zomaze, romelzec, Tavis mxriv, damokidebulia fotorezistSi seleq-

ciurad qimiurad amowamluli aris zoma.  

nebismieri fotolitografiuli danadgaris ZiriTadi maxasiaTebelia mi-

si warmadoba, romelic limitirebulia gamosxivebis wyaros intensivobiT da 

rezistis mgrZnobiarobiT. aseve, maRalwarmoebadi litografiisTvis gadam-

wyveti mniSvneloba aqvs Sablonis mdgradobas temperaturis da meqanikuri 

datvirTvis mimarT.  

fotolitografiaSi gamoyenebuli optikuri meTodi mosaxerxebeli da 

martivia, magram iZleva miniatiurizaciis fizikur zRvars ∼ 100 nm-s (rezis-

tis ultraiisferi sxiviT eqsponirebisas). ase rom, integraluri sqemis in-

tegraciis xarisxis gazrdis da miniatiurizaciis gzaze yvelaze viwro adgi-

lia litografia — didi mgrZnobiarobiT da mcire xazebiT. miniatiurizaci-

isTvis saWiroa fotoSablonSi Suqgamtari aris zomis Semcireba. ganszRvru-

li talRis sigrZisas am zomis Semcireba raRac sididis qvemoT iwvevs am sxi-

vis difraqcias da, Sesabamisad, mgrZnobiarobis Semcirebas da fotorezistze 

aris gaSlas (ganrTxmas). mgrZnobiarobis gazrdis erT-erT gzad rCeba λ-is 

Semcireba. ultraiisferi sxivis gamoyenebisas (λ Zevs intervalSi 436 — 365 

nm). nanolitografiaSi SeiZleba gamoiyenebodes ufromokletalRiani sxive-

bi an alternatiuli meTodebi. ufro mokle talRian sxivebad SeiZleba gamo-

iyenebodes rentgenis, eleqtronebis, ionebis nakadi da lazeris sxivebi. 

amasTanve, unda SeirCes Sesabamisi mgrZnobiarobis rezisti. SeiZleba opti-

kuri fotolitografiis mgrZnobiarobis gaumjobeseba Rrma, vakuumuri ul-

traiisferi sxivis gamoyenebiT, magram man ver pova teqnologiaSi gamoyeneba 

misi sirTulisa da didi energodanaxarjebis gamo. am mxriv, lazeruli wya-

roebi ufro perspeqtiulia praqtikul nanolitografiaSi. 
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2.1.1. nanolitografia 

 a) eleqtro-sxivuri litografia mosaxerxebelia sqemis masiuri warmo-

ebisaTvis. is SeiZleba ganxorcieldes ori meTodiT: 1) proeqciuli — gaSli-

li, arafokusirebuli eleqtronebis nakadiT, roca safenis mTeli zedapiri 

sxivdeba erTdroulad da 2) wertilovani —kargad fokusirebuli nakadiT. 

pirvel SemTxvevaSi saWiroa niRabi-Sabloni, rogorc optikuri fotoli-

tografiisas, xolo meore SemTxvevaSi niRabi-Sabloni araa saWiro da dasxi-

vebis marTva xorcieldeba uSualod eleqtronebis wyaros danadgaridan. 

eleqtro-sxivuri litografiis danadgari Sedgeba vakuumuri wyobilis-

gan eleqtronebis wyaros, eleqtronebis amaCqarebeli sistemis, magnituri 

linzebis da safenis zedapiris eleqtronuli sxivis skanirebis sistemisgan. 

eleqtronuli sxivis formirebis sistema uzrunvelyofs eleqtronebis naka-

dis Seqmnas 20-100 kev energiiT da fokusirebas nakadis diametris 1-1,5 nm zo-

miT. skanireba regulirdeba kompiuteriT, romlis saSualebiT eleqtruli 

sxivi SeiZleba Caqres da ainTos, e.i. moxdes zedapirze lokaluri amowamvle-

bi. rezistad ufro xSirad gamoiyeneba polimeruli masala polimeTilmeTak-

rilati (pmmk), romlis struqtura jaWviseburi naerTia. eleqtronebiT das-

xivebisas jaWvi wydeba, mokldeba da advilad ixsneba qimiur gammJRavnebel-

Si. dasxivebisadmi mgrZnobiarobaa 5.10-4k/sm2. misi garCevisunarianoba R=6 nm, 

roca is mJRavndeba ultrabgeriT. organul negatiur rezistad gamoiyeneba 

kaliksareni, romelic plazmaSi mdgradia, misi molekula aris wriuli, Ti-

Toeuli benzolis formisaa da maT Soris Zlieri bmaa, gluvi zedapiriT, 

TiTqmis 20-jer naklebad mgrZnobniareni eleqtruli dasxivebis mimarT, vid-

re pmmk. am rezistis garCevisunarianoba R=10 nm.  

nanolitografiaSi gamoiyeneba agreTve organuli naerTebi, rogoricaa 

SiO2 da AlF3, legirebuli LiF-iT da NaCl-iT. maTi garCevisunarianoba R=5nm, 

eleqtronebisadmi mgrZnobiarobaa 0,1k/sm2.  

ukanasknel xans didi interesi gamoiwvia proeqciulma eleqtro-sxivur-

ma litografiam. es miiReba, roca firebis dasxiveba xdeba mkacrad fokusi-

rebuli eleqtronuli sxiviT oTaxis temperaturaze. magaliTad, silicium-

ze xelsawyoebis damzadebisTvis xdeba nanoprofilireba SiO2-ze. oqsidi da-

sxivebis adgilidan orTqldeba da SeiZleba siliciumis zedapirze miviRoT 

sasurveli suraTi. yovelive es SesaZlebelia Catardes vakuumSi da Semdgomi 

procesebi gagrZeldes iqve, vakuumis darRvevis gareSe. Tu sxivi mkacrad 

araa fokusirebuli, maSin oqsidis zedapiri imuxteba da sxivi farTovdeba. 

uaryofiT mxared iTvleba isic, rom eleqtrul sxivSi maRal energiebze xde-

ba kulonuri ganzidva, rac iwvevs sxivis gafarToebas. 

b) ionur-sxivuri litografia msgavsia eleqtrosxivuri litografiisa, 

oRond aq gamoiyeneba He+ionebi, romelTa talRis sigrZe λ=5·10-5 nm 100kv Zab-

vaze, roca imave Zabvaze eleqtronebisaTvis λ=4·10-3 nm. es iZleva saSualebas, 
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gavaumjobesoT garCevisunarianoba da rezistis sqel firebSi movaxdinoT 

gamosaxulebis eqsponireba. SeiZleba litografia Catardes zedapirze, fo-

kusirebuli 5-10 nm diametris sxiviT, rom ar iqnas gamoyenebuli Sabloni. ma-

siuri warmoebisTvis ionur-sxivuri litografia ferxdeba imitom, rom da-

nadgari aris ZviradRirebu;li da didi, ionebi iwveven safenis struqturis 

radiaciul darRvevebs da amitom ufro gavrcelebulia eleqtrosxivuri 

litografia.  

g) rentgenuli litografia SeiZleba Catardes λ= 1nm talRis sigrZis 

fotonebis nakadiT, romelTa misaRebad gamoiyeneba sinqrotronuli gamos-

xiveba, rac xdis am process mouxerxebels. agreTve, araa SesaZlebeli ren-

tgenuli sxivis fokusireba da, Sesabamisad, Sablonis gareSe procesis Cata-

reba. miRweuli minimaluri zomebi 50-70 nm-ia.  

d) plazmuri litografia iTvleba erT-erT yvelaze perspeqtiul meTo-

dad, magram jerjerobiT gamoiyeneba lazeris wyarod plazmis gazuri gan-

muxtva, rac dakavSirebulia vakuumTan da iZleva talRas λ=10nm, cTomile-

biT Δλ=0,5nm da gamosxivebis simZlavriT 100 vt. aravakuumuri lazeris wya-

roebis gamoiyeneba am meTods xdis perspeqtiulad. 

 

 
nax. 2.1. feTqebadi litografiis procesi 

 

e) feTqebadi litografia gamoiyeneba, ZiriTadad, metaluri firebis-

Tvis, roca Znelia misi qimiuri mowamvla. es procesi gamosaxulia nax.2.1-ze: 

rezisti, sisqiT 1mkm, formirdeba safenis zedapirze (a), ixsneba rezisti sa-

survel ubnebSi (b), efineba metali, sisqiT 0,3 — 0,4 mkm (mag., oqro) mTlianad, 

mTel zedapirze (g), xdeba struqturis damuSaveba aqtiur organul gam-

xsnelSi (mag., acetonSi), rac iwvevs rezistis da, Sesabamisad, mis zemoT meta-

lis Sris mocilebas da miiReba sasurveli metalis suraTi safenis zedapir-

ze (d). aseTi saxiT miRebuli metalis lokaluri firebi SeiZleba gamoviye-

noT nanoeleqtronul xelsawyoebSi elementebad an niRbebad xelsawyos dam-

zadebis Semdgom procesebSi.  
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2.1.2. lazerul-interferenciuli litografia 

mraval sxva perspeqtiul litografiul meTodebs Soris gamoirCeva na-

nolitografiis erT-erTi — lazerul-interferenciuli litografiis saxe, 

romelic damyarebulia lazeruli sxivebis kombinaciur interferencia-

ze. am meTodiT SesaZlebelia Seiqmnas erTgvarovani nanomeseri, nanostruq-

turebis wyobilebi samkuTxeduri an kvadratuli simetriebiT. naxaz 2.2-ze 

gamosaxulia lazeruli sxivebis zeddebiT Seqmnili interferenciuli meTo-

diT erTgvarovani nanomeseris da nanostruqturebis wyobilebis miRebis 

sqema.  
 

 
         

 nax.2.2. lazeruli sxivebis zeddebiT Seqmnili interferenciuli  

 meTodiT erTgvarovani nanomeseris da nanostruqturebis  

 wyobilebis miRebis sqema. a) ori sxivi da nanomeseri;  

 b) sami sxivi da samkuTxa simetriuli struqtura da  

 g) oTxi sxivi da kvadratuli simetriuli struqtura 
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erTgvarovani nanomeseris periodi (nax.2.2a) ganisazRvreba TanafardobiT: 

θλλ sin
2

2 =∗
                                                                                                                       (2.1) 

roca πϕ = , sadac 
∗λ  meseris periodia, λ - lazeris gamosxivebis talRis 

sigrZe, θ - lazeris dacemis kuTxe. 

sami lazeris sxivis moqmedebisas samkuTxa simetriuli struqturis 

(nax.2.2b) periodi ganisazRvreba TanafardobiT: 

θλλ sin
3

2
3 =∗

                                                                                                                    (2.2) 

roca 3/2πϕ =  
kvadratul-simetriuli struqtura (nax.2.2g) SeiZleba formirdes oTxi 

lazeruli sxivis moqmedebis Sedegad, romlis periodi ganisazRvreba Tana-

fardobiT: 

θλλ sin
2

2
4 =∗

                                                                                                                (2.3) 

roca 2/πϕ = .  

lazerul-interferenciuli litografiis Sedegebis analizi aCvenebs, 

rom am meTodiT dResdReobiT diskretuli nanoelementebis Seqmnis warmoe-

ba SeCerebulia, ramdenime teqnologiuri da teqnikuri amocanis gadauwy-

vetlobis gamo. maT Soris gamoirCeva: 1) SeTavsebis sizuste; 2) saWiro Rri-

Woebis uzrunvelyofa; 3) rezistiuli niRbis masalis SerCeva da 4) masalebis 

mikrominarevis CarTvebisgan gawmenda.  

2.1.3. nanobeWduri litografia  

es procesi axali mimarTulebaa litografiis teqnologiaSi, romelic 

aerTianebs martiv, iaffasian mgrZnobiarobas nanometrul ubanSi da maRali 

warmadobis procesebs. aq ar gamoiyeneba raime saxis gamosxiveba, amitom ad-

gili ara aqvs difraqciul movlenebs da, Sesabamisad, litografiuli pro-

cesebi ufro zustia. gamoiyeneba nanobeWdvis ori xerxi:  

a) melniT beWdvaSi melnis saxis rezistis masala daitaneba saTanado su-

raTis elastikur Stampze (nax.2.3a). Semdeg Stamps meqanikurad mcire wneviT 

axeben safenis zedapirs, romelzec Stampis mocilebis Semdeg rCeba monomo-

lekuluri fena (nax.2.3b). miRebuli melniT naxati gamoiyeneba niRbad Sem-

dgomi operaciisTvis. ufro xSirad, Stampis masalad gamoiyeneba polidime-

Tilsiloqsani (pdms), xolo melnis masalad — Tioli, an misgan warmoebuli 

sxva nivTiereba.  
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nax.2.3. nanobeWdva: Sexebamde (a) da Sexebis Semdeg (b) 

 

Stampze moqmedi meqanikuri Zabva uaryofiTad moqmedebs suraTis formi-

rebaze da SeTavsebaze, gansakuTrebiT, mravaljeradi xmarebisas. garda ami-

sa, garSemo atmosferos temperaturis cvlilebiT icvleba elastomeris 

(Stampis masala) zomebi da, Sesabamisad, suraTic. amis Tavidan acileba SeiZ-

leba ara uwyveti elastomeris gamoyenebiT, aramed 10 mkm-is sisqis firis da-

feniT myar safenze, magaliTad, siliciumze. melnis suraTis difuziuri gan-

rTxmebi xdeba Stampis safenTan kontaqtisas. es Znelad kontroldeba. unda 

iyos kargi adgezia safenze darCenil melansa da safens Soris. winaaRmdeg 

SemTxvevaSi, Stampis aRebis Semdeg SesaZlebelia melnis aorTqleba, anu ga-

dasvla gazur fazaSi. kargi adgezia, anu melnis difuzia safenis zedapirze, 

aumjobesebs garCevisunarianobas. amisaTvis melnis masalaSi (Tioli) Seh-

yavT mZime molekulebi. procesis garCevisunarianobaa 100 nm.  

b) naWdiT beWvdis idea mdgomareobs imaSi, rom saTanado suraTis mqone 

xisti Stampi inergeba safenze winaswar dafenil Termoplastikur polime-

ris fenaSi, oTaxis temperaturaze ufro maRal iseT temperaturaze, roca 

polimeri rbildeba. es procesi gamosaxulia nax.2.4-ze. Stampis zedapirs 

aqvs saWiro suraTis forma fanjrebiT (nax.2.4.a). safeni ifareba Termoplas-

tikuri polimeris feniT da xurdeba im temperaturamde, romelic uzrun-

velyofs mis darbilebas (minis mdgomareobaSi gadasvlis temperatura). mas-

Si inergeba Stampi (nax.2.4b), civdeba sistema im temperaturamde, rom polime-

ri gamyardes, Semdeg iReben Stamps (nax.2.4g). darCenil Txeli fenis poli-

mers aSoreben qimiurad an plazma-qimiurad. am saxiT miRebul rezistis fe-

nas (nax. 2.4.d) iyeneben niRbad Semdegi procesebisTvis. 

 

 
 

nax.2.4. naWdiTi beWdvis procesi 
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naWdiTi beWdvis litografiis zogierTi modifikacia mocemulia nax.2.5-

ze: polimeris masalad ufro xSirad gamoiyeneba tradiciul eleqtro-sxi-

vur litografiaSi gamoyenebuli pmmk masala. misi darbilebis temperaturaa 

1050C, qmnis karg suraTs 190 — 2000C meqanikuri Canergvisas. 500C-ze Stampis 

ganSorebisas ar ekvris mas da qmnis safenTan karg adgezias. procesis garCe-

visunarianobaa 10 nm. 

 
nax.2.5. naWdiTi beWdvis modifikaciuri saxe 

 
zogadad, nanobeWdvis meTodi aris xisti Stampis meqanikuri CaWedva po-

limerSi. amitom Stampze suraTi unda iyos Seqmnili didi garCevisunariano-

bis mqone teqnologiiT, magaliTad, eleqtro-sxivuri litografiiT an ska-

nirebis zondiT. 

2.2. skanirebuli zonduri mikroskopia 

skanirebuli zonduri mikroskopia SeiZleba gamoviyenoT eleqtronebiT 

rezistis meqanikuri, lokaluri modifikaciisaTvis ukontaqto da kontaq-

tian reJimebSi muSaobisas. am meTods aqvs maRali garCevisunarianoba (1—

10nm), reJimi martivad ganxorcielebadia. procesi tardeba eleqtronul 

mikroskopze da rezistis modifikaciisTvis saWiroa mikroskopis zondi 

axorcielebdes eleqtronebis efeqtur inJeqtirebas. amisTvis `nanokalami~, 

damzadebuli an dafaruli siliciumis nitridiT, kvlav oqroTi ifareba. 

skanirebis ukontaqto reJimSi muSaobisas zondze edeba 5-20 v-is sididis 
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uaryofiTi Zabva. skanirebis procesSi manZili zondi-safeni da zondidan 

eleqtronebis nakadi mudmivi sidideebia. SesaZlebelia, elementis minimalu-

ri zoma 30 nm-ze mcire miviRoT.  

rezistis eqsponirebisas dabalenergetikuli eleqtronebis gamoyeneba 

gamoricxavs maT arekvlas rezist-safen gamyof sazRvridan da mniSvnelov-

nad amcirebs meoradi eleqtronebis warmoqmnas. orive es efeqti mniSvne-

lovnad aumjobesebs am meTodis garCevisunarianobas maRal-energetikul 

eleqtro-sxivur litografiasTan SedarebiT. 

mikroskopis kontaqtur reJimSi muSaobisas xdeba rezistis an uSualod 

safenis zedapiris meqanikuri modifikacia, maTSi arxebis, Rrmulebis formi-

reba da a.S. am SemTxvavaSi zondi aris, rogorc wertilovani instrumenti da 

pirdapiri meqanikuri damuSaveba xdeba didi sizustiT. am procesis uaryo-

fiTi mxare isaa, rom dieleqtrikze modifikaciisas dieleqtriki imuxteba 

da sxivi airekleba, rac auaresebs amoWmuli arxis xarisxs. zogadad, sasur-

veli obieqtis miReba SesaZlebelia ori gziT, romlebsac pirobiTad hqviaT 

teqnologiebi `zemodan — qvemoT~ da `qvemodan — zemoT~ (naxaz 2.6). mimarTu-

leba ~zemodan — qvemoT~ gulisxmobs masiuri sxeulis zomebis Semcirebas 

mikro- da nanometrul masStabamde meqanikuri an sxva saxis damuSavebiT. ma-

galiTisTvis SeiZleba ganvixiloT masiuri naxevargamtaruli masala, rom-

lis fotolitografiuli damuSavebiT miiReba xelsawyo. ukanaskneli mona-

cemebiT, sinaTlis yvelaze mokle talRiT damuSavebuli zoma 100 nm-ia. unda 

aRiniSnos, rom es teqnologia rTulia, moiTxovs did dros da ZviradRire-

bul danadgarebs, ris gamoc farTomasStabian warmoebaSi gamousadegaria. 

nax. 2.6. masalis damuSavebis ori mTavari 

nanoteqnologiuri principi 

teqnologiis `qvemodan — zemoT~ idea mdgomareobs imaSi, rom uSualod 

atomebis an molekulebis Sesabamisi konfiguraciis awyobiT miiReba sasur-

veli nanoobieqti. SeiZleba iTqvas, rom es teqnologia iZleva masalis eko-
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nomias winasTan SedarebiT da misi Sebrunebulia. `qvemodan — zemoT~ teqno-

logiis tipuri magaliTia atomebis calobiT dadeba kristalis zedapirze 

maskanirebeli gvirabuli mikroskopiT. aseTi manipulaciis magaliTi moce-

mulia nax. 2.7-ze, sadac spilenZis zedapirze wriuladaa ganlagebuli rkinis 

atomebi. 

 

 
 

nax.2.7. spilenZis zedapirze 

rkinis atomebis wriuli ganlageba 

 

`qvemodan — zemoT~ teqnologiis daxmarebiT SesaZlebelia erTmaneTze 

davawyoT ara marto calkeuli atomebi, aramed atomTa Sreebi. dResdReobiT 

es meTodi xasiaTdeba Zalian mcire efeqturobiT da warmadobiT, magram mas 

aqvs didi momavali. 

sakontrolo kiTxvebi:  

1. rogoria alternatiuli litografia? 

2. rogor tardeba eleqtro-sxivuri litografia? 

3. CamoTvaleT nanolitografiis ZiriTadi saxeebi. 

4. rogor tardeba feTqebadi litografia? 

5. raSi mdgomareobs maskanirebeli litografiis arsi? 

6. rogori procesebia melniT beWdvisas? 

7. rogori procesebia naWdiT beWdvisas? 
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3. atomuri orbitalebi da molekulis aRnagoba 

Tanamedrove gagebiT, or atoms Soris qimiuri bma xorcieldeba TiToeu-

li atomis gare garsis eleqtronebis (savalento) moZraobiT meore atomis 

birTvis velSi. bma xorcieldeba imiT, rom es eleqtroni, moZravi orive 

birTvs Soris, ekuTvnis ukve orive birTvs da aris maTTvis gankuTvnili. 

mikronawilakis talRuri Tvisebebis gamo eleqtronebis urTierTqmede-

ba unda ganvixiloT ara, rogorc wertilovani muxtebisa, aramed muxtebisa, 

romlebic ganrTxmulni arian areSi raRac Rrublis saxiT. atomebi erTdebi-

an mxolod maSin, roca am SeerTebiT mcirdeba sistemis sruli energia, rac 

gamovlindeba birTvebs Soris sivrceSi eleqtronebis ricxvis simkvrivis 

gazrdiT. am simkvriveTa gadafarvis sididezea damokidebuli molekulis 

(mTlianad nivTierebis) fizikuri da qimiuri Tvisebebi. Tavis mxriv, gada-

farvis sidide damokidebulia TiToeuli atomis SigniT eleqtronTa kvan-

tur mdgomareobaze, anu atomur orbitalebze.  

3.1. atomuri orbitalebis da talRuri funqciis arsi 

nivTierebis atomuri aRnagobis idea warmoiSva Zalian didi xnis winaT, da-

axloebiT me-2 saukuneSi Cvens welTaRricxvamde da atomi miiCneoda, rogorc 

ganuyofeli nawilaki TiTqmis 22 saukune. me-19 saukuneSi eqsperimentebma aC-

vena, rom atomi rTuli sistemaa da Sedgeba sxvadasxva nawilakebisgan. me-20 sa-

ukuneSi eqsperimentulad dadginda, rom eleqtroni aris yvela atomis Semad-

geneli nawilaki, misi muxtia 1,6×10-19k da masa Seadgens 9,1×10-31 kg-s. 

rezerfordma Tavisi cnobili cdiT aCvena, rom atomi Sedgeba dadebiTad 

damuxtuli atombirTvisgan da mis garSemo moZravi uaryofiTi muxtis mata-

rebeli eleqtronebisgan. mTavari uaryofiTi mxare rezerfordis atomuri 

(planetaruli) modelisa iyo is, rom is ewinaaRmdegeboda klasikur eleq-

trodinamikur kanons: aCqarebulad moZravi eleqtroni unda asxivebdes 

energias da unda uaxlovdebodes birTvs. orbitis radiusis TandaTanobiTi 

Semcireba gamoiwvevda eleqtronis brunvis periodis Semcirebas da gamosxi-

vebis sixSiris gazrdas. es niSnavda, rom atomi ar SeiZleboda yofiliyo 

mdgradi, xolo misi speqtri unda yofiliyo uwyveti da arawrfivi. magram re-

zerfordis cdis Sedegi iyo dasabuTebuli imdenad, rom man daayena eWvqveS 

ara atomuri modeli, aramed klasikuri eleqtrodinamikis gamoyenebis SesaZ-

lebloba moZravi eleqtronisTvis. amis safuZvels iZleoda isic, rom sinaT-

lis gamosxivebis da STanTqmis TeoriaSi zogierTi eqsperimentuli faqtebi 

ver ixsneboda sinaTlis talRuri bunebiT. 

plankma wamoayena idea, rom sinaTlis gamosxiveba da STanTqma xdeba mxo-

lod energiis sasruli porciebiT, romelsac man kvanti uwoda. kvantis ener-

gia damokidebulia sixSireze νhE = , sadac h  plankis mudmivaa erTnairi 
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yvela sixSirisaTvis da tolia 6,6×10-34 j.wm. misi ganzomilebaa qmedebis gan-

zomileba, anu energiis ganzomileba gamravlebuli droze. es sidide mniSvne-

lovania fizikaSi.  

plankis formula Tavis TavSi Seicavs energetikuli doneebis diskretu-

lobas (wyvetilobas) sinaTlis gamomsxivebelSic. mis mier sinaTlis kvantis 

gamosxiveba xdeboda erTi energetikuli mdgomareobidan ( 2E ) meoreze )( 1E  

gadsvlisas: 

νhEEE =−=Δ 12                                                                 (3.1) 

mogvianebiT ainStainma aCvena kvanturi Teoriis universaloba ara mxo-

lod sinaTlis gamomsxivebeli da mSTanTqmeli sxeulebisTvis, aramed, saer-

Tod, nebismieri gamosxivebisTvis. mis Tanaxmad, eleqtromagnituri gamosxi-

veba, erTi mxriv, aris nawilakTa nakadi (korpuskularuli) fotonebis saxiT, 

romelic vrceldeba sinaTlis siCqariT da aqvs νh  energia. korpuskularu-

li Teoriis safuZvelze aixsna fotoefeqtis buneba. xolo meore mxriv, ga-

mosxiveba aris talRuri bunebis, razec metyvelebs eleqtromagnituri ga-

mosxivebisas Catarebuli interferenciis da difraqciis cdebi. amdenad 

dadginda gamosxivebis ormagi korpuskularul-talRuri buneba (dualizmi 

talRa-nawilaki). 

borma gaaerTiana rezerfordis atomis agebuleba da kvanturi Teoria. 

Tavisi Teoria man Camoayaliba postulatebis saxiT, romelTa safuZvelia 

klasikuri meqanikis kanonebSi Seyvanili kvanturi meqanikis kanonebi, arsebi-

Tad wina klasikuri kanonebiT amkrZalavi. 

boris postulatebi aseTia: 

1) atomSi eleqtroni imyofeba mxolod gansazRvrul (diskretul) 

mdgrad mdgomareobaSi, romelsac ewodeba stacionaruli. am mdgomareobaSi 

eleqtroni brunavs gansazRvrul orbitebze birTvis garSemo da ar asxivebs. 

am postulatiT atomisTvis miuRebelia klasikuri Teoria; 

2) atomi asxivebs mxolod maSin, roca eleqtroni gadadis erTi stacio-

naruli mdgomareobidan )( 1E -dan meoreze ( 2E ) da maT Soris energiebis sxva-

oba iqneba ν  sixSiris fotonis gamosxivebis energia:  

21 EEhE −== ν                                                                                                                    (3.2)  

es piroba gamodis energiis Senaxvis kanonidan. 

3) atomSi yvela SesaZlo mdgomareobidan gadasvla xorcieldeba mxo-

lod im eleqtronisTvis, romlisTvisac moZraobis raodenobis momenti M , 

π2
h= -is mTeli ricxvis jeradia, anu  

π2
h

nnM ==                                                                                                                       (3.3)  
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sadac ,...3,2,1=n kvanturi ricxvebia. 

martiv SemTxvevaSi eleqtronis moZraobisas wriul orbitaze qmedeba 

tolia misi impulsisa υem -s namravlisa orbitis sigrZeze rπ2 -ze, anu is 

proporciulia moZraobis raodenobis momentisa rmM eυ= . boris TeoriiT, 

atomis yoveli stacionaruli mdgomareoba xasiaTdeba gansazRvruli qmede-

bis mniSvnelobiT, romelsac SeuZlia miiRos diskretuli mimdevrobiTi 

mniSvnelobebi: ,h h2 , h3  da a.S. sidide h  aris qmedebis umciresi mniSvnelo-

ba, anu qmedebis kvanti. 

radgan eleqtronis moZraobis momenti ikvanteba: 

nrmM e == υ                                                                                                                         (3.4) 

sadac em  eleqtronis masaa, v - eleqtronis moZraobis siCqare da r  - orbi-

tis radiusi. 

orbitaze eleqtronis brunvisas centridanuli Zala kompensirdeba ku-

lonis mizidvis ZaliT, anu:  

2

22

r

Ze

r

me =
υ

                                                                                                                            (3.5) 

sadac, Ze  birTvis muxtia da e  - eleqtronis muxti, em - eleqtronis masa (3.4) 

da (3.5)-dan  

Zem

n
r

e
n 2

22=                                                                                                                      (3.6) 

sadac, ,...3,2,1=n mTeli ricxvebia. 

Tu (3.6) gamosaxulebaSi CavsvamT 1=Z  da 1=n , maSin miviRebT wyalbadis 

atomis umciresi orbitis (birTvTan axlo) radiuss, romelic ricxobrivad 

aris 0.52835 Å. (3.6)-dan Cans, rom atomSi eleqtronis orbitis radiusebi ik-

vanteba da Rebulobs n -is jerad mniSvnelobebs. 0529.00 =a nm boris pirveli 

orbitis radiusi miRebulia atomur skalaSi sigrZis erTeulad. 

ganvsazRvroT atomSi eleqtronis energia. sruli ε energia tolia 

kinetikuri E  da potencialuri U  energiebis jamisa. potencialuri energia 

ganpirobebulia eleqtronis birTvTan urTierTqmedebiT da tolia 

eVU −= , sadac V  potencialia birTvis im adgilSi, sadac imyofeba eleq-

troni. Tu birTvis muxtia Ze , maSin  

nr

Ze
U

2

−=                                                                                                                      (3.7) 

uaryofiTi niSani miuTiTebs mizidvas. 

sruli energia 
n

ne

r

Zem
UTE

22

2
−=+=

υ
                                                                    (3.8) 
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(3.5)-dan 
n

ne r

Ze
m

2
2 =υ , anu U

r

Ze
Tm

n
ne −===

2
2 2υ   

maSin (3.8) ase gadaiwereba: 

nnn r

Ze

r

Ze

r

Ze
UTE

222

2

1

2

1 −=−=+=                                      (3.9) 

anu  

UTE
2

1=−=                                                                                                                        (3.10) 

sruli energiis uaryofiTi niSani ganpirobebulia potencialuri ener-

giis aTvlis energiiT. potencialuri energiis nulovani done eTanadeba 

eleqtronis energias, roca is imyofeba birTvidan usasrulod did manZil-

ze. eleqtronis sruli energia yovelTvis uaryofiTia da birTvTan miaxloe-

bisas misi sruli energia izrdeba absoluturi mniSvnelobiT. eleqtronis 

kinetikuri energia 
nr

Ze

2

2

+  mcirdeba orbitis radiusis gazrdisas da izrdeba 

misi Semcirebisas. ase rom, did orbitas eTanadeba didi sruli da didi po-

tencialuri energiebi, xolo kinetikuri energia ki mcirea (niSnis gaTvalis-

winebiT). 

(3.6) da (3.9)-dan miviRebT eleqtronis n -ur orbitaze srul energias: 

22

24

2 n

Zem
E e

n


−=                                                                             (3.11) 

(3.11)-dan Cans, rom eleqtronis energia ikvanteba, rom is icvleba ara 

uwyvetad, aramed 2n -is ukuproporciulad. 

(3.2)-is da (3.11)-is Tanaxmad gvaqvs: 

)
11

(
2 222

24

nK

Zem
EEh e

nn −=−=


ν                                                             (3.12) 

wyalbadis atomis speqtris xazis talRuri ricxvisTvis empiriulad iyo 

miRebuli: 

)
11

(~
22 nK

R
C

−== νν                                                                                                          (3.13) 

sadac, R  ridbergis mudmivaa, C - sinaTlis siCqare da 1+= Kn  — mudmivi 

ricxvebi. 

(3.12) da (3.13) Sedareba iZleva karg Sedegs da vRebulobT: 

3

4

2

4

42  C

em

hC

em
R ee

π
==                                                                             (3.14) 
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(3.12)-dan gamodis, rom roca 1=K , miiReba laimanis seria, 2=K  balme-

ris seria, 3=K  paSenis seria. 

amrigad, balmeris mier wyalbadis atomis speqtralur xazSi kanonzomie-

rebis dadgenidan 28 wlis Semdeg es movlena Teoriulad axsna borma. zoga-

dad dadginda, rom yoveli elementis atomi gamoasxivebs da STanTqavs eleq-

tromagnitur talRas mxolod gansazRvruli sixSiriT, rac niSnavs, rom 

atomis energia SeiZleba Seicvalos ara nebismierad mcire sididiT, aramed 

naxtomiseburad, gansakuTrebuli diskretuli sididiT. 

SemdgomSi boris Teoriis modificireba SeZlo zomerfeldma. man daam-

tkica boris TeoriaSi, kepleris kanonebze dayrdnobiT, rom eleqtronebi 

moZraoben birTvis garSemo elifsur orbitaze da wriuli traeqtoriebi 

arian kerZo SemTxvevaSi. wriul orbitaze moZraobisas eleqtronis mdgoma-

reoba ganisazRvreba mxolod polaruli ϕ kuTxiT (erTi Tavisuflebis xa-

risxi), xolo elifsze moZraobisas — damatebiT r  radius-veqtoriT (ori Ta-

visuflebis xarisxi). elifsze moZraobisas Semodis parametrad didi da pa-

tara a  da b  naxevarRerZebi. Sesabamisad, Semovida ori kvanturi ϕn  da rn  

ricxvebi. a ,b  da E  -sTvis zomerfeldma miiRo: 

2
0

2
2

2

, )()(
2 ϕϕϕ

nnann
Zem

a rr
e

nn r
+=+= 

                                              (3.15) 

ϕϕϕϕϕ
nnnannn

Zem
b rr

e
nnr

)()(
2 02

2

, +=+= 
                                               (3.16) 

22

24

,
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1

ϕ
ϕ nn

Zme
E

r
nrn

+
⋅−=


                                                                                      (3.17) 

sadac 0a  aris boris pirveli orbitis radiusi. 

Tanafardoba ba ≥  da ϕϕ nnnr ≥+  eTanadeba elifsur da wriuli orbitis 

SemTxvevebs. marTlac, roca 0=rn , maSin ba =  da (3.15), (3.16) emTxveva (3.6), 

xolo (3.17) ki (3.9)-s boris wriuli orbitebisaTvis.  

amrigad, mTavari kvanturi ricxvi n  SeiZleba gamovxatoT jamis saxiT 

nnnr =+ ϕ . rn  da ϕn  Sesakrebebi, Sesabamisad, iwodebian radialur da azimu-

talur kvantur ricxvebad. mdgomareoba SeiZleba davaxasiaToT ori ( rn  da 

ϕn ) kvanturi ricxviT, maSin aRvniSnoT kn =ϕ -iT. k -m SeiZleba miiRos mTeli 

ricxviTi mniSvnelobebi, garda nulisa, maSin 0=b , miiReba swori xazi da 

eleqtroni daejaxeba birTvs, rac ar SeiZleba. mTavari kvanturi ricxvi 

aqac, rogorc winaT, miiRebs mniSvnelobebs ,...3,2,1=n , Tanac nk ≤ . 

elifsis naxevarRerZebi a  da b , agreTve, energia da moZraobis raodeno-

bis momenti gamovsaxoT n  da k  kvanturi ricxvebiT:  
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2
0, naa kn =                         (3.18) 

nkab kn 0, =                                                                             (3.19) 

22

24

,

1

n

Zme
E kn


−=                                                                                         (3.20) 

kM =ϕ                                                                                                                                  (3.21) 

wyalbadis atomis ZiriTad mdgomareobas eTanadeba 1=n , maSin nk ≤ -is 

Tanaxmad, k  miiRebs mxolod erT 1=k  mniSvnelobas. am SemTxvevaSi (3.18) da 

(3.19)-is Tanaxmad, 01111 aba == , anu moZraoba iqneba erT wriul orbitaze. 

Semdeg ufro maRal orbitaze 2=n -ze moZraoba iqneba or tipze: erTi, roca 

2=k , maSin 02222 4aba == , da meore, roca 1=k , maSin 021 4aa =  da 021 2ab = , anu 

moZraoba elifsze. roca 3=n , moZraobaa sam kvantur wriul orbitaze, 

3,2,1=k  - 033 9aa = , xolo 033 9ab =  moZraoba aris wrewirze, 032 9aa = , xolo 

032 6ab = da 031 9aa = , xolo 031 3ab = . bolo ori iqneba moZraoba elifsze da a.S. 

bori-zomerfildis Teoriam ver axsna +
2H -is arseboba. am TeoriaSi eleq-

troni ganixileboda mxolod, rogorc nawilaki (korpuskularuli). de bro-

ilma dauSva, rom, garda fotonisa, korpuskularul-talRuri dualizmi 

aqvs sxva nawilakebsac. m  masis da υ  siCqariT moZravi eleqtronis talRuri 

Tviseba xasiaTdeba talRis sigrZiT, iseve rogorc fotonisTvis: 

υ
λ

m

h=                                                                                                                                    (3.22) 

esaa de broilis talRis sigrZe. de broilis Teoriis siswore damtkicda 

eleqtronebis gabnevisas meserze. Tu misi siCqarea 810=v m/wm, maSin misi 

talRis sigrZe, (3.22)-is Tanaxmad, 8107 −×≈λ  sm, anu atomis zomis rigisaa. 

eleqtronebis difraqciaze damyarebulia eleqtronografia — nivTierebis 

struqturis gamokvlevis meTodi. 

amrigad, eleqtronisTvis saWiro gaxda axali kvanturi Teoriis Seqmna. 

boris Teoria iyo warmatebuli, radgan man mogvca eleqtronis moZraobis 

fizikuri suraTi atomSi da misi energiis gansazRvris meTodi. axali Teori-

is SeqmnaSi gamoCnda siZnele, romelic dakavSirebuli iyo TviT eleqtronis 

bunebasTan. es siZnele ganpirobebuli iyo haizenbergis ganuzRvrelobis 

principis arsebobasTan, romlis Tanaxmad SeuZlebelia, erTdroulad zus-

tad gansazRvroT eleqtronis koordinati da impulsi. magaliTad, Tu eleq-

troni moZraobs absolutur vakuumSi gansazRvruli siCqariT (impulsiT) da 

gvinda raRac momentSi ganvsazRvroT misi mdebareoba, saWiroa is `davina-

xoT~ mikroskopiT. amisTvis am mdebareobaSi eleqtronma unda aireklos fo-

toni, romelic moxvdeba mikroskopSi. magram fotonis eleqtronze dajaxe-
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bis Semdeg, misi mikroskopSi mosvlamde, eleqtroni gadaadgilda, Seicvala 

siCqare (impulsi). rac metia fotonis νh  energia, miT zustad gavigebT 

eleqtronis mdebareobas, magram miT metad Seicvleba eleqtronis siCqare 

(impulsi) da miT meti iqneba misi gansazRvris cdomileba. ganuzRvrelobis 

principi maTematikurad ase Caiwereba: 

≥ΔΔ xPx                                                                                          (3.23) 

sadac xΔ  nawilakis ganuzRvrelobaa x  koordinatSi mocemul momentSi, 

xPΔ  — impuls-veqtoris proeqciis ganuzRvrelobaa x  koordinatze imave 

momentSi.  

(3.23)-is msgavsad SeiZleba CavweroT: 

m
x x

≥ΔΔ υ                                                                                                                             (3.24) 

Tu davuSvebT, rom eleqtronis mdebareoba zustad gansazRvrulia, maSin 

impulsi sruliad ganusazRvrelia, anu is erTnairi albaTobiT iRebs yvela 

mniSvnelobas. 

aseve SeiZleba davweroT, rom  

≥ΔΔ tE                                                                                                                                 (3.25) 

(3.23) da (3.25)-iT damakavSirebel wyvilebs, impulss da koordinats, aseve 

energias da dros, uwodeben SeuRlebul cvladebs. 

mikronawilakTa gansakuTrebuli moqmedebebis ganxilvidan gamomdinare, 

SeiZleba gakeTdes Semdegi mniSvnelovani daskvnebi: 

1) mikrosamyaroze Cveni Secneba (nawilakTa mdebareoba, siCqare a.S.) ata-

rebs albaTur xasiaTs. 

2) moZraobis traeqtoriis arsi kargavs azrs. 
3) mikronawilakTa energia araviTar pirobebSi ar SeiZleba nulis toli 

iyos, radganac 0=E -is SemTxvevaSi misi koordinatebi da impulsi iq-

neboda zustad gansazRvruli, rac ewinaaRmdegeba ganuzRvrelobis 

princips. 
4) ganuzRvrelobis principi aris fizikurad realuri. es niSnavs, rom 

Semcireba (gazrda) erT-erTi SeuRlebuli cvladisa aucileblad iw-

vevs meore cvladis gazrdas (Semcirebas). 
amrigad mocemul momentSi mikronawilakis mdebareobis ganmsazRvreli 

traeqtoriis cneba azrs kargavs. aseve azrs kargavs misi siCqaris cnebac. ma-

Sin, azri aqvs mikronawilakis mocemul momentSi, mocemul adgilze yofnis 

albaTobas da aRiwereba statistikuri maxasiaTeblebiT. SenarCundeba mik-

ronawilakis iseTi maxasiaTeblebi, rogoricaa masa, energia, impulsis momen-

ti. radgan eleqtroni talRuri bunebisaa, misi mdgomareobis aRwerisaTvis 

unda iyos talRuri tipis gantoleba. amocana aseTia: gvaqvs erTi eleqtroni 
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m  masiT, moZravi Zalur velSi. eleqtronis potencialuri V energia aris 

velis maxasiaTebeli da ),,( zyxV  funqcia mocemulia. eleqtronis sruli 

energia araa damokidebuli droze. magaliTad, eleqtronis moZraoba atomSi 

birTvis dadebiT velSi. sruli energia ConstVTE =+= . 

amocanis mizania sivrcis gansazRvrul ubanSi moiZebnos eleqtronis 

yofnis albaToba. es albaToba xasiaTdeba raRac ),,( zyxΨ  funqciiT, romel-

sac ewodeba talRuri funqcia da saWiroa misi povna. talRuri funqciis 

povna SesaZlebelia mikronawilakis moZraobis talRuri gantolebidan. ase-

Tia Sredingeris gantoleba, romelic aRwers Ψ talRuri funqciis cvlile-

bas sivrceSi im V  velze damokidebulebiT, romelSic moZraobs eleqtroni.  

talRuri Ψ  funqciis fizikuri arsis gagebisTvis warmovidginoT, rom 

sivrceSi mocemulia ),,( zyx  wertili da mis garSemo dxdydzd =υ  mcire mocu-

loba. wertilSi iyo ),,( zyxΨ  funqcia. υd  moculobaSi eleqtronis 

moxvedris albaToba iqneba υψ d2 , anu υd -Si eleqtronis yofnis drois nawi-

li. 2
2

ψ
υ
υψ =

d

d
 iqneba eleqtronis yofnis albaToba moculobis erTeulSi, 

anu albaTobis simkvrive, eleqtronTa simkvrive. eleqtronis talRuri Tvi-

seba niSnavs, rom yovel nebismier momentSi eleqtroni SeiZleba iyos nebismi-

er wertilSi sxvadasxva albaTobiT. ase rom, eleqtronuli Rrubeli, rom-

lis simkvrive sxvadasxva wertilSi aris sxvadasxva, eTanadeba eleqtronul 

simkvrives. yvela eleqtronuli RrublisTvis SeiZleba gavavloT nebismieri 

raodenobis zedapirebi, sadac Const=Ψ 2 . sasazRvro zedapiri talRuri 

funqciis kvadratis erTnairi mniSvnelobis mqone ubnis SemomsazRvravia, mis 

SigniT eleqtronis simkvrivis umetesi nawilia Tavmoyrili (magaliTad, 80% 

an 90%). sasazRvro zedapiri gansazRvravs eleqtronuli Rrublis formas. 

sakvanZo zedapiri aris zedapiri, sadac talRuri funqciis kvadrati nulis 

tolia. Tu Ψ  funqcias gavamravlebT -1-ze, 2Ψ  ar Seicvleba. albaToba 

inarCunebs Tavis sidides. 

talRuri funqciisTvis samarTliania superpoziciis principi (zeddeba). 

Tu mikrosistema aRiwereba 1Ψ  da 2Ψ  funqciebiT, maSin Ψ  talRuri fun-

qcia tolia maTi jamis an sxvaobisa, anu maTi wrfivi kombinacia aseve gan-

sazRvravs sistemis mdgomareobas: 

2211 Ψ+Ψ=Ψ CC                                                                                                       (3.26) 

sadac 21 ,CC  mudmivebia. klasikurisgan gansxvavebiT, kvantur meqnikaSi mik-

ronawilakisTvis albaTobebi aramarto ikribeba, aramed xdeba maTi zeddeba, 

anu xdeba interferencia. marTlac: 

2121
2
2

2
2

2
1

2
1

2
2211

2 2)( ΨΨ+Ψ+Ψ=Ψ+Ψ=Ψ CCCCCC                                (3.27) 
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(3.27) gantolebis bolo wevri aRniSnavs albaTobebis zeddebas. 

Sredingeris gantolebaSi harmoniuladaa gaTvaliswinebuli mikronawi-

lakis ormagi buneba da aris atomis da molekulis aRnagobis ZiriTadi sa-

fuZveli. is gansazRvravs talRuri funqciis cvlilebas sivrceSi mikrona-

wilakze gare Zalebisgan damokidebulebiT. talRuri funqcia, napovni tal-

Ruri gantolebidan, Seicavs uganzomilebo sidideebs — kvantur ricxvebs, 

romlebic Rebuloben mTel ricxviT mniSvnelobebs, anu eleqtronis mdgoma-

reoba atomSi ganisazRvreba kvanturi ricxvebiT. sruli energia ganisazR-

vreba am kvanturi ricxvebiT da ikvanteba. kinetikuri energia eleqtronis-

Tvis ar SeiZleba nulis toli iyos, mis aTvlis saTaved iReben minimalur 

energias da uwodeben nulovans. 

3.2. kavSiri talRur da kvantur movlenebs Soris 

wina paragrafidan gamomdinare, gamosxivebis Teoriidan mivediT im das-

kvnamde, rom eleqtroni nawilakic da talRacaa, anu aqvs dualizmi. maSin, 

eleqtromagnituri talRis gavrceleba da interferencia SeiZleba aRiwe-

ros maqsvelis talRuri TeoriiT. meore mxriv, am energiis nivTierebaze moq-

medeba SeiZleba aRiweros sinaTlis kvantebis moqmedebiT, anu nawilakTa 

moqmedebiT. radganac fotonebi vrceldeba sinaTlis siCqariT, maTi masa, 

energia da impulsi unda ganisazRvros relativisturi meqanikiT. 

ainStainis fardobiTobis Teoriis Tanaxmad,  υ   siCqariT moZravi nawi-

lakis masaa: 

22

0

/1 c

m
m

υ−
=  (3.28) 

gavamravloT es efeqturi masa 2c -ze da mniSvneli gavSaloT mwkrivad, maSin:

....
8

3

2

1
2

4

0
2

0
2

0
2 +++=

c
mmcmmc

υυ              (3.29) 

da nawilakisTvis da talRisTvis Sedarebebi CamovayaliboT Semdegnairad: 
0m uZraobis masis mqone nawilaki ukavSirdeba

2
0cm energias. 

niutonis

meqanikis Tanaxmad, υ « c siCqariT moZrav nawilaks aqvs
2

02

1 υm kinetikuri

energia. fotonisTvis, romelsac ara aqvs uZraobis masa, samarTliania (3.29)-

is mxolod marcxena mxare. fotonis energia: 

=E hν = 2mc ,                (3.30) 

aqedan fotonis masa:

==
2c

E
m  hν / 2c =7,36·10-51ν , kg  (3.31) 
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xolo impulsi: 

== mcP  hν / c =h/λ                                                                                                    (3.32) 

(3.30) da (3.32) gantolebebis Tanaxmad, sinaTle SeiZleba ganvixiloT an kor-

puskularuli midgomiT — fotonis energiiT da impulsiT, an aRviqvaT, ro-

gorc talRa — sixSiriT da talRis sigrZiT. de broilis postulirebiT dua-

lizmis Sesaxeb, kvanturi toloba energiasa da impulss Soris universalu-

ria da ase gamoisaxeba: 

νhE =   

== υmP  h/λ                                                                                                                (3.33) 

de broilis am gantolebiT nebismieri nawilakis moZraoba SeiZleba gan-

vixiloT, rogorc talRuri movlena. nawilakis moZraoba aRiwereba klasiku-

ri kanonebiT da misi ganawileba ganisazRvreba talRuri suraTiT. 

aseTi mniSvnelovani debuleba damtkicda cdiT, roca daimzira eleq-

tronebis difraqcia nikelis meserze devisonis da jermeris mier. gamoT-

vlebma aCvena, rom gabneuli eleqtronebis talRis sigrZe unda yofiliyo: 

λ=h/ =υm h/ P                                                                                                                (3.34) 

Tanaxmad de broilis gamonaTqvamisa. 

nebismieri mZime nawilakebic amJRavneben dualizms, magram maTi mokle 

talRebis gamo talRuri bunebis demonstracia Znelia. eleqtromagnituri 

talRebi Seicaven mravali fotonis statistikur informacias. amitom ga-

mosxivebis intensivoba fotonebis saSualo ricxvia, gamavali farTis erTe-

ulSi, drois erTeulSi, anu fotonebis nakadis simkvrive gamravlebuli kvan-

tis energiaze: 

NS =  hν , vt/m2                                                                                                                                                                                              (3.35) 

Tu N  Zalian mcire ricxvia, adgili aqvs mniSvnelovan statistikur 

fluqtuacias da eleqtromagnituri Teoria azrs kargavs. meore mxriv, de 

broilis talRa dakavSirebulia calkeuli nawilakis lokalizaciasTan. siv-

rcis nebismier wertilSi de broilis talRis intensivoba axasiaTebs moce-

mul wertilSi nawilakis arsebobis albaTobas.  

niutonis meqanikiT Tu mocemuli iyo sawyisi pirobebi, drois nebismier 

momentSi SeiZleboda zustad gangvesazRvra nawilakis mdebareoba da impul-

si. axla aRmoCnda, rom es piroba ekuTvnis mxolod makroskopul samyaros. 

rogorc geometriuli optika icvleba talRuri optikiT, aseve niutonis me-

qanika icvleba axali talRuri meqanikiT. es ukanaskneli efuZneba de broi-

lis gantolebas, roca talRis sigrZe uTanaddeba mocemuli amocanis maxasi-

aTebel raRac sigrZes. 



 64 

rodesac gazomvisas saqme gvaqvs metrebTan, kilogramebTan da wamebTan, 

de broilis talRis sigrZe umniSvneloa. Tu 1kg-is mqone masa moZraobs 1m/wm 

siCqariT, maSin (3.34)-is Tanaxmad, talRis sigrZe: 

λ=h/1·1=6,623·10-34 m                                                                                                      (3.36) 

meor mxriv, eleqtronis mcire masa gvaiZulebs, gamoviyenoT talRuri (kvan-

turi) meqanika. eleqtronis aseTi kvanturi warmodgena kargad xsnis rezer-

fordis atomis stacionarul mdgomareobebs. Tu mbrunavi eleqtronis mdeba-

reoba aRiwereba talRuri albaTobiT, is arsebobs mxolod im orbitaze, sadac 

adgili aqvs mdgar talRas da ar ispoba de broilis talRis interferenciisas. 

Sesabamisad, moTxovna imisa, rom wyalbadis atomis wriuli orbitis perimetri 

unda iyos talRis sigrZis mTeli ricxvi, gvaZlevs stabilurobis pirobas: 

λπ nr =2 , sadac, ,1=n  2, 3, . . .                                                                               (3.37) 

Tu talRis sigrZis nacvlad SemovitanT de broilis gantolebiT im-

pulss, maSin (3.37) uSualod gadava boris rotatoris dakvantvis pirobad:  

Pr= nP =′                                                                                                                     (3.38) 

es Sedegi damakmayofilebelia, magram nawilobriv ewinaaRmdegeba kvantu-

ri meqanikis kanonebs. kerZod, Semdeg dadginda, rom haizenbergis ganuzRvre-

lobis principiT ar SeiZleba erTdroulad ganvsazRvroT impulsi da koor-

dinati, romlebic Sedian (3.38) formulaSi, boris Teoria xarisxobrivia Tavi-

si aRweriT. raodenobrivi aRwerisTvis talRuri koncefcia rom gamoviyenoT, 

saWiroa amovxsnaT ZiriTadi talRuri gantoleba. es amocana pirvelad ganixi-

la da amoxsna Sredingerma. fizikis zogadi kursidan cnobilia eleqtromagni-

turi velisTvis talRuri gantolebebi. + x  mimarTulebiT aramilevadi eleq-

truli da magnituri brtyeli talRa aseTi saxiT gamoisaxeba: 

 
)

2
(exp

),
2

(exp

0

0

xtiHH

xtiEE

λ
πω

λ
πω

−=

−=
                                                                                            (3.39) 

romelic miiReba Semdegi diferencialuri gantolebebis amoxsniT:  

0
2

0
2

2

2

2

2

2

2
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∂
∂

H
x

H

E
x

E

λ
π

λ
π

                                                                                                    (3.40) 

analogiurad, + x  mimarTulebiT gavrcelebuli de broilis talRisTvis 

SeiZleba daiweros funqcia: 







 −= xtA

λ
πωιψ 2

exp ,                                                                                              (3.41) 
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romelic, cxadia, Semdegi talRuri gantolebis amonaxsnia: 

 0
2

2

2

2

=





+

∂
∂ ψ

λ
πψ

x
                                                                                                    (3.42) 

am talRis sixSire, de broilis gantolebis Tanaxmad, ganisazRvreba nawila-

kis sruli energiiT: 

νhE = ,             (3.43) 

im dros, roca talRis sigrZe moicema impulsiT an misi kinetikuri energiiT, 

2

22
2

222

1

,

λ
υ

λ

m

h

m

P
mW

P

h

===

=
                                                                                         (3.44) 

nawilakis kinetikuri energia sxvaobaa misi sruli da potencialuri 

energiebisa, anu  

UEW −= ,            (3.45) 

amitom (3.44)-dan miiReba: 

)(2

)2(

)(2

222
2

UEmUEm

h

−
=

−
= πλ                                                                                   (3.46) 

(3.42) gantolebaSi (3.46) gamosaxulebis Setanis Semdeg miiReba: 

0)(
2

22

2

=−+
∂
∂ ψψ

UE
m

x 
.                                                                                            (3.47) 

Tu nawilaki Tavisuflad moZraobs yvela mimarTulebiT (da ara marto x  mi-

marTulebiT), maSin 
22 / x∂∂ ψ unda Seicvalos laplasis operatoriT da miiRe-

ba Sredingeris cnobili gantoleba: 

 0)(
2

2
2 =−+∇ ψψ UE

m


.                                                                                           (3.48) 

Sredingeris gantolebis amonaxsni iZleva ψ  talRuri funqciis sivrce-

Si ganawilebis suraTs. misi absoluturi sididis kvadrati, anu ψ -s namrav-

li mis SeuRlebulze  *ψ  sivrcis  dV elementSi, rogorc maqs bornma aCvena, 

aRniSnavs am elementSi nawilakis yofnis albaTobas. integrali, talRuri 

albaTobis intensiobidan mTel sivrceSi, unda iyos erTis toli: 

 =∗ 1dVψψ ,                                                                                                               (3.49) 

radganac nawilaki aucileblad imyofeba sadRac sivrceSi. es toloba iwo-

deba de broilis talRis normirebis pirobad. is iTxovs, rom ψ  funqcia da 
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misi meore warmoebuli koordinatiT iyvnen sasrulni da uwyvetni. es tal-

Ruri meqanikis mniSvnelovani Semofargvlaa. gamyof sazRvarze myofi werti-

lisTvis es moTxovna cnobilia, rogorc sasazRvro piroba. 

talRur movlenebs Tu ganvixilavT droze damokidebulebiT, maSin 

Sesabamisi Sesworebebi unda SevitanoT Sredingeris gantolebaSi. (3.41)-dan:  

ιωψψ =
∂
∂

t
                                                                                                                     (3.50) 

da de broilis Tanaxmad, 



E=ω                                                                                                                             (3.51) 

(3.50) formulaSi CasmiT miiReba: 

t
E

∂
∂−= ψιψ                                                                                                                  (3.52) 

(3.52)-is (3.48) formulaSi Casmis Semdeg miiReba Sredingeris talRuri gantoleba: 

t

m
U

m

∂
∂=−∇ ψιψψ



22
2

2 .                                                                                         (3.53) 

maqsvelis gantoleba sxvadasxva pirobebSi zustad ixsneba. Sredingerma 

didi warmatebiT gamoiyena Tavisi gantoleba wyalbadis atomisTvis, wrfivi 

oscilatorisa da sxva problemebisTvis. cxadia, nawilakis talRuri buneba, 

rogorc zemoT aRiniSna, bunebis kanonia da Sredingeris gantolebaze da-

fuZnebulma kvanturma meqanikam mogvca molekuluri samyaros raodenobri-

vi aRwera. eleqtromagnituri velis gantolebisgan gansxvavebiT, Sredinge-

ris gantoleba zustad SeiZleba amoixsnas zogierT SemTxvevaSi. 

ZiriTadi gansxvaveba isaa, rom fotonebi, ZiriTadad, erTmaneTze ar moq-

medeben, roca sxva nawilakebi, piriqiT, erTmaneTze moqmedeben didi Zale-

biT. magaliTad, sxva damuxtuli nawilakiT Seqmnil kulonur velSi moZravi 

eleqtroni inarCunebs Tavis srul energias da de broilis talRis sixSires, 

magram misi kinetikuri energia da, Sesabamisad, eleqtronis talRis sigrZe 

icvleba sivrceSi wertilidan wertilamde. optikaSi saqme gvaqvs erTgvaro-

van dieleqtrikebTan. de broilis talRebi gadian gabneul areebSi, sadac 

gardatexis koeficientebi icvlebian wertilidan wertilSi. erTdroulad 

vxedavT klasikuri meqanikis Zvel siZneleebs: ori sxeulis problema SeiZle-

ba zustad gadaiWras, xolo mravali sxeulisa — nawilobriv.  

3.3. erTeleqtroniani atomis orbitali 

ganvixiloT Sredingeris gantolebis amonaxsni wyalbadis atomSi, sadac 

erTi eleqtronia, moZravi erTi protonis velSi. amocana mdgomareobs imaSi, 
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rom ganisazRvros atomis sxvadasxva wertilSi eleqtronis talRis `ampli-

tuda~, am wertilebis mdebareoba SeiZleba iyos dekartes koordinatebSi 

),,( zyx  wertiliT mocemuli, sadac centri gadiodes atomis birTvSi. ufro 

mosaxerxebelia, wertilis mdebareoba mocemuli iyos polarul koordina-

tebSi. potencialuri veli sferulad simetriulia, anu yvela mimarTulebiT 

erTnairia da ganisazRvreba mxolod birTvidan manZiliT ( r -iT). zogadad, 

eleqtronis mdebareoba ganisazRvreba r  radius-veqtoriT, ganedis ϑ  da 

grZedis ϕ  kuTxeebiT. amitom Sredingeris gantolebis amonaxsni SeiZleba 

daiweros ori funqciis namravlis saxiT, erTi — radialuri )(rR  funqciisa 

da meore — kuTxuri funqciis ),( ϕϑY  saxiT: 

),()(),,( ϕϑϕϑ YrRr =Ψ                                                               (3.54) 

talRuri funqciis radialuri nawili axasiaTebs eleqtronis yofnis al-

baTobas birTvidan r  manZilze, xolo kuTxuri nawili — mis mdebareobas sxva-

dasxva mimarTulebiT. 

arsebobs Sredingeris gantolebis uamravi amonaxsni. magram arsebobs Se-

mosazRvra imiT, rom es amonaxsni unda iyos sasruli, uwyveti da erTi mniS-

vnelobis. aseTi amoxsnis magaliTia: 

ϕma sin=Φ                                                                                                                          (3.55) 

es funqcia arasdros gadaaWarbebs a -s, anu sasrulia, uwyvetia sinusis 

uwyvetobis gamo. erTi mniSvnelobisaa mxolod maSin, roca m  mTeli ricxvia. 

cxadia, (3.55) maSinaa Sredingeris gantolebis amonaxsni, roca m  tolia 0; ±1; 

±2 da a.S. 

m  ricxvs ewodeba magnituri kvanturi ricxvi. misi arseboba miuTiTebs 

imas, rom eleqtronis moZraoba atomSi iyos erTmniSvnelovnad gansazRvru-

li. eleqtrons aqvs sami Tavisuflebis xarisxi, amitom mas unda hqondes ki-

dev ori kvanturi ricxvi. zogadad, talRuri gantolebis amonaxsni Seicavs 

sam kvantur ricxvs — ln,  da m . mTavari kvanturi ricxvi n  Rebulobs yvela 

naturalur mniSvnelobas 0, ∞,...,2,1 -mde. mTavari kvanturi n  ricxvis moce-

muli mniSvnelobisTvis orbitaluri (azimutaluri) kvanturi ricxvi l  Re-

bulobs mniSvnelobas 0-dan )1( −n -mde, sul n raodenobas: ( )1;...2;1;0 −= nl . 

orbitaluri kvanturi ricxvis mocemuli mniSvnelobisTvis magnituri kvan-

turi ricxvi m  Rebulobs mniSvnelobas l− -dan l+ -mde nulis CaTvliT, sul 

)12( +l  raodenobas: llllm );1;...(1;0;1);...1(; −+−−−−= . 

talRuri funqcia mln ;;Ψ  aRwers eleqtronis gansazRvrul mdgomareo-

bas, roca mocemulia samive kvanturi ricxvi. erTeleqtronian talRur fun-

qcias, roca mocemulia sami ln, , m  kvanturi ricxvi, ewodeba atomuri orbi-

tali (ao). amitom, roca amboben, rom eleqtroni imyofeba raRac gansazRvrul 
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ao-ze, igulisxmeba, rom eleqtronis mdgomareobis Sesabamisi talRuri fun-

qcia aris cnobili, anu mocemulia yvela kvanturi ricxvis mniSvnelobebi. 

simartivisaTvis SemoRebuli ao-is aRmniSvneli simboloebi, magaliTad, 

;...3;2;1;0=l orbitalebi aRiniSnebian fdps ,,,  da a.S. Sesabamisad. garda amisa, 

n  dgas l -is win. magaliTad, 1=n , maSin 0;0 == ml , aRniSvna s1 , 

0,0,2 === mln  ;2s  0,1 == ml  an 1±  p2  (sami p2  ao) da a.S. 

 

moviyvanoT ao-is aRniSvnis cxrili 3: 

 

1=n  0=l  0=m  s1  

2=n  0=l  0=m  s2  

 1=l  1;0 ±=m  p2 (sami ao) 

3=n  0=l  0=m  s3  

 1=l  1;0 ±=m  p3 (sami ao) 

 2=l  2;1;0 ±±=m  d3 (xuTi ao) 

 

wyalbadis atomSi eleqtronis energia ikvanteba da ganisazRvreba mTava-

ri kvanturi ricxviT, (3.11) formulis Tanaxmad. energiis nulovan doned mi-

Rebulia energia, roca eleqtroni birTvisgan daSorebuli usasrulod did 

manZilze. roca laparakia ao-is energiaze, igulisxmeba am orbitalze myofi 

eleqtronis energia.  

wyalbadis atomis erTaderTi eleqtroni miiswrafvis, daikavos umciresi 

energiis mqone s1  orbitali. am dros atomi aris yvelaze ufro mdgrad mdgo-

mareobaSi, anu e.w. ZiriTad mdgomareobaSi. atomuri sistemis ZiriTad mdgo-

mareobaSi eleqtronis sruli energia aris minimaluri. yvela orbitals, er-

Tnairi mTavari kvanturi ricxvebiT, aqvs erTnairi energia. erTnairi energi-

is mqone mdgomareobebi atomSi gadagvarebulia. erTi da imave energiis 

mdgomareobaTa ricxvi gansazRvravs gadagvarebis jeradobas. magaliTad, 

1=n  dones aqvs 2 ao erTnairi energiiT da is orjeradad gadagvarebulia, 

2=n  done — 4-jeradad, 3=n  - 9-jeradad da a.S. wyalbadis atomSi, ZiriTadi 

mdgomareobis garda, yvela mdgomareoba gadagvarebulia. wyalbadis atomSi 

eleqtroni SeiZleba iyos nebismier wertilSi, magram misi yofnis albaToba 

sxvadasxva adgilSi sxvadasxvaa. rac metia birTvidan manZili, miT mcirea mi-

si birTvTan bmis energia. mTavari kvanturi n  ricxvi gansazRvravs eleqtro-

nis birTvTan daSorebas, anu orbitalis zomas. im wertilebSi, sadac eleq-

tronis yofnis albaToba nulia, talRuri funqciac nulia. wertilebis geo-

metriul adgils, sadac eleqtronis yofnis albaToba nulia, ewodeba sakvan-

Zo zedapiri. sakvanZo zedapiri SeiZleba iyos brtyeli, sferuli da a.S.  

atoms ara aqvs mkacri sazRvari, eleqtrons ara aqvs traeqtoria, orbita, 

magram aqvs yofnis albaToba — gansxvavebuli sxvadasxva adgilebSi. amitom 
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SeiZleba vTqvaT, rom birTvis garSemo eleqtronuli Rrubeli aris sxvadas-

xva simkvriviT, romlis zomas gansazRvravs mTavari kvanturi ricxvi.  

orbitaluri kvanturi l  ricxvi gansazRvravs eleqtronuli Rrublis sa-

xes, anu ao-is formas. albaTobis radialuri ganawileba ver asxvavebs eleq-

tronuli Rrublis simkvrivis ganawilebas mimarTulebis mixedviT, romelic 

moicema Sesabamisi sasazRvro zedapiriT. sasazRvro zedapiri aris zedapiri, 

romelic sazRvravs erTnairi albaTobis mqone areebs da romlis SigniT aris 

albaTobis maqsimumi (mag., 80%; 75% da a.S.). is gansazRvravs Rrublis formas 

yvela 0=l  orbitalisTvis, anu ZiriTadi s1  da aRgznebuli ss 3,2  da a. S. 

( 3,2=n ) mdgomareobebisTvis eleqtronis aRmoCenis albaToba sivrceSi yve-

la mimarTulebiT erTnairia. es niSnavs, rom s -orbitali birTvis mimarT 

sferulad simetriulia (sasazRvro zedapiria sfero). birTvidan manZili 

miT metia, rac metia n . s -orbitalebisTvis birTvSi gamavali sakvanZo zeda-

pirebi ar gvaqvs (is gadakveTs aucileblad sasazRvro zedapirs). cxadia, sak-

vanZo zedapirebis raodenoba iqneba n , xolo sferuli sakvanZo zedapirebisa 

— )1( ln −− . magaliTad, 1=n -sTvis sakvanZo zedapiria usasrulobaSi, sferu-

li gamavali birTvSi — nuli, 2=n  - sferulia 1, da a.S. 

ganvixiloT orbitalebis formebi. 

rogorc viciT, ns  orbitalis SemTxvevaSi ( ,..2,1=n ) s -orbitals ar aqvs 

sakvanZo zedapiri gamavali birTvSi )0( =l  da aqvs sferuli simetria. mis 

SigniT eleqtronis aRmoCenis albaTobaa  =ΨΨ 12d , anu is akmayofilebs 

yvelgan normirebis pirobas da aris dadebiTi. sasazRvro zedapiri aris sfe-

ro (nax.3.1).  

 

 
nax.3.1. S da P orbitalebis formebi 
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np  orbitalebs ( ,...3,2=n ) aqvT erTi sakvanZo zedapiri )1( =l , gamavali 

birTvSi. xp -sTvis es iqneba sibrtye 0=x , yp -sTvis - 0=y  da zp -sTvis - 

0=z . xp  iqneba x  RerZze da aqvs hantelis forma. misi niSani iqneba x  RerZis 

Sesabamisi niSani. aseve yp  da zp -sTvis (nax.3.1). 

nd  orbitalebs ,...)4,3( =n  aqvT or-ori sakvanZo zedapiri )2( =l , 

gamavali birTvSi 22 yx
d

−
-sTvis sakvanZo zedapirs vpoulobT pirobidan 

022 =− yx . aqedan erTi zedapiria yx = , meore yx −= . es sibrtyeebi 
erTmaneTs kveTen z  RerZze da gadian sakoordinato sistemis biseqtrisebze 

(nax.3.2). 22 yx
d

−
 - orbitali mdebareobs xy  sibrtyeze da aqvs oTxi gawelili 

maryuJis forma, romlebic mdebareoben x  da y  RerZebze. niSani x -is mimarT 

0=y  dadebiTi )0( 2 >x , y -is mimarT )0( =x  uaryofiTi )0( 2 <−y .  

 

 
 

nax.3.2. d — orbitalebis formebi  

birTvSi gamavali zedapirebiT 
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xyd -is sakvanZo zedapiria )0( =xy  )0( =x  da 0=y . es zedapirebi kveTen z  

RerZze da gadian x  da y  RerZebze. xyd  orbitali mdebareobs xy  sakoordi-

nato sibrtyeSi, xy  kuTxeebis biseqtrisebze da a.S. yvela sxva d  orbitale-

bisTvis — rogorc nax.3.2-zea gamosaxuli. yvela atomuri orbitali aris bir-

Tvis mimarT centralurad simetriuli. 
orbitaluri kvanturi l  ricxvi gansazRvravs atomuri orbitalis for-

mas da eleqtronis moZraobis raodenobis moments — M -s. energiis msgavsad, 

isic ikvanteba da damokidebulia l -ze: 

)1( += llM                                                                                                         (3.56) 

Tu 0=l , maSin 0=M , Tu 1=l , maSin 2=M  da a.S.  
eleqtronis moZraobis raodenobis moments, romelic ganpirobebulia 

birTvis garSemo misi moZraobiT, uwodeben agreTve eleqtronis orbitalur 

kuTxur momentsac. is veqtoria da mimarTulia eleqtronis moZraobis sib-

rtyis marTobulad, xolo sidide moicema (3.56)-iT.  

ikvanteba ara marto M , aramed misi proeqcia romelime gamoyofil mi-

marTulebaze, magaliTad, z  RerZze, damokidebuli m  magnitur kvantur 

ricxvze: 

mM z =                                                                                                                                 (3.57) 

mimarTulebis gamoyofa SeiZleba gare veliT. maSin ori danarCeni mimar-

Tuleba ( x  da y ) emorCileba haizenbergis ganuzRvrelobis princips. maga-

liTisTvis ganvixiloT, roca 2=l , maSin ,1,2 −−=m 0;1;2 da  -is erTeulebSi 

miiReba nax.3.3-ze gamosaxuli suraTi. 

radganac eleqtroni damuxtulia da aqvs orbitaluri kuTxuri momenti, 

maSin mas eqneba agreTve orbitaluri magnituri momentic, romelic iqneba 

mimarTuli orbitaluri kuTxuri momentis sawinaaRmdegod da isic daikvan-

teba. atomur sistemaSi magnituri momentis erTeulia boris magnetoni 

m

e
B 2

=μ . analogiurad orbitaluri kuTxuri momentisa: 

)1( += llBμμ                                                                (3.58) 

mBZ μμ =                                                                                                       (3.59) 
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nax.3.3. orbitaluri kuTxuri momentis sivrculi 

akvantva d-orbitalisaTvis (l=2) 

 

kvanturi meqanikis Tanaxmad, wyalbadis atomisTvis mkacradaa gansazR-

vruli diskretuli mniSvnelobebi energiisTvis, moZraobis raodenobis or-

bitaluri momentisTvis da gamoyofil mimarTulebaze misi gegmilisTvis. 

Tavis mxriv, es sidideebi gansazRvrulia Sesabamisi kvanturi ricxvebiT — 

ln,  da m -iT. 

am sami kvanturi ricxviT ver aixsna zogierTi eqsperimentuli monacemi. 

magaliTad, aRmoCnda, rom wyalbadis atomis speqtris yoveli xazi ixliCeba 

orad, anu aris dupleti. am faqtis axsnisTvis ulenbekma da gaudsmitma da-

uSves, rom eleqtrons aqvs sakuTari kuTxuri momenti da misi Sesabamisi mag-

nituri momenti (orbitaluri moZraobisagan damoukideblad). maT sakuTar 

moments spini uwodes, radganac eleqtroni moZraobs sakuTari RerZis gar-

Semo. eleqtronis spini aris mudmivi sidide. es iseTi fundamenturi sididea, 

rogoric eleqtronis masa, muxti.  

spinuri kuTxuri momentis sidide SM  ganisazRvreba mudmivi kvanturi 

ricxviT 
2

1=s  da tolia:  

constssM S =+= )1(                                                 (3.60) 

analogiurad orbitaluri kuTxuri momentisa, spinuri kuTxuri momen-

tic da misi gegmili gamoyofil z  mimarTulebaze ikvanteba: 

SSZ mM =                                                                                                                   (3.61) 

ms  icvleba s− -dan s+ -mde. radgan 
2

1=s , amitom 
2

1±=Sm . 

maSasadame, eleqtronis mdgomareoba gansazRvrulia, Tu mocemulia 

oTxi kvanturi ricxvi mln ,,  da s . maSin wyalbadis atomis ZiriTadi s1  mdgo-

mareoba orjeradad gadagvarebulia, radgan masze SeiZleba iyos ori mdgo-
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mareoba: 1; 0; 0; 
2

1+  da 1; 0; 0; 
2

1− . es mdgomareobebi energiebiT mcired gan-

sxvavdebian erTmaneTisagan, rac iwvevs wyalbadis atomis speqtris xazis gax-

leCas.  

3.4. mravaleleqtroniani atomis orbitalebi 

mravaleleqtronian atomSi aris birTvi da z  eleqtroni. yoveli eleq-

troni ganicdis birTvisgan mizidvas da sxva eleqtronisgan ganzidvas. gan-

zidvis energiis zustad gansazRvra rTulia da talRuri gantolebis amox-

sna zustad ar aris SesaZlebeli. amitom is miaxloebiT ixsneba, risTvisac 

daSvebulia ganzidvis energiis mcire mizidvis energiasTan SedarebiT. maSin 

yoveli eleqtroni aris damoukidebeli erTmaneTisgan da is imyofeba iseT-

save formis da simetriis gansazRvrul orbitalze, rogoricaa wyalbadis 

atomSi da ganisazRvreba oTxive mln ,,  da s  kvanturi ricxvebiT. 

mravaleleqtroniani atomis SemTxvevaSi aucilebelia ganisazRvros, ro-

mel atomur orbitalze ganawildebian eleqtronebi da ra TanmimdevrobiT. 

amisaTvis daculi unda iyos Semdegi principebi: 

1) energiis minimumis principis Tanaxmad, jer unda Seivsos mcire ener-

giis mqone orbitalebi; 

2) paulis principis Tanaxmad, atomSi nebismieri ori eleqtronis mdgo-

mareoba unda gansxvavdebodes erTmaneTisagan oTxi kvanturi mln ,,  da s  

ricxvebidan erTiT mainc. es niSnavs, rom erT atomur orbitalze, romelic 

xasiaTdeba sami mln ,,  ricxvebiT, SeiZleba imyofebodes erTi nebismieri 

mimarTulebis spiniT an ori eleqtroni sxvadasxva mimarTulebis spiniT +1/2 

an -1/2. 

3) hundis wesiT, atomur orbitalebze eleqtronebi iswrafvian moTav-

sdnen ise, rom SeinarCunon paralelurspiniani eleqtronebis udidesi ricx-

vi. aseT konfiguracias eTanadeba umciresi energia. es dakavSirebulia para-

lelurspinian or atoms Soris eleqtronebis gacvlasTan (gamomdinare eleq-

tronebis ganurCevadobidan), rac iwvevs energiaSi mogebas. magaliTad, fos-

foris SemTxvevaSi, romelsac aqvs sul 15 eleqtroni, s1  atomur orbitalze 

ganlagdeba )0;0;1( === mln  ori eleqtroni 2)1( s . xarisxSi ricxvi miuTi-

Tebs masze eleqtronebis raodenobas. Seivseba 2622 3221 spss  da 33p -Si iqneba 

sami eleqtroni paraleluri spiniT. am CanawerSi monawileobs mTavari da 

orbitaluri kvanturi ricxvi da eleqtronebis ricxvis gamomxatveli ricx-

vi xarisxSi. aseTi Caweraa atomis eleqtronuli formula. 

4) kleCkovskis wesi, romlis Tanaxmad, orbitalebi ivseba eleqtronebiT 

mTavari da orbitaluri kvanturi ricxvebis jamis zrdis mixedviT. Tu es )( ln +  

jami tolia, maSin eleqtroni avsebs im orbitals, romelzedac mcirea n . maga-
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liTad, pds 434 << . s4 -isTvis 4)( =+ ln ; d3 -sTvis — 5 da p4 -sTvis — 5. jer

ivseba s4 , Semdeg — )3(3 =nd  da Semdeg — p4 )4( =n . gavaanalozoT misi arsi.

birTvis z  muxtis gadidebiT izrdeba eleqtronis da birTvis mizidvis

energia. eleqtronis mosacileblad meti energiaa saWiro, anu atomuri or-

bitalis energia mcirdeba. mocemuli atomisaTvis )( Constz =  didi mTavar-

kvanturiani n -ricxviani eleqtroni Sorsaa birTvidan, maTi mizidva mcirea

da, Sesabamisad, aqvs ufro maRali energia. am dros mTavari efeqti aris moq-

medeba ara eleqtronis energiaze (an eleqtronis birTvidan moSorebaze), 

aramed birTvis muxtis ekranirebaze Siga eleqtronebiT (mcire n -ianis mqo-

ne eleqtronebis mier). magaliTad, fosforisTvis 10 Sinagani eleqtroni 

xdeba gare sami eleqtronis ( 33p ) ekranireba. SesaZlebelia gare eleqtroni

raRac pirobebSi Sevides, SeaRwios Sinagan eleqtronian RrubelSi da miuax-

lovdes birTvs, sadac misi mizidva gaizrdeba da Seicvleba efeqturi muxti, 

TiToeuli s3  eleqtronisTvis ∼2 gaxdeba. mocemuli Sris eleqtronis bir-

TvTan SeRwevis efeqti mcirdeba l -is gazrdiT. SesaZlebelia erTi Sris or-

bitalebs hqondes sxvadasxva energiebi. magaliTad, energiebis mixedviT, 

dps 333 << . magram ufro rTuli mdgomareobaa sxvadasxva Sreebis eleqtro-

nebis energiebs Soris. Tu mocemul atomur orbitalze romelime atomur 

orbitals aqvs mcire n , magram didi orbitaluri kvanturi ricxvi, maSin Se-

iZleba am orbitalis energia gaxdes ufro didi mocemuli orbitalis ener-

giaze. magaliTad, yovelTvis sp 43 < , magram zogjer sd 43 > . orbitalebis

Sevseba eleqtronebiT iqneba energiis minimumis principiT. maTi Sevsebis 

Tanmimdevroba emorCileba kleCkovskis wess.  

 saWiroa ganvixiloT atomis `gare eleqtronebi~ da `savalento eleq-

tronebi~. atomis gare eleqtronebi — esaa eleqtronebi maqsimaluri mTavari 

kvanturi ricxviT, savalento eleqtronebi ki qimiur bmaSi. monawile eleq-

tronebia. 

TvalsaCinoebisTvis atomur orbitalebs gamosaxaven eleqtronuli kon-

figuraciiT — ujrediT, e.w. kvanturi ujrediT- s1 , SigniT eleqtronis spi-

nis gamomxatveli isriT.  

magaliTad:  
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atomis eleqtronul konfiguraciaSi ivseba TanmimdevrobiT dabali )( ln + -

dan maRalisaken kleCkovskis wesiT, paulis principisa da hundis wesis gaTva-

liswinebiT. sruli konfiguracia Si  atomisaTvis iqneba 22622 33221 pspss . 

atomTa eleqtronuli konfiguraciebi SeiZleba gamoisaxos e.w. orbitaluri 

sqemebis saSualebiT. nax. 3.4-ze daStrixuli orbitali Seesabameba eleqtro-

nul wyvils, dauStrixavi ki — kent eleqtrons. 

gavaanalizoT valentovnobis sakiTxi. elementis valentobas gansazR-

vravs gauwyvilebeli spinebis ricxvi. im SemTxvevaSi, Tu erTidaigive mTava-

ri kvanturi ricxvis farglebSi SesaZlebelia eleqtronTa wyvilis Semcve-

li orbitalidan erTi eleqtronis vakantur orbitalze gadasvla, maSin ga-

uwyvilebeli spinebis raodenoba da, Sesabamisad, elementis valentovnoba 

gaizrdeba. 

 
nax.3.4. azotis da Jangbadis atomebis 

orbitaluri konfiguraciebi 

 

 elementis valentoba icvleba, roca eleqtroni gadadis erT Sreze, 

sxvadasxva doneebze eleqtronis gacvlisas. SesaZlebelia eleqtroni gada-

vides bmuli mdgomareobidan )0( >E  Tavisufal mdgomareobaSi (atomis io-

nizacia), romelsac yovelTvis Tan axlavs energiis daxarjva. am dros miiRe-

ba dadebiTad damuxtuli ioni da Tavisufali eleqtroni. 

ionizaciis energia aris energia, romelic saWiroa daixarjos imisTvis, 

rom ZiriTad mdgomareobaSi myofi neitraluri atomidan eleqtroni mos-

cildes da gadavides usasrulobaSi. ionizaciis energias gamosaxaven eleq-

trovoltebSi. es energia yovelTvis dadebiTia, radgan ao-is energia mcir-

deba. ionizaciis energias xSirad uwodeben ionizaciis potencials. magram 

radgan igulisxmeba potencialTa sxvaoba voltebSi, amitom ionizaciis 

energia iE  (ev) da ionizaciis potenciali iI (v) ricxobrivad Tanxvdenilia. 

mravaleleqtroniani atomis SemTxvevaSi SesaZlebelia eleqtronis Tanda-

Tan mocileba, Semdeg — meoresi, mesamesi da a.S. Sesabamisad, miiReba pirveli, 

meore da a.S. ionizaciebis energiebi. yoveli atomisTvis Semdegi ionizaciis 

energia izrdeba, rac dakavSirebulia Seqmnil ionze dadebiTi muxtis gaz-
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rdasTan. es imas niSnavs, rom yoveli eleqtronis mocilebisas mcirdeba ao-

is energia da izrdeba birTvTan mizidvis energia. 

bevr atoms aqvs Tviseba, miierTos eleqtroni, romelic gamoixateba si-

didiT — swrafva eleqtronisken. swrafva eleqtronisken aris is energia, ro-

melic gamoiyofa neitraluri (Tavisufali) atomis mier eleqtronis mierTe-

bisas. am dros atomi imuxteba uaryofiTad. misi sididis zustad gazomva Zne-

lia da yvela elementisTvis araa cnobili. is aris uaryofiTi mniSvnelobis. 

mravaleleqtronian atomSi yoveli Semdegi swrafvisas eleqtronisken ener-

gia absoluturi mniSvnelobiT izrdeba, rac ukavSirdeba ao-is energiis 

zrdas. ionizaciis potenciali da swrafva eleqtronisken erT-erTi mniSvne-

lovani parametria yvela elementisTvis.  

3.5. molekulis aRnagoba 

mikronawilakebis talRuri bunebis gamo, ori atomis eleqtronebis ur-

TierTqmedeba unda ganvixiloT, rogorc maTi eleqtronuli Rrublebis ur-

TierTqmedeba. atomebi SeerTdebian molekulebad maSin, Tu am dros sistemis 

sruli energia Semcirdeba birTvebs Soris eleqtronuli Rrublis simkvri-

vis gazrdis xarjze. 

eleqtronebis aseTi orientacia dakavSirebulia eleqtronebis gacvlas-

Tan or atoms Soris, romelic aris eleqtronebis ganurCevlobis principis 

Sedegi. es, simartivisTvis, ganvixiloT wyalbadis molekulis magaliTze. 

Sors myofi wyalbadis atomebi ar reagirebs erTmaneTze. adre TavianTi bir-

Tvis velSi moZravi eleqtronebis urTierTqmedeba SesaZlebelia maTi raRac 

manZilze daaxloebisas. radgan atomebis mdgomareobebi ikvanteba, maSin mo-

lekulis mdgomareobebic daikvanteba da daxasiaTdeba kvanturi ricxvebiT. 

molekulaSi kvanturi ricxvebi ufro rTulia. Tumca aris nawilobrivi ana-

logia. magaliTad, molekulaSi ixmareba `molekuluri orbita~; atomebSi 

magnituri kvanturi m  ricxvi aris moZraobis raodenobis momentis gegmili 

gamoyofil mimarTulebaze — mdgenelis sazomi (  erTeulebSi). ori atomis 

SemTxvevaSi SemohyavT kvanturi ricxvi λ , damaxasiaTebeli moZraobis rao-

denobis momentis mdgeneli ori atomis centrebis SemaerTebel xazze, rome-

lic tolia λ . ise, rogorc l -isTvis, molekulaSi ;...2;1;0=λ , aseve, SemoRe-

bulia aRniSvnebi asoebiT δπσ ,,  da a.S. molekulaSi eleqtrons aqvs spini, 

toli 
2

1± -isa. danarCeni kvanturi ricxvebi rTulad ganimarteba. moleku-

laSic samarTliania paulis principi da hundis wesi. 

rodesac wyalbadis ori atomi erTmaneTisgan Sorsaa, TiToeuli xasiaTdeba 

11s  da 21s  mdgomareobebiT. amasTan, 11s  da 21s  urTierTSeqcevadia, ganurCevlo-

bis principiT. molekuluri orbitali, (3.26) formulis Tanaxmad, iqneba:  
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2211 11 sCsC +=Ψ                                                                                                                 (3.62) 

radganac urTierTSeqcevadia, amitom 2
2

2
1 CC = , anu CCC ±=±= 21 . 

Sesabamisad miiReba, rom:  

)11( 21 ssCI +=Ψ                                                                                                   (3.63a) 

)11( 21 ssCII −=Ψ                                                                                                               (3.63b) 

ori damoukidebeli atomuri orbitalidan miviReT ori molekuluri 

orbitali. IΨ -is SemTxvevaSi dadebiTi S  funqciebi ikribeba (ao gadaifare-

ba) da 
2

1Ψ  birTvebs Soris sivrceSi izrdeba, anu eleqtronuli Rrublis 

simkvrive izrdeba. amas mivyavarT sistemis energiis Semcirebamde, anu ori 

atomis kavSiris Seqmnamde. aseTi molekuluri orbitali (mo) aris damakavSi-

rebeli. es mocemulia nax. 3.5-ze da aRniSnulia sσ -iT. sIIΨ - funqciis Sem-

TxvevaSi birTvebs Soris areSi aris sakvanZo sibrtye. aseTi sistemis energia 

izrdeba da kavSiri atomebs Soris ar myardeba. aseTi orbitalia antidama-

kavSirebeli da aRiniSneba *
sσ -iT. 

 
 

nax.3.5. molekuluri orbitalebis warmoqmna ori 

wyalbadis 1S atomebisagan 

 

maSasadame, wyalbadis molekulis warmoqmna damokidebulia SesaerTebe-

li atomebis miaxloebis manZilze. mdgradi molekulis Seqmna moiTxovs, rom 

gasaerTianebeli atomebis spinebi iyos antiparaleluri (singletur mdgoma-

reobaSi). am dros atomebis miaxloebis manZilebi xasiaTdeba minimumis 

energiiT (nax.3.6), xolo atomebis spinebis paralelobisas (tripleturi 

mdgomareoba) energias minimumi ar gaaCnia, rac iwvevs antidamakavSirebeli 

orbitalis warmoqmnas. 
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nax.3.6. ori atomisagan Semdgari wyalbadis molekulis 

energiis damokidebuleba atomTa Soris manZilze 

ori sxvadasxva spinuri mdgomareobisaTvis 

sakontrolo kiTxvebi:  

1. ra saxis kvanturi ricxvebi arsebobs? 

2. ganmarteT kvanturi ricxvebis arsi; 

3. CamoayalibeT mravaleleqtroniani atomis SemTxvevaSi eleqtronebis 

orbitalebze ganawilebis kriteriumebi; 

4. raSi mdgomareobs paulis principi da hundis wesi? 

5. raSi mdgomareobs kleCkovskis wesi? 

6. rogor miiReba damakavSirebeli da antidamakavSirebeli orbitalebi? 

4. elementTa qimiuri bma 

molekulebSi eleqtronebi moZraobs fiqsirebuli atomebis birTvebs So-

ris, romlebic sivrculadaa ganlagebuli sistemaSi, anu geometriulad gan-

Tavsebuli urTierTTan. uaxloes atomebs Soris urTierTqmedeba aris swo-

red qimiuri bma. amitom miRebulia gamoTqma atomis atomTan kavSirze, maga-

liTad, HNHO −− ,  da a.S. geometriul modelSi pirdapiri manZilebi (xaze-

bi) asaxaven bmis xazebs, anu xazebi gamavali birTvebze. bmis sigrZe )(d  — es 

aris manZili damakavSirebeli atomebis birTvebs Soris. erTi atomisaTvis 

or bmis kavSiris xazebs Soris kuTxes ewodeba savalento kuTxe. wylis mo-

lekulaSi 05,104=< HOH . molekulis geometriul modelSi mocemulia misi 

sivrculi mdebareoba, e.i. mocemulia molekulaSi bmis sigrZe da savalento 

kuTxe. 
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radganac molekula aris mdgradi mdgomareoba, amitom bmis gawyvetis-

Tvis saWiroa energiis daxarjva. molekulis atomizaciis energia, es aris D  

energia, romelic saWiroa molekulis sruli disociaciisTvis, Tavisufal 

atomebad dasaSlelad. magaliTad, wylisTvis OHOH +→ 22 gazi  saWiroa 

928=D kj/mol energiis daxarjva. orive HO −  bma erTnairia, amitom HO −  

bmis energiaa 464
2)( ==−
D

E HO  kj/mol. bmis energia ewodeba molekulis 

atomizaciis energiis im nawils, romelic modis erT mocemul bmaze. misi gan-

martebidan Cans, rom yvela bmis energiis jami aris molekulis atomizaciis 

energia. 

amrigad, qimiuri bmis dros warmoiSoba urTierTqmedeba or an ramdenime 

atoms Soris, romlebic qmnian mdgrad sistemebs da uzrunvelyofen makavSi-

rebeli atomebis eleqtronuli garsis Tavisebur gadawyobas. 

4.1. qimiuri bmis saxeebi 

atomebis SeerTebiT warmoiqmneba rTuli sistemebi. es sistemebi SeiZle-

ba Sedgebodes homeo an heteroatomgulebisgan, mdgradi an aramdgradi sxva-

dasxva fazur mdgomareobaSi. mocemul pirobebSi, mravalatomiani sistema 

mdgradia niSnavs, rom ar xdeba TavisTavad daSla calkeul atomebad an raime 

nawilebad da rom mas ar SeuZlia kvlav SeerTebebi an reaqciaSi monawileoba. 

yovelive amas gansazRvravs bmis saxe or an mraval atoms Soris. 

4.1.1 homeopolaruli (kovalenturi) bma 

kovalenturi bmis dros atomebis molekuluri gaerTianeba xdeba eleq-

tronebiT, romlebic qmnian saerTo wyvilebs TiToeuli atomisTvis. uaryo-

fiTad damuxtuli eleqtronuli Rrublis simkvrive aris maqsimaluri dade-

biTad damuxtul birTvebs Soris. kovalenturi bmis warmoqmna SeiZleba war-

modgenil iqnas, rogorc atomuri orbitalebis, anu eleqtronuli Rruble-

bis gadafarva. aqedan gamomdinare, kovalenturi bmis simtkice misi warmoq-

mnili orbitalebis gadafarvebis intensivobis proporciulia. 

kovalenturi bmis TeoriaSi arsebobs kvantur-meqanikuri amocanis ori 

midgoma: valenturi kavSirebis meTodi da molekuluri orbitalebis wrfivi 

kombinaciis meTodi. 

a) valentur kavSirebSi martivi bmebi xorcieldeba erTi eleqtronuli 

wyviliT, magaliTad, 22 ,, FHClH  bmebi erTnairi da martivia. aseTia σ -bma. am 

dros is mimarTulia birTvis SemaerTebel swor xazze da masze ar gadis sak-

vanZo sibrtye. aseTi erTi bma warmoiqmneba mravaleleqtronian bmaSic. rad-

gan σ -bma RerZulad simetriulia, amitom SesaZlebelia atomebis Tavisufa-



 80 

li brunva am RerZis garSemo. atomebs Soris erTi σ -bmis ganxorcieleba ar 

niSnavs imas, rom maT Soris ar warmoiqmnas sxva bma. bmas, romelic xorciel-

deba ori da meti eleqtronuli wyviliT, axasiaTeben jeradobiT (rigiT). je-

radoba SeiZleba iyos orjeradi, samjeradi da a.S. jeradi bma Seicavs erT 

σ -bmas, π -bmas da zogjer δ -bmasac. 

π  bma aris bma, roca bmis xazze gadis erTi sakvanZo sibrtye. magaliTad, 

ganvixiloT sammagi bma azotis molekulaSi. P2 -Si moTavsebul eleqtroneb-

Si erT-erTis gadafarvisas miiReba erTi σ  — bma, danarCeni ori — P2 -orbi-

talebis gadafarviT — ori π  bma (nax.4.1). π  bma warmoiqmneba birTvebis Sema-

erTebeli RerZis orive mxares. 

 
nax.4.1. azotis molekulis  

warmoqmnis molekuluri sqema 
 

bmebis sakiTxis analizis srulyofisTvis saWiroa hibridizaciis sakiTx-

is ganxilva, romelic erTmaneTisagan damoukideblad SeimuSaves polingma, 

sleterma, milikenma, hundma meTanis geometriis asaxsnelad. 

naxSirbadatomma sami bma unda warmoqmnas erTmaneTis mimarT marTebuli 

P2 -orbitaliT, xolo erTi bma — sferuli s2  orbitaliT. es ar asaxavs rea-

lurad meTanis geometrias. amitom maT dauSves, rom bmebs warmoqmnian ara 

`sufTa~ P2  da s2  mdgomareobebi, aramed `Sereuli~, maTi gadanawilebis 
oTxi ekvivalenturi hibriduli orbitali (nax.4.2. a).  

 nax. 4.2 b-ze mocemulia aseTi 3SP  hibridizacia. am dros S -Si erTi eleq-

tronia, P -Si — sami. aseve adgili aqvs 2SP  hibridizacias sami Tavisufali bmiT, 

erTi S -Si, 2 - P -Si. SP  hibridizaciisas S -dan gadadis 1 eleqtroni P -Si. 

  

 
nax.4.2. SP3 hibridizaciis sqema 
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b) molekuluri orbitalebis wrfivi kombinaciis (mowk) meTodSi igu-

lisxmeba, rom molekula aris birTvebis da eleqtronebis erTiani sistema. am 

sistemaSi erTi eleqtroni miizideba yvela birTviT da ganizideba yvela 

eleqtroniT. 

molekuluri orbitalebis erToblioba gansazRvravs molekulis eleq-

tronul konfiguracias. is igeba im principiT, ra principiTac mravaleleq-

troniani atomis eleqtronuli konfiguracia (energiis minimumi, paulis 

principi, hundis da kleCkovskis wesebi). Tu gvaqvs ramdenime atomisagan Sem-

dgari molekula da cnobilia atomis talRuri funqciebi, maSin molekulis 

talRuri funqcia aris masSi Semavali atomebis talRuri funqciebis wrfivi 

kombinacia. maSasadame, yoveli eleqtroni molekulaSi imyofeba gansazR-

vrul atomur orbitalze. gansxvaveba mxolod imaSia, rom molekulaSi orbi-

tali aris atomuri orbitalebis wrfivi kombinacia da aris mravalcentru-

li, roca atomSi erTcentriania. 

bmebi πσ ,  da δ  wrfivi kombinaciebiT miiReba ise, rogorc molekuluri 

orbitalebi molekuluri orbitalebis ricxvi wrfiv kombinaciaSi monawile 

sawyisi atomuri orbitalebis ricxvis tolia. molekulur orbitalebSic 

aris ZiriTadi da aRgznebuli mdgomareobebi. eleqtronis ZiriTadi mdgoma-

reobidan aRgznebulSi gadasayvanad saWiroa energiis daxarjva, xolo piri-

qiT — gamoiyofa kvantis saxiT. yvela molekulas aqvs mkacrad gansazRvruli 

energetikuli doneebis erToblioba, amitom yvela molekulas eqneba Tavisi 

speqtri, rac mtkicdeba eqsperimentze.  

s1  atomis orbitalidan eleqtronis gadasvlas molekulis damakavSire-

bel orbitaze, ris Sedegadac miiReba bma, Tan sdevs energiis gamoyofa, xolo 

molekulis antidamakavSirebel orbitaze — energiis xarjva. Sesabamisad, 
damakσ s1 -ze eleqtronis energia ufro dabalia, vidre 

antidamakσ s1 -ze. miaxlo-

ebiT SeiZleba CaiTvalos, rom s1 -dan eleqtronis gadasvlisas damakavSire-

bel molekulur orbitaze gamoiyofa imdenive energia, ramdenic saWiroa s1 -

dan eleqtronis gadasayvanad molekulis antidamakavSirebel orbitaze. aqe-

dan gamomdinare, molekulis Seqmnisas gamoiyofa imdenive energia ramdenic 

saWiroa molekulis dasaSlelad. es energia gansazRvravs atomebs Soris sim-

tkices, anu bmis energias. magaliTad: 

 [ ] ( )[ ] 435112
2

2
1 +→ SHSH damσ kj 

 [ ] ( )[ ] 25911
1

2
1 +→+ ++ SHHSH damσ kj 

 [ ] [ ] ( ) ( )[ ] 2931111
12

2
12 +→+ ++ SSHeSHeSHe ant.damdam σσ kj 

— romelTa energetikuli diagrama mocemulia nax.4.3 a, b da d-ze. bmis 

simtkices gansazRvravs energiebis sxvaoba — damakavSirebeli da antidama-

kavSirebeli orbitalebis energiebi, damokidebulni maTze myofi eleqtro-
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nebis ricxvTa sxvaobaze (jeradobaze). jeradoba ganisazRvreba damakavSire-

beli eleqtronebis da antidamakavSirebeli eleqtronebis sxvaobis wyviliT. 

magaliTad, 2H -Si erTjeradi bmaa. 

nax. 4.3g-ze mocemulia [ ] [ ]22 11 SHeSHe +  bma. jeradobis mizeziT, 2He  da-

makavSirebelSi ori eleqtronia da antidamakavSirebelSic — ori, anu nuli 

jeradobis bmaa da es molekula ar iqneba mdgradi, rac marTlac bunebaSi ar 

daimzireba heliumis molekula.  

 

 
 

nax.4.3. homeoatomebisagan Sedgenili 

molekuluri orbitalebis energetikuli diagrama 

 

Tu romelime bmaSi 6 eleqtronia damakavSirebelSi da 2 — antidamakavSi-

rebelSi, maSin sxvaoba 4-ia, rac eTanadeba ormag jeradobas da aseTi mole-

kula mdgradia.  
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meore periodis elementebis homeoatomur bmaSi Semodis, garda σ -bmisa, 

π -bmac. magaliTad, azotisa da JangbadisTvis gare Srezea 32 22 PS  da 
42 22 PS , Sesabamisad. bmaSi monawileobs P2 -eleqtronebi, radgan S1  da S2 -

eleqrtonebis moqmedeba Zalian mcirea. myardeba erTi σ  da π2  - bma. azotis 

molekulaSi aris 6 eleqtroni damakavSirebel orbitaze da nuli — antidama-

kavSirebelze, amitom aris bmis sammagi jeradoba. Jangbadis molekulaSi 6 

eleqtronia damakavSirebelSi da 2 gauwyvilebeli — antidamakavSirebelSi, 

amitom jeradoba aris ormagi. unda aRiniSnos, rom gauwyvilebeli bma iZleva 

paramagnitur Tvisebas, rac SeimCneva 2O -sTvis eqsperimentze.  
Jangbadisa da azotisTvis Sesabamisi eleqtronuli konfiguraciebi mo-

cemulia nax.4.4-ze. naxazidan gamomdinare, 2N -is simtkice meti unda iyos, 

vidre 2O -sa. marTlac, 2N -is disociaciis energiaa 943kj/mol, xolo 2O -sa — 

494kj/mol. 2O -dan erTi eleqtronis wasvlam antidamakavSirebeli orbiti-

dan unda gazardos bmis simtkice, marTlac, +
2O -sTvis antidamakavSirebelSi 

aris erTi eleqtroni da jeradoba 2-dan gaizarda 2,5-mde, Sesabamisad, 
+
2O disociaciis energia gaxda 642kj/mol. amrigad, antidamakavSirebel or-

bitaze eleqtronis arseboba asustebs bmas. 

 

      
                                  a)                                                                                 b) 

  

nax.4.4. Jangbadis (a) da azotis (b) atomebisagan Sedgenili 

molekuluri orbitalebis energetikuli diagrama 

 

ori heteroatomuri atomebisagan Semdgari molekulis orbitalis eleq-

tronuli konfiguraciis miRebisTvis unda iqnas gaTvaliswinebuli am ato-
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mebis orbitalebis energiis sxvaoba. magaliTisTvis ganvixiloT CO  moleku-

lis eleqtronuli konfiguracia. bmaSi monawileobs C -sTvis 22P  da O -

sTvis 42P  eleqtronebi. maTi konfiguraciis suraTi mocemulia nax.4.5-ze. 

 
nax.4.5. naxSirbadis da Jangbadis atomebisagan Semdgari 

molekuluri orbitalebis energetikuli diagrama 

 

atomebis P2  eleqtronebis energiebi sxvadasxvaa. Jangbadis atomis bir-

Tvis muxti metia, vidre naxSirbadis atomis birTvis muxti. amitom Jangbadis 

atomebSi P2  eleqtronebi ufro Zlierad miizideba birTvis mier, rasac eTa-

nadeba ufro dabali energia. CO -Si 6-ve eleqtroni moTavsebulia damakavSi-

rebel orbitaze da iqmneba sammagi bma, ise, rogorc 2N -Si. amiT aixsneba CO -

isa da 2N -is erTnairi Tvisebebi. magaliTad, CO -sTvi disociaciis energiaa 

1076kj/mol, birTvebs Soris manZili 2N -Si 0.110 — nm, CO -Si — 0.113 nm, dno-

bis temperatura 2N -Si — 63Κ, CO -Si - 68Κ, duRilis temperatura 2N -Si — 

77Κ, CO -Si - 82Κ da a. S. 

4.1.2 heteropolaruli (ionuri) bma 

qimiur bmaSi SeiZleba monawileobdes ori erTnairi atomi. am dros yove-

li atomis garsis muxti iqneba simetriuli da atomis efeqturi muxti iqneba 

nulis toli. aseTi bma aris arapolaruli. roca bma Sedgenilia sxvadasxva 

atomebisagan, maSin elqtruli Rrubeli gadaweulia erT-erTi atomis mxares 

da iqmneba dipoli, lq=μ , sadac l  centridan gadawevis manZilia. aseTi bma 
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aris polaruli. aseT SemTxvevaSi arapolaruli bma iqneba nulis toli dipo-

luri momentiT. 

or makavSirebel atomisTvis eleqtruli Rrublis Tavis mxares gadawevas 

axasiaTeben sididiT, romelsac ewodeba eleqtrouaryofiToba. es aris pi-

robiTi sidide da SemoiRo polingma. eleqtrouaryofiTobis skalis fiziku-

ri arsi warmoadgina malikenma, romlis Tanaxmad, atomis eleqtrouaryofi-

Toba A  aris misi ionizaciis energiisa da eleqtronebisadmi swrafvis 

(ix.§3.4.) saSualo ariTmetikuli: 

)(
2

1
FIA i +=                                                                  (4.1) 

rac metia A , miT Znelia moacilo atoms eleqtroni da miT meti energia 

gamoiyofa misi SeerTebisas. magaliTad, wyalbadisTvis 3.14
2
=HA ev., xolo 

qlorisTvis — 7.16=ClA ev. da, cxadia, HCl -Si qlori Tavisken miizidavs met 

eleqtrons. 

ionuri bmis dros ar xdeba erTi atomidan meoreze eleqtronebis sruli 

gadacema, aramed daimzireba eleqtronuli Rrublis wanacvleba ufro meti 

eleqtrouaryofiTobis mqone atomisken. ionuri bma arsebiTad — esaa Zlie-

rad polarizebuli kovalenturi bma. 

ionuri bma, umetesad, myardeba iseT atomes Soris, romelTa eleqtrou-

aryofiTobebi erTmaneTisgan didad gansxvavebulia. Tumca Tanamedrove 

kvanturi Teoriis warmodgeniT, ar arsebobs 100%-iani ionuri bma, romelic 

gamowveulia eleqtronis dualisturi bunebiT.  

 
nax.4.6. bmis ionurobis kavSiri mis warmomqmnel 

atomTa eleqtrouaryofiTobebs Soris sxvaobasTan 

 

polingma SeimuSava ionuri bmis kriteriumi, romlis Tanaxmad, ionuri 

bmis warmomqmnel atomebs Soris unda iyos eleqtrouaryofiTobis sxvaoba. 

eleqtrouaryofiTobis cxrili: Li – 1.0; Be – 1.5; C – 2.5; N – 3.0; O – 3.5; F – 4.0; 

Na – 0.9; Al – 1.5; Si – 1.8; Cl – 3; Ka – 0.8; Ga – 1.6; Ge – 1.8; As – 2.0; Br – 2.8; Cs – 0.7; I 
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– 2.5; da a.S. nax.4.6-is mixedviT naTladaa warmodgenili bmis ionuroba misi

warmomqmneli elementebis eleqtrouaryofiTobis sxvaobis mimarT. magali-

Tad, 1.2=− NaCl χχ  da bma ≈60%-iT ionuria. 

ionma SeiZleba miizidos ioni sawinaaRmdego muxtiT da nebismieri mimar-

TulebiT, amitom ionuri bma araa mimarTuli (ar gaaCnia mimarTuleba). mole-

kulis geometriuli modelis warmodgena SeiZleba simetriiT: erTniSniani 

ionebi lagdebian rac SeiZleba Sors erTmaneTisgan. ionuri naerTebi qmnian 

kristalur mesers, sadac simetriis sibrtyeTa gadakveTis kvanZebSi ganla-

gebulia kaTionebi da anionebi. ionuri Teoria ver xsnis molekulis speqtrs 

da magnitur Tvisebebs, amitom is isazRvreba mxolod tute halogenebis Se-

erTebiT. magaliTad: NaCl . 

nax.4.7. natriumis qloris kristaluri mesris sqema 

• - 
+Na , ο - 

−Cl

nax.4.7-dan Cans TiToeuli kaTionis ( )+Na  irgvliv ganlagebuli eqvsi ani-

oni ( )−Cl  da piriqiT. maSin amboben, rom NaCl  kristalis koordinaciuli

ricxvi aris 6 (ionur kristalur meserSi mocemuli niSnis ionebis garSemo 

ramdeni sapirispiro niSnis ionia). energia, romelic saWiroa erTi moli 

kristalis airad ionebad dasaSlelad, kristaluri mesris energia ewodeba. 

miT metia es energia, rac mcirea ionis radiusi da metia muxti. 

4.1.3 metaluri bma 

metaluri Tvisebebi gaaCnia zogierT nivTierebas, romelic aris konden-

sirebuli. yvela nivTiereba, romelic kondensirebulia myar metalur mdgo-

mareobaSi, araa metali. metalis Tvisebas gansazRvravs metaluri bma. meta-

lis kristalur meserSi (kvanZebSi) ganlagebulia metalis kaTionebi, xolo 

maT Soris moZraobs Tavisufali eleqtronebi — e.w. eleqtronuli gazi. kvan-
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ZTa Soris ionebisa da eleqtronebis mizidviT ganpirobebulia metalis 

mTlianoba, simtkice.  

metaluri bma, mcire miaxloebiT, SeiZleba ganvixiloT, rogorc kovalen-

turi bma, radgan is emyareba gare savalento eleqtronebis gaerTianebas. me-

taluri bmis specifika isaa, rom kristalis yvela atomi monawileobs eleq-

tronebis gaerTianebaSi da gaerTianebuli eleqtronebi Tavisi atomebis 

garSemo ar lokalizdebian, aramed Tavisuflad gadadgildebian mTeli mes-

ris SigniT, riTac qmnian ~eleqtronul gazs~. radganac ar aqvT lokaluri 

bmebi, metaluri kristalebi (ionurisgan gansxvavebiT) ar irRvevian atome-

bis mdebareobis Secvlisas, e.i. maTi Tvisebaa plastikuroba deformaciisas. 

Tavisufali eleqtronebis arsebobis gamo metalebi xasiaTdebian didi eleq-

tro da siTbogamtarobiT, agreTve — didi sakoordinacio ricxviT (atomTan 

uaxloesi atomebis ricxvi), amitom, rom Seqmnan lokaluri oreleqtroniani 

bma, rogorc wesi, akliaT savalento elqtronebi, e.i. aris eleqtrodefici-

turi struqtura. magaliTad, ganvixiloT perioduli sistemis pirveli me-

tali — liTiumis kristaluri mesris agebuleba. misi sakoordinacio ricxvi 

aris 8, liTiumis atomi mxolod erT eleqtrons miscems bmis gansaxorcie-

leblad. amitomaa eleqtronebis deficiti (nax.4.8). 

 

 
 

nax.4.8. liTiumis kristaluri mesris sqema 
 

metalur kristalur meserSi metalis kaTionebs Soris Tavisufali eleq-

tronebis saSualebiT damyarebul qimiur kavSirs metaluri bma ewodeba.  

4.1.4. molekuluri (van-der-vaalsis) bma 

molekuluri (van-der-vaalsis) bma daimzireba rig nivTierebebisTvis mo-

lekulebs Soris, romelTa Sigamolekuluri bma kovalenturia. molekulaTa 

Soris mizidva arsebobs, roca savalento eleqtronebi iseT urTierTmdeba-

reobaSi arian (kerZod, erTmaneTisgan maqsimalurad Sors), rom eleqtrone-
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bis mizidva birTvebiT metia, vidre eleqtronebis ganzidva sxvadasxva ato-

midan. drois nebismier momentSi eleqtronebi erTmaneTisgan ufro Sors 

arian da maqsimalurad axlos arian birTvTan. es Zalebi eleqtruli xasiaTi-

saa da moqmedeben, rogorc dipolis mizidvis Zalebi. xdeba orientaciuli 

moqmedeba (dipoli-dipoli) polarul molekulebs Soris. polaruli mole-

kulebis dipolebi ise orientirdebian, rom sawinaaRmdego niSnis polusebi 

izidaven erTmaneTs, polaruli da arapolaruli molekulebis SemTxvevaSi 

arapolarulSi inducirdeba dipoli da moqmedebaa dipoli-inducirebuli 

dipoli (nax.4.9). inducirebuli dipoli izidavs Sesabamis poluss (polaru-

li molekulis dipoli). garda amisa, yvela SemTxvevaSi gvaqvs dispersiuli 

moqmedeba, anu moqmedeba swrafad Seqmnil da swrafadve gamqral dipolebze. 

aseTi dipolebis sinqronuli gaCena da gaqroba warmoSobs maT Soris mizidu-

lobas. es bma aRiZvreba TiTqmis yoveli nawilakisTvis, magram is Zalian sus-

tia, ramdenime rigiT naklebia kovalentur da ionur bmebze. molekuluri 

bma, radgan orientirebulia, Zalianaa damokidebuli temperaturaze, amitom 

molekuluri kristalebi xasiTdebian mcire dnobis temperaturiT. magali-

Tad, sanTlis (parafinis) dnobis temperaturaa 50÷520C. 

 

 
 

nax.4.9. molekuluri bmis Seqmnis sqema 

 

4.1.5 wyalbadiseburi bma 

es bma xorcieldeba or did eleqtrouaryofiT atoms Soris, roca maT 

Soris aris wyalbadi. ganvixiloT magaliTze: RYHRHRYHRX ′⋅⋅−→′+− ::  

wyalbadis atomi dakavSirebuli did eleqtrouaryofiTobis mqone X  

atomTan moqmedebs aseve didi eleqtrouaryofiTobis mqone Y  atomTan, ro-
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melsac ara aqvs ganuyofeli eleqtrowyvili. aseTi wyalbadis bmis energia 

(romelic saWiroa mis mosawyvetad) Zalian mcirea — 8÷40kj/mol. wyalbadis 

atomi, romelic dakavSirebulia ufro met eleqtrouaryofiT atomTan, pola-

rizebulia, anu damakavSirebeli eleqtronuli wyvili gadaweulia meti eleq-

trouaryofiTi atomisaken. amitom wyalbadis atomis mdgomareoba uaxlovde-

ba +H -is mdgomareobas, e.i. protons. mas ki ar gaaCnia eleqtruli Rrubeli da 

miizideba meore atomis eleqtruli RrubeliT da inergeba masSi. swored ase-

Ti wyalbadiseburi bma xorcieldeba didi eleqtrouaryofiTobis mqone 

CSClNOF ,,,,, 22  da a.S. elementebs Soris. am dros miiReba wrfivi struqtura 

YHX ⋅⋅⋅− . SeiZleba miviRoT simetriuli bma XHX −− . zogadad, YH − bmis 

gaZliereba asustebs HX −  bmas. yinuli da wyali aris struqtura, sadac mo-

lekulaTaSoriso bma aris wyalbadiseburi. Tu nivTiereba Tavis gamxsnelTan 

qmnis wyalbadisebur bmas, maSin gamxsneloba izrdeba. 

sakontrolo kiTxvebi:  

1. ra parametrebiT xasiaTdeba qimiuri bma? 

2. rogori saxis bmebia π- da σ- bmebi? 

3. ra aris hibridizacia? 

4. rogoria kovalenturi bma? 

5. axseniT CO2 molekulaSi bmis polaroba; 

6. ra aris eleqtrouaryofiToba da rogoria ionuri bma? 

7. ratomaa azotis molekulis ionizaciis energia (15,8 ev) azotis ato-

mis ionizaciis energiaze (14,5 ev) meti, xolo Jangbadis molekulisa 

da atomisaTvis — SebrunebiT? 

8. ratomaa, rom CO —s molekulidan eleqtronis arTmeva asustebs bmas, 

xolo NO -dan — piriqiT, aZlierebs; 

9. mokled aRwereT qimiuri bmis saxeebi, maTi msgavsebebi da gansxvave-

bebi. 

5. nanostruqturebSi Sinagani da garegani zedapirebis roli 

nanonawilakebSi, moculobasTan SedarebiT, atomebis umetesi wili modis 

zedapirze. cxadia, rom sxeulis zedapiriswina Txel areSi (~ 1nm) atomebis 

wili, anu xvedriTi zedapiri α izrdeba nivTierebis Semadgeneli nawilakebis 

R zomis SemcirebasTan erTad, radganac α=S/ρV=R2/ρR3=1/ρR, sadac S nawilakis 

zedapiria, ρ — simkvrive, xolo R — misi xazovani zoma. xvedriTi zedapiris 

sididis ganzomilebaa m2/g. d wibos mqone kubis zedapiris farTobia 6d2 da 
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moculoba — d3, maSin xvedriTi zedapiri α=S/V=6/d. d diametris sferos 

zedapiris farTobia πd2 da moculoba — πd3/6, rac iZleva α=S/V=6/d. cilindrs 

d diametriT da L sigrZiT aqvs moculoba V= πd2L/4. zRvarSi, roca L«d aris 

disko, romlis orive mxris farTobis jamia S=πd2/2, rac iZleva α=S/V=2/d. 

analogiurad, grZeli cilindris, anu d diametris mavTulis SemTxvevaSi L»d, 

farTobi S=πdL da xvedriTi zedapiri α=S/V=4/d. ase rom, erTi da imave ρ 
simkvrivis nivTierebis sxvadasxva formisTvis xvedriTi zedapiri sxvadas-

xvaa, kerZod, kubisTvis — α=S/ρV=6·103/ρd; sferosTvis — α=S/ρV=6103/ρd; Txeli 

firfitisTvis — α=S/ρV=2·103/ρd da mavTulisTvis — α=S/ρV=4·103/ρd, sadac d 

izomeba nm-Si, xolo ρ — g/sm3. naxevargamtarTa simkvrive ZiriTadad Zevs 

intervalSi 2 ÷ 8 g/sm3, kerZod, CaAs —sTvis ρ=5,32 g/sm3. Sesabamisad, misTvis 

xvedriTi zedapirebi iqneba: 

 

zoma, nm kubi sfero milaki firfita 

4 349 282 187 94 

40 36 29 19 10 

100 13 11 8 4 

200 7 6 4 2 

 

cxrilidan Cans, rom xvedriTi zedapirebis mniSvneloba damokidebulia 

nanonawilakis zomaze da formaze. sferos xvedriTi zedapiri metia, vidre 

mavTulis da firfitis, radgan sferos maT Soris ukavia minimaluiri mocu-

loba. gavaanalizoT kubis da sferos xvedriTi zedapirebis SemTxveva da da-

vuSvaT, rom R-radiusiani sferos moculoba iseTivea, rogorc a wibos mqone 

kubisa, maSin 4/3·π R3 = a3 da a = (4π/3)1/3 R, rac iZleva, rom erTi da imave 

moculobisas αkub.= 1,24αsfer.. amitom erTi da imave moculobisas kubs aqvs 24% 

-iT meti xvedriTi zedapiri, vidre sferos. Tu toli aqvT zedapirebi, maSin 

πd2=6a2, saidanac d=1,4a. R-radiusiani sferosa da R-radiusian da L sigrZis 

cilindrs Soris 4π R3/3 = πR2L da vRebulobT: L=1,3R. toli xvedriTi zedapi-

rebisas cilindris wibos sigrZe 30%-iT meti unda iyos sferos diametrze. 

xvedriTi zedapiris gazrda, garda nawilakis zomis Semcirebisa, SesaZle-

belia simkvrivis SemcirebiT, anu forianobis gazrdiT. es SesaZlebelia mo-

culobiT masalaSi wvrili sicarieleebis SeqmniT. zogierTi masala, magali-

Tad ceoliti, maTi miRebis procesSi sxvadasxva gare faqtorebis moqmedebi-

sas, formirdeba marcvlebis saxiT, Siga  

sicarieleebiT (forebiT). es forebi xSirad arian nm-uli zomis da gamo-

dian zedapirze. am SemTxvevaSi nanonawilakis gare zedapirs emateba Sigac da 

zedapiris saerTo farTi izrdeba.  

zogadad, katalizisTvis saWiroa safeni zedapiris didi farTobiT. Tu 

es safeni forovania, maSin katalizatoris molekulebi ekvrian safenis ze-

dapirs da iwveven qimiur reaqciaSi katalizur efeqts. rac metia fori, miT 
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meti zedapiria da procesic ufro efeqturia. SesaZlebelia zogierTi ara-

katalizatoruli molekula an naerTi miuerTdes zedapirs, Seamciros fo-

ris diametri, anu amiT amcirebs aqtiuri zedapiris farTs da, Sesabamisad, 

amcirebs katalizur efeqts.  

cnobilia agreTve, rom zedapirze disocirebuli atomebis Tvisebebi gan-

sxvavdeba moculobiTi atomebis Tvisebebisagan, radgan zedapiruli atomebi 

uSualod ukavSirdebian garSemo myof atmosferos atomebs, vidre moculo-

biTi. garda amisa, zedapirze atomebis gaujerebeli bmebis gamo SeiZleba mi-

viRoT maTi sxvanairi rekonstruqcia da ganlageba, amitom SesaZlebelia ze-

dapirze ganlagdnen garSemo atmosferoSi myofi atomebi an molekulebi da 

Seiqmnas zedapiruli `Jangis~ fena, moculobiT atomebTan mogrovdnen seg-

rerirebuli atomebi, vakansiebi da a. S. ukanasknelTa gamxsneloba moculo-

baSi da gamyof sazRvrTan axlos iqneba sxvadasxva, rac qmnis wonasworul 

koncentraciaTa sxvaobas da, Sesabamisad, ormag eleqtrul Sres.  

damatebiT Taviseburebebs avlenen monoatomuri, nivTierebis Canasaxis 

marcvlis atomebi, moculobis da swori zedapiris atomebTan SedarebiT nak-

lebi sakoordinacio ricxvis gamo. es SeiZleba mkveTrad zrdis zedapiris qi-

miur da katalizur aqtivobas, eleqtro-fizikur Tvisebebs da a. S. zedapiri 

warmoadgens denis matareblebis CamWers, Cndeba zedapiruli lokaluri do-

neebi (tamis an Soklis) akrZalul zonaSi.  

yovelive es erTad qmnis safuZvels, rom zedapiriswina ubani ganvixi-

loT, rogorc nivTierebis axali mdgomareoba, rasac Seiswavlis sagani 

`zedapirebis fizika~. planaluri teqnologiis ganviTarebas, sqemis miniati-

urizaciasa da membranuli teqnologiis ganviTarebasTan erTad, es sagani ga-

daiqca nanoteqnologiis safuZvlad.  

aRsaniSnavia agreTve, rom zedapirze xdeba kristaluri struqturis de-

feqtebis didi nawilis Tavmoyra Zaluri gamosaxulebiT da sxvaTa moqmede-

biT. Zaluri gamosaxulebaa gamoTvlis meTodi, roca warmodgeniT gamyofi 

sazRvris meore mxares simeetriiT ganixileba zustad iseTive obieqti sawi-

naaRmdego niSnis muxtiT. is ecema zedapiridan daSorebisas, magram, roca na-

wilakis zoma sakmaod mcirea, mas SeuZlia moculobidan zedapirze amoqaCos 

defeqtebi da moculoba gaxados struqturulad da qimiurad ufro sruli. 

amrigad, Tvisebrivad yovelTvis ganirCeva zedapiriswina ubani da moculoba 

erTmaneTisagan. 

gazuri da Txieri fazebidan kristalizaciis procesisas, molekulur-

sxivuri epitaqsisas, myar sxeulSi polimorfuli da sxva fazuri gardaqmne-

bisas did rols TamaSobs axali fazis warmoqmnis Canasaxi da misi Semdgomi 

zrda. am procesis mikroskopuli meqanizmi gadacivebul siTxeSi an gazSi de-

talurad dRemde araa cnobili.  

arCeven homogenur da heterogenur fazwarmoqmnebs. heterogenuri 

procesis dros warmoqmnaSi monawileobas Rebulobs matricul fazaSi an mis 

axlos zedapirze ukve Seqmnili araerTgvarovnebebi. es SeiZleba iyos mtvris 



 92 

nawilaki, gazis buStebi siTxeSi, eleqtrulad damuxtuli obieqtebi, Wur-

Wlis kedlis xaoianoba da a. S. aseTi aRgznebis gareSe fazwarmoqmna homoge-

nuria. 

ganvixiloT martivi SemTxveva — izotropuli homogenuri fazwarmoqmna 

erTkomponentiani nawilakis orTqlidan kondensaciisas da xsnaridan kris-

talizaciisas. am SemTxvevaSi axali fazis nawilakebi gamoiyofa ZiriTadi fa-

zidan, xasiaTdeba gansazRruli zedapiruli energiiT da aqvs sferuli for-

ma. atomebis an molekulebis gadasvlas axali fazis zedapiriT siRrmeSi Tan 

axlavs qimiuri μ potencialis cvlileba. rac meti axali N atomi gadava axal 

fazaSi, miT ufro metad Seicvleba gibsis Termodinamikuri potenciali. ro-

gorc cnobilia, TviTdinebis procesebi mimdinareobs Termodinamikuri po-

tencialis Semcirebis gziT. kondensirebul mdgomareobaSi atomis an mole-

kulis qimiuri potenciali ufro mcirea, vidre gazSi, xsnarSi da nadnobSi. 

amitom fazuri gadasvlis saWiro pirobaa sistemis orTqli — siTxe an siTxe 

— myari sxeuli gadajereba da gadaciveba wonasworuli xazis dabla. aseve 

cxadia, rom kristalis zrdisTvis, da ara gaxsnisaTvis, saWiroa, kristali-

zaciis centrs hqondes zoma kritikul Rc- ze meti. es gasagebia, Tu gavaana-

lizebT axali fazis wanazrdis modelSi Tavisufal energiaSi mogebas da wa-

gebas gamyofi zedapiris gaCenasa da masTan dakavSirebul damatebiT energi-

as (nax.5.1).  

 

 
nax.5.1. Tavisufali energiis  

damokidebuleba axali fazis zomaze 

 

sferuli wazrdisas Tavisufali energia icvleba, rogorc R3, xolo zeda-

pirulisas — R2. amitom maTi sxvaoba iZleva mruds maqsimumiT. realuri niv-

TierebisaTvis es maqsimumi aris zomebSi 1-10 nm-is farglebSi, rac eTanadeba 

wanazrdSi ramdenime erTeulidan ramdenime aTaseuli atomis arsebobas. am-

rigad, kristalizaciis centrebi — mcireatomiani klasterebi an nanonawila-
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kebia. wanazardebi Rc zomiT aris kritikuli, radganac fazis zrda xdeba ma-

Sin, roca R> Rc. wanazardi, roca R< Rc ixsneba an orTqldeba garSemo atmos-

feroSi. es modeli asaxavs mxolod fazis zrdis dasawyiss. realurad is 

rTuldeba sxvadasxva faqtorebiT, kerZod, mcireatomiani klasteri xasiaT-

deba gansazRvruli mowesrigebis xarisxiT da anizotropulobiT. maT gadah-

yavT fazis zrda sferulobidan. sxvadasxva wiboze sxvadasxvaa zedapiruli 

energiebi da amitom gansxvavdeba saerTo makrosxeulis zedapiruli energie-

bisgan. es gasaTvaliswinebelia gibsis energiis gansazRvrisas, roca xdeba 

yvela wiboebisTvis energiebis ajamva.  

situacia ufro rTuldeba, roca axali faza formirdeba myari matricis 

SigniT. axali da Zveli fazebi gansxvavdebian Cawyobis simkvriviT, krista-

lografiis simetriiT, Termuli gafarToebis koeficientiT da a. S. ris Se-

degadac aRiZvreba drekadi daZabulobebi da damatebiTi energiebi, romle-

bic unda gaviTvaliswinoT gibsis potencialSi. ufro dawvrilebiT ganxil-

visas aseve gasaTvaliswinebelia sxvadasxva struqturuli defeqtebis, dis-

lokaciebis, Cawyobis defeqtebis da a.S. arseboba.  

bevr praqtikul SemTxvevaSi homogenuris dawyebamde xdeba heterogenu-

ris Camoyalibeba sxvadasxva araerTgvarovnebebze gadacivebul areSi, ga-

mowveuli WurWlis kedlebiT, qvesafeniT da a. S. am araerTgvarovnebis zome-

bi unda iyos Rc -is rigis, anu nanozomebSi. es niSnavs, rom xelovnurad Seqmni-

li kristalizaciis centri arsebiTad cvlis kristalizaciis process. qve-

safenis parametrebisgan damokidebulebiT SesaZlebelia sruliad gansxvave-

buli zedapiriswina nanostruqturebi, romlebmac farTo gamoyeneba poves 

praqtikaSi. suraTis sruli warmodgenisTvis saWiroa axali fazis warmoq-

mnis kinetikis mikroskopuli aspeqtis ganxilva, magram xSirad es aris sadis-

kusio, magaliTad, nanomilis formireba da zrda.  

nanonawilakebSi, nanokristalur masalebSi, nanokompoziciebSi fazur 

gadasvlebze did gavlenas axdens struqturuli erTeulis zomebi. kerZod, 

magnituri mowesrigebis Tavisebureba, nivTierebis magnituri Tviseba misi 

gare magnitur velSi moTavsebisas arsebiTadaa damokidebuli nawilakis zo-

maze, fenis sisqesa da sxva geometriul maxasiaTeblebze. informaciis ul-

tramkvrivi Cawerisa da magnituri logikuri elementebis swrafqmedebis 

gazrdis perspeqtiulobasTan dakavSirebiT zomis efeqts magnitimzSi aqvs 

didi mniSvneloba. magnituri TviTmowesrigeba aRiZvreba moqmedebis kvantu-

ri gacvliT, gardamavali metalebis atomebisTvis magnituri momentebi lag-

deba paralelurad (feromagnetikebi) an antiparalelurad (ferimagnetike-

bi) kiuris an neelis temperaturis dabla, Sesabamisad. mowesrigebuli atome-

bis ricxvis zrdiT izrdeba nawilakebis magnituri energia (moculobis pro-

porciulad). nawilakis zomis gazrdiT raRac kritikul Rc
m-mde, erTgvaro-

vani damagnitebis mdgomareoba xdeba araxelsayreli, vidre mravaldomenu-

ri. domenebis aRZvra — ubani, anu are, sadac damagnitebis veqtorebs aqvT ur-

TierTsawinaaRmdego mimarTuleba, nawilakebis jamuri magnituri energiis 
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SemcirebiT. kristaluri warmoqmnis msgavsad, Rc
m ganisazRvreba magnituri 

energiis, romelic proporciulia Rc
m -is, da domenis kedlis Wd-is, romelic 

izrdeba R2-is proporciulad, konkureciiT. realurad, magnitur masalebSi 

Rc
m -is zomebi Zevs intervalSi 10 nm-dan aTeulobiT mkm-mde. es niSnavs, rom 

am zomis nawilakisTvis, firis sisqis Tu mavTulis diametrisas, maTi Tvise-

bebi arsebiTad iqneba gansxvavebuli missave makroskopuli sxeulisgan. mag-

nitur velSi myof erTdomenian nanonawilakSi daimzireba superparamagne-

tizmis efeqti, ra drosac TviTdamagnitebis veqtori siTburi rxevebis moq-

medebiT iwyebs qaosur fluqtuacias. efeqti daimzireba nawilakis maxasia-

Tebeli R zomis SemcirebiT iseT Rs-mde, roca kT≥Wm≈AßRs3, sadac k bolcma-

nis mudmivaa; T — absoluturi temperatura; A — damagnitebis jamuri 

anizotropiis mudmiva; ß — nawilakis formis koeficienti. am pirobebSi mag-

nituri domeni iqceva, rogorc paramagnituri gazis atomi didi magnituri 

momentiT, damagnitebis orientaciis ganuwyveteli cvlilebiT. supermagne-

tikebze gare susti velis modebiTac ki xdeba makrodamagnitebis gajereba, 

radganac calkeuli nawilakebis magnituri momentebi asiaTasobiT metia 

atomisaze. am mdgomareobaSi magnituri momentebis fluqtuacia praqtiku-

lad araa. nanonawilakis zomebis kidev ufro SemcirebiT TviTmowesrigeba 

SeuZlebelia magnetizmis kvanturi bunebiT da ganuzRvrelobis principiT. 

R —is Semcireba zrdis ganuzRvrel impulss, Sesabamisad, energias ΔWm. roca 

ΔWm≈ kT mowesrigeba saerTod ar aRiZvreba, maSin klasteris zoma ≈ 1nm-a. 
bevri metali (ramdenime aTeulamde), nanoklasterebsa da nanonawilakeb-

Si atomebis ricxvis Semcirebisas, kargavs metalur Tvisebebs. amasTanve, es 

zrdis savalento eleqtronebis urTierTmoqmedebas da magnituri mowesri-

gebis gamo zrdis magnitur Tvisebebs. liTiumis, platinis da aluminis nano-

nawilakebisTvis, romelTa zomebia ∼1nm, dabal temperaturebze SeimCneva 

magnituri amTviseblobis cvlileba kiuris kanoniT, romelic damaxasiaTe-

belia magniturad mowesrigebuli nivTierebebisTvis, amavdroulad, maRal-

temperaturul areSi emorCilebian paramagnetikebisTvis paulis kanons.  

magnituri Tvisebebis cvlileba zomis SemcirebiT SeimCneva agreTve kla-

sikur feromagnetikebSi. makroskopul nimuSebSi kiuris temperaturis dab-

la urTierTmoqmedeba iwvevs domenebis warmoqmnas. mezobeli domenebisTvis 

jamuri magnituri momentebi mimarTulia urTierTsawinaaRmdegod, rac am-

cirebs kristalis magnitur energias. mravldomenian nawilakebSi gare magni-

turi veli iwvevs domenTSoriso kedlebis wanacvlebas da velis gaswvriv 

domenTa moculobis gazrdas. Tu nawilakTa zomebi ar aRemateba kritikul 

mniSvnelobebs – Rc∼30 . . 40 nm, isini gadadian erTdomenian mdgomareobaSi, 

romlebic xasiaTdebian udidesi koercituvuri Hc ZaliT. nanonawilakebis 

zomebis Semdgomi SemcirebiT, R∼5 . . . 10nm, mkveTrad mcirdeba koercituvu-

ri Zala da Hc =0. ramdenime nm-ze dabali zomis nawilakebi imyofebian para-

magnetur mdgomareobaSi. 
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zomis Semcirebis zedapiruli efeqtebis gavlenas ganicdis, agreTve, 

struqturuli defeqtebi: dislokaciebi, mikronapralebi da a. S. erTi mxriv, 

maTi warmoSoba da evolucia iwvevs drekadi daZabulobebis relaqsacias (Ta-

visufali energiis Semcirebas); meore mxriv, maTi zomebis gazrda zrdis sa-

kuTar energias. nawilakis kritikuli zomebi gansazRvraven am faqtorebis 

konkurecias.  

kristalikTa zomebis SemcirebiT, anu zedapirul nawilakTa fardobis 

gazrdiT moculobasTan SedarebiT, izrdeba zedapiruli Zalebis roli (ad-

gezia, eleqtrostatikuroba, kapilaroba) da Semcirdeba moculobiTis (gra-

vitacia, inerciuloba, magnituri Tvisebebi). bolos, gamtaridan misi zomis 

SemcirebiT joulis siTbos arTmeva umjobesdeba, radganac gafantvis ener-

gia ecema, R2-is proporciulad siTboarTmevis farTi ki R1-is proporciu-

lad. es iZleva saSualebas, integralur mikrosqemaSi elementTaSoriso Se-

maerTeblebze miviRoT denis iseTi simkvrive, romelic SeuZlebelia makro-

mowyobilobaSi. zedapiris gavlenis efeqti mcire zomis struqturebSi kar-

gad vlindeba, agreTve, gadataniT movlenebisas (eleqtruli deni, siTbogam-

tarebloba, plastikuri deformacia da a. S.). am dros matareblebs SeiZleba 

mieweros efeqturi Tavusufali ganarbenis Re sigrZe. roca R » Re matareble-

bis gabneva (CaWera, rekombinacia) xdeba moculobaSi da araa damokidebuli 

obieqtis geometriul zomaze. roca R<Re situacia radikalurad icvleba da 

kinetikuri movlenebi damokidebulia zomaze, anu zedapiris rolze. garda 

Tavusufali ganarbenisa, aseve maszea damokidebuli ekranirebis sigrZe, di-

fuziis sigrZe da a. S.  

cnobilia, rom ucxo atomebis difuzia zedapirze ufro swrafad mimdina-

reobs, vidre moculobaSi (gansakuTrebiT, maRal temperaturaze), radgan 

Tavisufali, gauwyvilebeli bmebi bevria da difuziisTvis bmis gawyvetaze 

energia ar ixarjeba. nanostruqturis masalebSi marcvlovnebis gazrdis ga-

mo Sinagani sazRvrebi didia, didia sazRvris efeqtis fardoba moculobiT 

efeqtTan da, Sesabamisad, mkveTrad izrdeba difuziis koeficienti, migra-

ciis da rekristalizaciis siCqare da sxva nanomasalis maxasiaTeblebi mis ma-

siur obieqtTan SedarebiT. am mizeziT (sxva defeqtebis didi koncentraci-

is, arawonasworuli fazebis, forebis, Sinagani daZabulobebis da a. S. mize-

ziT), nanomasalebi Sors arian Termodinamikuri wonasworuli mdgomareobe-

bisgan. amitom dRis wesrigSi dgas maTi struqturis da Tvisebebis stabili-

zaciis sakiTxi, gansakuTrebiT, maRal temperaturebze. 

5.1. nanonawilakis geometriuli struqtura 

nanonawilakis geometriul struqturas atomebis kompaqturad Cawyobis 

Taviseburebebis Semdeg advilad gavarCevT. misi kristaluri struqtura 

iseTivea, rogorc Sesabamisi moculobiTi masalis kristaluri struqtura, 

mxolod meseris parametris ramdenadme gansxvavebiT. 80 nm zomis aluminis 
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nawilakis rentgenulma difraqciam aCvena misi bazocentrirebuli saxis 

elementaruli ujredi, iseTive, rogorc moculobiTi masalis. kompaqturi 

wyobis principiT, 13 atomisagan Semdgar aluminis klasters unda hqondes 

iseTive bazocentrirebuli saxis elementaruli ujredi, rogorc 80 nm zo-

mis nawilaks. magram funqcionaluri simkvrivis meTodiT molekuluri orbi-

talebis gamoTvlam aCvena, rom minimaluri energia aqvs ikosaedrul wyobis 

formas, romelic jer eqsperimentze ar damtkicda. zogjer nanonawilaks, 

romlis zoma < 5 nm, aqvs sxvagvari struqtura, vidre mis moculobiT masa-

las. magaliTad, oqros nawilakebs, zomiT 3-5 nm, aqvT ikosaedruli struq-

tura, roca moculobiTi oqro kristalizdeba bazocentrirebul mesrad. 

mcire nanonawilakis struqturis eqsperimentuli gansazRvra Zalian rTu-

lia da monacemebic mwirea. magram mainc dadginda, rom indiumis klasteris 

struqtura ganicdis cvlilebas 5,5 nm zomis Semcirebis Semdeg. 6,5 nm-is ze-

viT, rac eTanadeba daaxloebiT 6000 atoms, klasters aqvs tetragonaluri 

bazocentrirebuli struqtura, fardobiT c/a toli 1,075. 6,5 nm-is qveviT 

fardoba c/a mcirdeba da 5 nm-sas xdeba 1-is toli, e. i. xdeba kuburi. 

geometriuli agebulebis mixedviT, klasteri SeiZleba iyos sxvadasxva 

formis: jaWvi, cikli, piramida, poliedri da a. S. nax.5.2-ze mocemulia klas-

teris geometriuli agebulebis forma 3; 4 da 5 atomis SemTxvevaSi. ufro me-

ti atomis klasterisTvis forma ufro rTuldeba. 

unda aRiniSnos, rom izolirebuli nanonawilakis struqtura gansxvavde-

ba stabilizebul ligand-struqturisagan. ligand-stabilizacia miiReba ma-

Sin, roca metalur atomebs an ionebs miuerTdeba arametaluri ionebis jgu-

fi. struqturis Secvla aisaxeba nanonawilakis mraval Tvisebaze.  

 

 
 

nax.5.2. klasteris geometriuli  

agebulebis formebi 
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Al13-Si erT atomze mosuli bmis energia ufro mcirea, vidre moculobaSi. 

Al13-is klasters zedapirze aqvs erTi gauwyvilebeli eleqtroni. erTi eleq-

tronis damateba avsebs garss, rac zrdis Al13( —) ionis bmis energias. magram 

mainc naklebia, vidre moculobaSi.  

nanonawilakebs ganvixilavT, rogorc individialurs, izolirebuls, mag-

ram es yovelTvis ase araa. zogierTi nanonawilaki, magaliTad, alumini, gamo-

irCeva didi reaqciuli aqtivobiT. individualuri aluminis nawilaki haerze 

swrafad ifareba JangiT. rentgenulma fotoeleqtrulma speqtroskopiam aC-

vena, rom 80 nm zomis klasterisas, aluminis Jangis sisqe 3-5 nm-ia. amitom, 

sufTa nanonawilakis miRebisTanave maT xSirad faraven zedapirulad aqtiu-

ri nivTierebiT (zan), anu akeTeben pasivacias. magaliTad, oqros nanonawi-

laks faraven gogirdwyalbadis organuli naerTiT da iqmneba S-Au-is Zlieri 

bma, romelic xasiaTdeba molekuluri simetriiT da oqros icavs gare faq-

torebis moqmedebisagan.  

5.2. magiuri ricxvi 

mas-speqtroskopiis meTodiT SesaZlebelia gaizomos masalis Semadgenel 

nawilakTa raodenobis damokidebuleba nivTierebis masis muxtTan fardoba-

ze [N=ƒ(m/e)]. tyviis klasterze Catarebulma mas-speqtrometriulma eqsperi-

mentma aCvena, rom 7 da 10 atomisagan Semdgari klasterebi ufro albaTurni, 

anu ufro stabilurni arian, vidre sxva atomebisagan Semdgari klasterebi. 

nax.5.3a-ze mocemulia atomebis ionizaciis potencialis damokidebuleba 

maT atimur Z nomerze, romelic atomSi protonebis ricxvis tolia. rogorc 

cnobilia, ionizaciis potenciali — esaa energia, romelic saWiroa neitra-

luri atomisTvis gare Sridan erTi eleqtronis mosacileblad. ionizaciis 

potencialis maqsimaluri mniSvnelobebi aqvT neitraluri gazis atomebs — 

He, Ne, Ar da a. S., radganac maT aqvT Sevsebuli gare s da p orbitalebi. yvela-

ze mcire aqvT tutemiwaTa metalebs — Na, Ka da a. S. maT aqvT mxolod erTi 

eleqtroni gare orbitalze da mis mosawyvetad mcire energiaa saWiro. 

nax.5.3 b-ze gamosaxulia natriumis atomebis klasterisTvis ionizaciis po-

tencialis damokidebuleba maTSi arsebuli atomebis ricxvze. pikebi miiRe-

ba, roca klasterSi aris 2 da 8 atomi. tyviisaTvis — 7 da 10, natriumisaTvis 

ki 2 da 8 magiuri ricxvebia. 
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nax.5.3. ionizaciis potencialis damokidebuleba atomur nomerze 

(a) da Na- is klasterSi atomebis ricxvze 

yvela atomis klasters aqvs gansazRvruli magiuri ricxvi. esaa atomebis 

is ricxvi, roca Sesabamisi klasteri stabiluria. misi arseboba iZleva saSua-

lebas, klasteri ganvixiloT, rogorc superatomi. rogorc zemoT aRvniS-

neT, klasteris stabilurobas gansazRvravs atomuri struqtura, amitom ma-

giur ricxvs xSirad uwodeben struqturul magiur ricxvs.  

5.3. nanonawilakis eleqtruli struqtura 

nanonawilakis da nanostruqturis eleqtruli struqturis gansazR-

vrisTvis sainteresoa maTi Teoriuli modelis dadgena. miaxloebiT SeiZle-

ba iTqvas, rom isini superatomebia da maTTvis misaRebia `Jeles modeli~. am 

modeliT klasteris TiToeuli atomis birTvis dadebiTi muxti Tanabradaa 

ganawilebuli klasteris birTvis tol sferos moculobaSi. aseTi sferuli 

simetriis potencialuri ormo warmoadgens eleqtronebis da birTvis urTi-

erTmoqmedebis potencials. klasteris energetikuli doneebi SeiZleba mivi-

RoT aRniSnuli sistemisTvis Sredingeris gantolebis amoxsniT, ise, ro-

gorc es xdeboda wyalbadis atomisTvis. nax.5.4-ze gamosaxulia atomis ener-

getikuli doneebi, maTze muxtis ganawilebiT da Sesabamisi muxtis ganawile-

ba nanosistemisTvis. zeda indeqsebi aRniSnaven mocemuli energetikuli do-

neebis Sevsebisas maTze eleqtronebis raodenobas. superatomSi eleqtrone-

bis saerTo raodenobas eTanadeba eleqtronebis magiuri ricxvi, roca zeda 

energetikuli done mTlianad Sevsebulia. aRsaniSnavia, rom Jeles modelis-

Tvis da wyalbadis atomisTvis doneTa Tanmimdevroba erTmaneTs ar emTxveva. 

am modeliT magiuri ricxvi eTanadeba klasters, roca misi yvela done Sevse-

bulia eleqtronebiT. 
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a)                                   b) 

 

nax.5.4. atomis (a) da nanosistemis (b) energetikuli doneebi 

 

klasteris Tvisebebis Seswavlis meore alternatiuli modeli mas ganixi-

lavs, rogorc molekulas da molekularul orbitalebis Teorias iyenebs 

funqcionaluri simkvrivis TeoriisTvis. es midgoma SeiZleba mcire metalu-

ri klasteris realuri eleqtronuli struqturis gamoTvlisTvis. wyalba-

dis atomis kvantur TeoriaSi birTvis garSemo mbrunavi eleqtroni ganixi-

leba, rogorc talRa. am talRis maTematikuri ψ funqcia Sredingeris gan-

tolebis amoxsnaa da iTvaliswinebs eleqtronis moqmedebas birTvis dadebiT 

muxtTan. talRuri funqciis amplitudis kvadrati aris eleqtronis yofnis 

albaToba birTvis mimarT mocemul wertilSi. wyalbadis atomis yvelaze da-

bali donis talRuri funqcia aRiniSneba 1s-iT da aqvs aseTi saxe: ψ=exp(-r/δ), 

sadac r manZilia eleqtronsa da birTvs Soris, xolo δ — boris pirveli orbi-

tis radiusi. am funqcias pouloben Sredingeris gantolebis amoxsniT, roca 

eleqtronis da birTvis eleqtrostatikuri potencialia e/r. wyalbadis ato-

mis gantoleba fizikaSi erT-erTi zustad amoxsnadia da kargad asaxavs mov-

lenebs. molekulis SemTxvevaSi, magaliTad, H2
+ ionisaTvis molekuluri or-

bitalebis TeoriiT SeiZleba, rom sistemis talRuri funqcia moiZebnos, ro-

gorc ori izolirebuli atomis talRuri funqciebis wrfivi kombinacia, ro-

melic ase gamoisaxeba: 

ψ=aψ(1)1s + bψ(2)1s ,              (5.1) 

molekuluri ionisaTvis Sredingeris gantolebas aqvs aseTi saxe:  

Ψ=Ψ
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                                                                                      (5.2) 
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sadac ∆ aRniSnavs ormagi diferencirebis operacias, kvadratul frCxileb-

Si bolo ori wevri ori dadebiTi birTvis mier misgan ra da rb manZilebze myofi 

eleqtronebis mizidvaa. wyalbadis molekulis SemTxvevaSi, roca ori eleq-

tronia, maT daematebaT eleqtronTa ganzidvis kidev erTi wevri. roca mo-

lekula Sedgeba mravali atomisa da eleqtronisgan, amocana rTuldeba da 

mis amosaxsnelad arsebobs sxvadasxva miaxloeba. erT-erTi aseTia simkvrivis 

funqcionurobis Teoria. didi molekulis eleqtruli struqturis sakmaod 

zustad gansazRvra SesaZlebeli gaxda molekularuli orbitalebis Teori-

iT mas Semdeg, rac gaizarda kompiuterebiT gamoTvlis SesaZlebloba. es me-

Todi agreTve iZleva saSualebas, erTiani modeliT aRiweros sxva atomebis 

is jgufebic (ligandebi), romlebic gars akravs klasteris atomebis ZiriTad 

ConCxs. bolo periodSi farTod gamoiyeneba e.w. topologiuri midgoma, ro-

melic damyarebulia maTematikis Tanamedrove da abstraqtuli dargis — to-

pologiis gamoyenebaze. aq miRebulia stounis koncentruli sferuli fene-

bis modeli, romelSic daSvebaa, rom klasterebis Semadgeneli atomebi, gan-

lagebulni klasteris centridan yovel mxares Tanabari manZiliT, qmnian er-

TmaneTze Semortymul koncentrul sferoebs. 

atomebis mier meseris formirebis, ricxobriv matebasTan erTad, maTi 

diskretuli energetikuli doneebi ixliCebian da gadadian energetikul zo-

nebSi. metalebSi zeda energetikuli zona nawilobrivaa Sevsebuli, xolo na-

xevargamtarebSi valenturi zona mTlianad Sevsebulia, gamoyofilia carie-

li zonisagan RreCoTi. metalis nawilakis SemcirebiT ramdenime aseul ato-

mamde, gamtareblobis zonaSi mdgomareobaTa simkvrive radikalurad icvle-

ba — uwyvetoba icvleba wyvetil doneTa nakrebiT, romelTa Soris energia 

SeiZleba siTbur energiaze meti iyos, rac qmnis RreCos. eleqtruli struq-

turis cvlileba moculobiTi (a), didi (b) da mcire klasteris (g) SemTxvevaSi 

mocemulia nax.5.5-ze.  

molekulis msgavs mcire klasters aqvs energetikuli doneebis diskre-

tuli nakrebi damakavSirebeli da antidamakavSirebeli orbitalebiT. SesaZ-

lebelia klasteris zomis iseT kritikul zomamde Semcireba, rom uaxloes 

nawilakTa Soris manZili eleqtronis talRis sigrZis toli iyos. aseT Sem-

TxvevaSi energetikuli doneebi SeiZleba ganvixiloT, rogorc potencialur 

ormoSi myofi nawilakis doneebi. amas ewodeba kvanturi zomiTi efeqti. axa-

li eleqtronuli Tvisebebis axsna SeiZleba haizenbergis ganuzRvrelobis 

principidanac. SeiZleba gasagebi gavxadoT, rom rac ufro kargadaa lokali-

zebuli eleqtroni sivrceSi, mas aqvs miT farTo diapazonis impulsi. naxe-

vargamtarSi kvanturi zomiTi efeqtebi vlindeba ufro didi zomis krista-

lebSi, vidre metalebSi, radganac naxevargamtarebSi eleqtronis talRis 

sigrZe mikronis rigisaa, roca metalSi — 0,5 nm-is zomisaa. 
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nax.5.5. eleqtruli struqtura moculobiTi 

(a), didi (b) da mcire klasterebis (g) SemTxvevaSi 

 

eqsperimentze dadginda, rom klasterSi nanonawilakTa mcire raodenoba 

iwvevs imas, rom energetikuli speqtri diskretulia, masze eleqtroniT Sev-

sebis albaTobac diskretulia, rac Zalze gansxvavdeba moculobiTi sxeu-

lisTvis fermis ganawilebis uwyveti funqciisgan. nanonawilakTa raodeno-

bis zrdasTan erTad, mcirdeba doneTa Soris energetikuli manZili, anu 

RreCo TandaTan qreba. magaliTad, Ag55-s klasters aqvs akrZaluli zonis si-

gane 0,2 ev, Ag79-s — 0,1 ev.  

masalis feri ganisazRvreba im sinaTlis talRis sigrZiT, romelsac is 

STanTqavs. STanTqma xdeba fotonebiT eleqtronebis agRznebis Sedegad qve-

da Sevsebuli doneebidan zeda Seuvsebel doneebze. sxvadasxva zomis klas-

terebs aqvT sxvadasxva eleqtronuli struqtura, energetikul doneTa So-

ris sxvadasxva manZilebi. aqedan gamomdinare, sxvadasxva zomis klasterebs 

eqnebaT sxvadasxva feric.  

nanonawilakebis eleqtruli struqturis Seswavlis erT-erTi meTodia 

ultraiisferuli (ui) speqtroskopia, romelic mdgomareobs imaSi, rom ui 

fotoni atomis Siga donedan agdebs eleqtrons da Semdeg izomeba aseTi 

eleqtronebis raodenoba da energia. am gazomvis Sedegad ganisazRvreba 

amogdebuli mocemuli energiis eleqtronebis raodenobis damokidebuleba 

dacemuli fotonis energiisagan. radganac klasters aqvs doneTa diskretu-

li speqtri, amitom am damokidebulebas eqneba pikebis saxe, rac daimzireba 

eqsperimentze.  

naCvenebi iyo, rom nanonawilakis zedapirze da moculobaSi atomebis 

mdgomareobebi erTmaneTisgan gansxvavebulia, amitom gansxvavebuli iqneba 

maTi eleqtruli struqturac. zedapirze aris gaujerebeli bmebi, ris Sede-

gadac zedapirze ufro metia Sesustebuli qimiuri bmebi, vidre Sida nawi-

lebSi myofi atomebisaTvis. bmebis Sesustebas iwvevs akrZaluli energetiku-

li RreCos Semcirebas da miiReba, Sesabamisad, erT klasterSi zedapirzeuf-

ro mcire akrZaluli zonis sigane, vidre moculobaSi. 

aRsaniSnavia, agreTve, rom, radganac nanonawilakis eleqtronuli 

struqtura damokidebulia mis zomaze, sxva masalasTan reaqciis Tviseba da-
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mokidebuli iqneba mis zomaze, anu klasterSi atomebis ricxvze. arsebobs 

mravali eqsperimentuli monacemi am faqtis dasamtkiceblad. am movlenas 

didi mniSvneloba aqvs katalizatorebis warmoebaSi.  

5.4. metaluri nanonawilakebi 

masalebis Tvisebebis R zomaze damokidebuleba SeiZleba gaiyos or nawi-

lad: 1) mciremgrZnobiare nimuSis zomis mimarT — `makroskopuli~ da 2) ma-

RalmgrZnobiare masalebis mimarT, romlebSic Tvisebebis cvlileba SeiZle-

ba iyos Zalian didi da hqondes oscilaciis xasiaTic ki, hqondes eqstremume-

bi an gadiodes najerobis iseT doneze, romelic mkveTrad gansxvavdeba mak-

roskopuli mdgomareobisgan. es SemTxvevebi mocemulia nax.5.6-ze. maT Soris 

mdebareobs Sualeduri ubani, romlis zomaa R ≤ 0, sadac maTi eleqtro-fizi-

kuri Tvisebebi makromasalebisgan mkveTrad icvleba, maSinac ki, roca maTSi 

erTi da imave atomebis Semcvelobis raodenoba sxvadasxvaa. amis mniSvnelo-

vani mizezebia: Semadgenel atomTa ricxvi sasrulia; zedapiruli atomebis 

roli moculobasTan SedarebiT didia, rac gamoricxavs moculobis Tvise-

bebs; zedapirze difuziis, atomuri gadawyobis da atomebis TviTorganiza-

ciis didi roli; axali fazis, fazuri gadasvlis, dislokaciis Seqmnis didi 

SesaZleblobebi. yovelive es naTlad vlindeba metalur struqturebSi, sa-

dac eleqtrul, kapilarul, magnitur, zegamtarul Tvisebebs aqvs gansakuT-

rebuli xasiaTi.  

gadatanis nebismieri movlenisas (eleqtruli denis, plastikuri deforma-

ciis, siTbogamtareblobis da a. S.) gadamtanebs SeiZleba mieweros raRac Tavi-

sufali ganarbenis efeqturi Re sigrZe: roca R » Re matarebelTa gabneva an CaWe-

ra xdeba moculobaSi da araa damokiddebuli obieqtis zomaze, roca R < Re si-

tuacia radikalurad icvleba da kinetikuri movlenebi Zlieradaa damokidebu-

li nimuSis zomebze. 

 

 
nax.5.6. nanoubanSi masalis Tvisebebis gamovlenis sami 

(1;2;3) varianti: I- nanostruqtura; II – mikrostruq- 

tura da III – makrostruqtura 
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aseve, cxadia, sxvadasxva atomebisTvis urTierTmoqmedebis potenciale-

bis raodenobrivi maxasiaTebeli iqneba sxvadasxva, magram zogadi saxe da mi-

nimumebis arseboba (raRac r0-mde ganzidva da Semdeg mizidva) yvelasTvis uni-

versaluri Tvisebaa. am Zalis moqmedebis Sedegad warmoiqmneba atomuri kon-

figuraciebi myari kavSirebiT (kovalenturi, ionuri, metaluri) an susti 

bmebiT (van-der-vaalsi, wyalbadiseburi). 

zomiTi efeqtebi vlindeba ara marto calkeul nawilakebs Soris, aramed 

nawilakTaSorisac. nawilakTaSoris SesaZlebelia aRiZras damuxtvis efeqti, 

gamowveuli erTi nawilakidan meoreze eleqtronebis gadasvliT. aseTi ga-

dasvlis Semdeg am or nanonawilaks Soris aRiZvreba eleqtrostatikuri Za-

lebi. isini arsebiTia da araa kulonuri xasiaTis, radgan am SemTxvevaSi nawi-

lakTa muxti damokidebulia maT Soris manZilze. maT Soris ekranirebis met 

manZilze es Zalebi bevrad metia, vidre van-der-vaalsis Zalebi, romlebic 

asiptotikurni arian r-8 saxiT. nanonawilakTaSoriso Zalebi gamoixateba ka-

zimiris formuliT: 

( )
,

2

2

r

rq
F W

W = ( )
6

2 10 





≈

r

R
crqw                                                                                                                           (5.3) 

nawilakidan nawilakze eleqtronebis gadasvlis minimaluri ricxvisas (ori-

ve nawilakis muxti icvleba erTi eleqtronis muxtiT) da roca dieleqtri-

kuli mudmiva ε = 1, (5.3) formuliT gansazRvruli Fw Zala mcirea kulonur 

Zalaze manam, sanam r < R3-ze. mravali eleqtronis gadasvla erTidan meore na-

wilakze gamoiwvevs nawilakis defomacias da ganisazRvreba zedapiruli da-

ZabulobiT da ara daWimulobiT. es efeqti SesamCnevi iqneba duRilis tempe-

raturasTan axlo temperaturaze, roca nawilaki Tavis orTqlTan dinami-

kur wonasworobaSia.  

zomiTi SezRudvebi iwvevs fazuri da struqturuli gardaqmnebis, siT-

bos, muxtis gadacemis, sinaTlis arekvlis da STanTqmis pirobebis Secvlas. 

amis gamo icvleba masalis yvela fundameturi maxasiaTebeli: mesris mudmi-

va, eleqtruli da fononuri speqtrebi, eleqtronebis gamosvlis muSaoba, 

dnobis temperatura da a. S.  

 gamosvlis muSaobis nawilakis zomaze damokidebuleba pirvelad daimzi-

ra oqros marcvlebze. nawilakTa radiusis Semcirebisas 0,3 nm-mde Au – ga-

mosvlis muSaoba Semcirda 4-dan 2 ev-mde. vercxlze piriqiT — gaizarda. yve-

la masalis nanonawilakebisTvis iqna eqsperimentulad miRebuli zomis Sem-

cirebasTan erTad dnobis temperaturis Semcireba. nax.5.7-ze moyvanilia Au 

da CdS-sTvis aseTi damokidebuleba. 
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nax.5.7. Au da CdS dnobis temperaturis maT 

nanonawilakis zomaze damokidebuleba 

 

es Sedegebi damtkicda mravaljeradi eqsperimentiT sxva metalebzec. na-

nonawilakebis dnobis fizikuri suraTi ase warmodgindeba: gansazRvruli 

ricxvis atomebiani klasteri dnobis procesSi imyofeba myari da Txevadi fa-

zebis dinamikur wonasworobaSi; dinamikuri wonasworobisas yoveli indivi-

dualuri klasteri icvlis formas, magram fazaTaSoris gadasvlis sixSire 

mcirea da yovel fazaSi nawilaki aswrebs wonasworobaSi mosvlas; rac mcirea 

nawilakTa ricxvi, miT mcire dro da temperaturaa saWiro dinamikur wonas-

worobaSi mosvlisaTvis.  

sakontrolo kiTxvebi:  

1. rogori Tanafardobaa nanonawilakebSi Siga da gare zedapirebs So-

ris? 

2. ra aris xvedriTi zedapiri da ra — misi ganzomoleba? 

3. raSi mdgomareobs superparamagnetizmis efeqti? 

4. ra aris magiuri ricxvi? 

5. rogoria nanosistemebis geometriuli da eleqtruli struqtura? 

6. ras warmoadgens kazimiris Zalebi nanosistemebSi? 

7. rogoraa damokidebuli Au da CdS dnobis temperatura maT nanonawi-

lakis zomaze? 
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6. zomiTi kvanturi SezRudvebi: kvanturi ormos, 

milakis da wertilis cnebebis arsi 

samganzomilebian sivrceSi eleqrtonul sistemas aqvs makroskopuli zo-

mebi, gamtareblobis eleqtronebi arian delokalizirebulni da Tavisuflad 

moZraoben mTel areSi. magaliTisTvis, spilenZis gamtaris yvela zoma metia, 

vidre atomTaSoris manZilebi. Tu spilenZis gamtaris erT an or zomas Sevam-

cirebT atomTaSorisi manZilis rigamde, mdgomareoba kardinalurad Seic-

vleba: delokalizacia iqneba SeuZlebeli da eleqtronebi gaxdebian lokali-

zebulni. ganvixiloT, magaliTad, spilenZis firfita sigrZiT 10 sm, siganiT 10 

sm da sisqiT 5 sm. aq eleqtronebi yvelgan Tavisuflad moZraoben, yvelgan 

arian delokalizebulni. Tu sisqes SevamcirebT 3,6 nm-mde, romelic eTanade-

ba 10 elementur ujreds, am ujredis 20% atomebisa zedapirzea. gamtareblo-

bis eleqtronebi iqnebian delokalizebuli firfitis sibrtyeSi, magram iqne-

bian lokalizebuli mcire zomiT — sisqis mimarTulebiT. aseT obieqts ewodeba 

kvanturi ormo. Tu sisqesTan erTad siganesac SevamcirebT nm-uli masStabiT, 

maSin lokalizacia iqneba ori mxriT da delokalizacia — erTi, sigrZisgaswvri-

vi mxriT. eleqtronebi Tavisuflad moZraoben mxolod sigrZivad da ganivkveT-

Si arian SezRudulni. aseTs ewodeba kvanturi milaki. dabolos, Tu sigrZesac 

SevamcirebT nm-ul zomamde — miiReba kvanturi wertili. masSi eleqtronebi 

lokaluria samive mimarTulebiT. es Cans nax.6.1-dan da cxrilidan.  

myar sxeulebSi zomiTi efeqtebi aRiZvreba im SemTxvevaSi, roca obieqtis 

geometriuli zomebi eTanadeba ama Tu im zomebs, romlebic gansazRvravs fi-

zikuri procesebis mimdinareobas (muxtis matareblis Tavisufali ganarbe-

nis sigrZe, de broilis talRis sigrZe da a. S.). sakvlevi nimuSis zomebis mi-

xedviT asxvaveben klasikur da kvantur zomiT SezRudvebs. gasagebia, rom na-

nometruli obieqtebisTvis, sadac nawilakTa zomebi de broilis talRis zo-

mebis rigisaa, damaxasiaTebelia kvanturi siTbotevadoba, eleqtrogamta-

rebloba, zogierTi optikuri Tvisebebi. 

 

 
nax.6.1. sxeuli sxvadasxva ganzomilebebiT: a- moculobiTi 

obieqti; b - kvanturi ormo; g - kvanturi milaki da d — kvanturi wertili 
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cxrili 

 

kvanturi struqtura delokalizaciis ganz. lokalizaciis ganz.

moculobiTi obieqti 3(x, y, z); 3D 0 

kvanturi ormo 2(x,y); 2D 1(z) 

kvanturi milaki 1(z); 1D 2(x,y) 

kvanturi wertili 0 0D 3(x, y, z) 

 

 

nanomovlenebis raodenobiTi daxasiaTebisTvis xSirad saWiroa, mikroer-

Teulebidan (mikrometri, mikroamperi, mikrowami) gadavideT nanoerTeuleb-

ze (nanometri, nanoamperi, nanowami). fizikuri sidideebis erTeulTa sistema 

dgindeba bunebaSi mimdinare fizikuri procesebis urTierTmoqmedebiT. ad-

reuli etalonebis cTomileba axali nanozomebisTvis ukve mniSvnelovani si-

dideebia da aseTi etalonebiT sargebloba SeuZlebelia. amitom unda Semo-

viRoT fizikuri sidideebis axali etalonebi adre gansazRvrul etaloneb-

ze dayrdnobiT. ZiriTad erTeulebad miRebulia iseTi sidideebi, romleb-

sac aqvT Sesabamisi etalonebi, gansazRvruli didi sizustiT, da Seesabamebi-

an mocemul epoqaSi mecnierebis da teqnikis ganviTarebas. etaloni — esaa ga-

zomvis saSualeba, romlic inaxavs fizikuri sididis gazomvis am erTeuls da 

misgan awarmoebs gazomvis sxva, masze nakleb an met erTeuls. etalonis da, 

Sesabamisad, sididis erTeulis gareSe ar SeiZleba sxvadasxva dros da sxva-

dasva xelsawyoebiT gazomili sidideebis SeTavseba erTmaneTTan. etalonTa 

erToblioba qmnis etalonis bazas, romelSic Sedis saerTaSoriso sistemis 

ZiriTadi erTeulebi (Si-sistema).  

metris etalonad miRebulia 1650763,73±0,5nm — kripton 86 atomis mier 

gamosxivebuli talRis sigrZe. misi damafiqsirebeli mowyobiloba Seicavs 

optikur-interferometr aparaturaTa rTul kompleqss. 

atomuri wami warmoadgens ceziumis ZiriTad mdgomareobaSi myof atom-

Si zeTxeli struqturis or dones Soris gadasvlis periods da eTanadeba 

9192631770±10-12 wm-s. 
jozefsonis efeqtze damyarebuli etalonebi iZlevian saSualebas Za-

lin zustad gavzomoT susti magnituri velebi (10—18 tl), mcire denebi (10—10a) 

da Zabvebi (10—15 v). es efeqti mdgomareobs or zegamtars Soris moTavsebul 

Txel dieleqtrikSi denis gavlaSi.  

Si-sistemis es etalonebi gamoiyeneba nanostruqtutebSi, xolo sxva sidi-

deebis gamoyeneba SesaZlebelia teqnologiuri aparaturis normaluri muSa-

obisTvis. 

kargi gamtarebis bevri Tviseba aixsneba modeliT, romlis Tanaxmad, sava-

lento eleqtronebi scildebian Tavis atomebs, xdebian delokalizebulni 

gamtareblobaSi, SeswevT unari, Tavisuflad imoZraon dadebiT ionebs So-
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ris. dajaxebidan dajaxebamde isini gadian Tavisufali ganarbenis L manZils. 

aseTi eleqtronebi ise iqcevian, rogorc gazi da maT ewodebaT fermi-gazi. 

maTi kinetikuri energia E=mv2/2=p2/2m , sadac m – masaa, v – siCqare da p= mv – 

impulsi. kargad ixsneba omis kanonic — V=IR. 

6.1. eleqtronis moZraobis 

Taviseburebani kvanturi SezRudvebisas 

kvantur-meqanikuri ganxilvisas, Tavisufali eleqtronisTvis de broi-

lis talRac iseve iqceva, rogorc eleqtroni, mxolod im gagebiT, rom misi 

Sesabamisi talRuri funqcia unda veZeboT aseTi saxiT: ψ~exp(ikr) da am fun-

qciebma unda daakmayofilon pirobebi: 1) unda iyvnen normirebulni, anu in-

tegrali ganxilul ubanSi yofnis albaTobis simkvrividan unda iyos erTis 

toli ∫ψ*ψdr=1. es SesaZlebelia, Tu ψ=1/V1/2 exp(ikr), sadac V im aris moculoba-

a, sadac moZraobs eleqtroni; 2) talRuri funqcia unda akmayofilebdes sa-

sazRvro pirobas — sxeulis zedapirze unda iyos nulis toli. magaliTad, mi-

si moZraobisas swor L monakveTze ψ(0)= ψ(L)=0, rasac aRwers funqcia 

ψn=(2/L)1/2sinπnx/L, xolo sakuTari energia En=һ
2/2m(π/L)2n2, sadac n=1, 2, 3… 

dasaSvebi energiis doneebi ikvanteba.  

mcire gare eleqtruli velebisas eleqtronis dreifuli siCqare gani-

sazRvreba misi µ ZvradobiT, romelicaa erTeulovan velSi eleqtronis siC-

qare da ganisazRvreba Tavisufali ganarbenis saSualo droiT. cxadia, maTi 

Zvradoba samganzomilian sxeulSi ufro naklebia, vidre organzomilebianSi 

da kidev naklebi, vidre erTganzomilebianSi. 

ganvixiloT eleqtronis moZraoba, romelic SezRudulia L monakveTze 

da samarTliania piroba ψ(0)= ψ(L)=0, maSin talRuri gantoleba amoixsneba 

erTganzomilebiani interpretaciiT: ψn=(2/L)1/2sinπnx/L da energiis mniSvne-

lobas eqneba saxe: En=һ
2/2m(π/L)2n2 , sadac n=1, 2, 3… cxadia, dasaSvebi doneebi 

ikvanteba da sxva doneebi ar arsebobs, radgan maTTvis talRuri funqcia ver 

akmayofilebs sasazRvro pirobebs. nax.6.2-ze mocemulia Tavisufali eleq-

tronis talRuri funqciis pirveli ori mniSvneloba. talRuri veqtoris da-

saSvebi mniSvneloba moicema TanafardobiT: k=2π/λ=πn/L. 
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nax.6.2. Tavisufali eleqtronis talRuri funqcia 

 

kvantur SemosazRvrul struqturaSi eleqtronis energiis mniSvnelobis 

fiqsaciis movlenas ewodeba kvanturi SezRudvebi. ganuzRvrelobis princi-

pis Tanaxmad, ΔpyΔy≥һ eleqtroni m* efeqturi masiT iketeba y mimarTulebiT, 

rac zrdis impulss һ/L sididiT. Sesabamisad, izrdeba misi kinetikuri ener-

gia sididiT: ΔE=ћ2k2/2m=( ћ2/2m)( π2/L2) .  
sxva sityvebiT, kvantur SezRudvebs Tan axlavs energiis cvlileba, dis-

kretuli energetikuli speqtris formireba En= (ћ2 π2/2mL2)n2 da k=2π/λ. nano-

metruli struqturis kvanturi SezRudvis paralelur sistemas ewodeba ze-

meseri. sxva sityvebiT, zemeseri aris myarsxeulovani perioduli struqtu-

ra, romelSic eleqtronze moqmedebs kristaluri mesris potenciali da er-

Tganzomilebiani V(r) potenciali, romlis d periodi eleqtronis Tavisufal 

ganarbenze mcirea da kristaluri mesris a periodze meti. 

rogorc zemoT aRvniSneT, Tavisufali eleqtronebi iqcevian, rogorc 

fermi-gazi. absolutur nul temperaturaze isini ikaveben mesris yvela 

kvanZs k=0 —dan kF-mde, rasac eTanadeba fermis energia EF=ћ2 kF
2/2m. Tu nimuSs 

aqvs kubis forma L wibos sigrZiT, maSin Cveulebriv koordinatebSi misi 

moculobaa V=L3. k sivrceSi or mezobel eleqtrons Soris manZilia 2π/L da 

absolutur nul temperaturaze 4πkF
3/3 moculobis sferoSi gamtareblobis 

eleqtronebi ganawilebulia Tanabrad fermi-dirakis ganawilebis Tanaxmad. 

temperaturis gazrdiT viRebT gadaxras wonasworuli simkvrividan fermis 

energiis siaxloveSi `kudebis~ gaCeniT. mocemuli energiiT gamtareblobis 

eleqtronebis raodenoba damokidebulia TviT am energiaze da sivrcis gan-

zomilebaze. es xdeba imitom, rom erT ganzomilebaSi myofi eleqtronisTvis 

area 2kF, or ganzomilebaSi aris wre farTobiT πkF
2 da sam ganzomilebaSi — 

sfero 4πkF
3/3 moculobiT. Tu am moculobebs gavyofT k sivrcis Sesabamis 

elementarul moculobebze, gamovricxavT kF-s, maSin miviRebT eleqtrone-

bis N raodenobis damokidebulebas E energiasagan, romelic gamosaxulia 

nax.6.3-ze. 
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nax.6.3. eleqtronebis raodenobis  

energetikuli damokidebuleba 

 

am N(E) mrudebis daxris kuTxe iZleva mdgomareobaTa D(E) simkvrives da 

mocemulia nax.6.4-ze. ufro zustad, D(E)=dN/dE-s. am naxazidan Cans, rom 

erTganzomilebiani obieqtisaTvis mdgomareobaTa simkvrive energiis zrdiT 

mcirdeba, organzomilebianisTvis mudmivia, xolo samganzomilebianisaTvis 

— izrdeba. es gansxvavebebi mniSvnelovania metalebis da naxevargamtarebis 

bevri Tvisebis asaxsnelad.  

 

nax.6.4. mdgomareobaTa simkvrivis 

energetikuli damokidebuleba 

 
myari sxeulis siTbotevadoba C — siTbos is raodenobaa, romelic saWi-

roa siTbos gadacemisas sxeulis 1 gradusiT gasaTbobad. siTbotevadobaSi 

ZiriTadi energia ixarjeba mesris rxevis aRgznebaze, romelic damokidebu-

lia fononis mdgomareobaTa simkvriveze. metalebSi dabal temperaturaze 
eleqtronebis siTbotevadobas (Cel) Seaqvs 

mniSvnelovani wvlili, romelic damokidebulia fermis zedapiris mdgo-

mareobaTa simkvriveze: Cel=π
2D(EF)k

2T/3, sadac k — bolcmanis mudmivaa. 

metalis, magaliTad, aluminis, Cqari eleqtronebiT gasxivebisas im ener-

giiT, romelic saWiroa atomis Siga doneebidan eleqtronis amogdebaze, iq 

Cndeba xvreli. SesaZlebelia gamtareblobis zonidan eleqtronma masze mo-
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axdinos rekombinacia da gamoasxivos kvanti. gamosxivebis intesivoba damo-

kidebulia gamtareblobaSi eleqtronebis mdgomareobaTa simkvriveze. ase 

rom, gamosxivebis speqtri asaxavs mdgomareobis simkvrivis energetikul da-

mokidebulebas.  

 nax.6.5-ze gamosaxulia zemesris, kvanturi milakis da kvanturi werti-

lis mdgomareobaTa simkvriveebis energetikuli damokidebuleba: 
kvanturi wertilis arsSi ar unda vigulisxmoT geometriuli Sinaarsi, 

radgan kvanturi wertili aris obieqti, romelsac ar aqvs makroskopuli gan-

zomileba samive mimarTulebiT. igulisxmeba atomuri zomebis ramdenime aTe-

uli, romlebic moTavsebulia, rogorc Canergvebi ZiriTad matricaSi. epi-

taqsiuri zrdis procesSi, roca mesris mudmivebs Soris araa didi gansxvave-

ba, miiReba aradaZabuli ramdenime atomuri Sre. kvanturi wertilis miRebis-

Tvis iReben ~ 0,1 % mesris mudmivis gansxvavebas, magaliTad, GaAs/Ga1-xAlxAs 

stuqturas. GaAs ufro meti energetikuli akrZaluli zoniT fenas efineba 

Ga1-xAlxAs ufro viwro energetikuli Sre da es xdeba monacvleobiT ramdenime 

zeddebis saxiT. 

 

nax.6.5. sxvadasxva ganzomilebis sxeulis mdgomareobaTa 

simkvrivis energetikuli damokidebuleba 

 

energiis (impulsis) diskretuloba ganpirobebulia imiT, rom eleqtro-

nis talRuri funqcia unda iyos nuli kvanturi nawilakis zedapirze. es Se-

saZlebelia, roca kvanturi nawilakis mopirdapire zedapirze Tavsdeba mTe-

li ricxvebi n=1, 2, 3, … — de broilis naxevartalRebi λ/2=πћ/p. aqedan gamodis 

nebismier RerZze impulsis dakvantvis kanoni: Pi= πћn/di da energiis dakvan-

tvis kanoni: Eni= π2ћ2n2/2mi
*di, sadac mi

* eleqtronis efeqturi masaa, xolo di — 

nanonawilakis zoma, Sesabamisad, i RerZis mimrTulebiT. 

dResdReobiT gadauwyveteli sakiTxia kvantur struqturaSi kvanturi 

wertilis zustad erTnairi zomebis miReba. magram infrawiTeli fotomimRe-

bebis da lazerebis Seqmnas es xels ar uSlis. arsebobs agreTve sameleqtro-
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diani xelsawyoebi, romelSic erTi eleqtrodi Camketia da ori maTgani — ga-

momdeni da Camdeni. SesaZlebelia gamomden-Camdeni arxis naxtomiseburi 

cvlileba da kvantur wertilze erTi eleqtronis gasvla da, Sesabamisad, 

erTeleqtroniani tranzistoris miReba.  

rogorc aRvniSneT, delokalizebul eleqtrons gamtareblobis zonaSi 

ewodeba Tavisufali. obieqtis zomebis SemcirebiT nanomasStabamde is xdeba 

lokalizebuli, anu misi moZraoba SezRudulia. sxva sityvebiT rom vTqvaT, 

eleqtroni xvdeba potencialur ormoSi, SezRuduli ariT da uaryofiTi 

energiiT, esaa marTkuTxa Wa didi kedlebiT. es Wa SeiZleba iyos erT-, or-, 

sam- da metganzomilebiani. Tu erTganzomilebiania, L sifarTiT, maSin ener-

giis doneebi aRiwereba formuliT: En=[ π2ћ2/2mL2]. usasrulod Rrma ormos 

aqvs usasrulod bevri done, romelTa Soris manZilebi izrdeba n-is 

gazrdiT. Tu ormos siRrme sasrulia, maSin En done zis En+1 doneze dabla da 

sasrulia. amitom miviRebT erT dones mainc, romelzec iqneba erTdroulad 

raRac raodenobis eleqtronebi. es raodenoba damokidebulia am donisaTvis 

kvanturi ricxvebis kombinaciaze. cxadia, rom erTganzomilebiani mar-

TkuTxa ormos yovel dones eTanadeba mxolod erTi n kvanturi ricxvi. eleq-

trons aqvs agreTve spinuri magnituri kvanturi ricxvi ms, romelic iRebs —

1/2 da +1/2 — dan erT-erT mniSvnelobas. erTganzomilebiani marTkuTxa or-

mosvis orive spinur mdgomareobas aqvs erTi da igive energia. paulis ak-

rZalvis principiT, ori eleqtroni ar SeiZleba iyos mdgomareobaSi erTnai-

ri kvanturi ricxvebiT, ase rom, yovel En doneze erTganzomilebian mar-

TkuTxa ormoSi ar SeiZleba iyos orze meti eleqtroni sawinaaRmdego spine-

biT. amitom gadagvarebaa orjeradi. 

sakontrolo kiTxvebi: 

1. nanonawilakebSi ra Tanafardobaa Sinagan da gare zedapirebs Soris? 

2.  ra aris xvedriTi zedapiri da raa misi ganzomoleba? 

3.  rogor miiReba axali faza? 

4.  raSi mdgomareobs superparamagnetizmis efeqti? 

5.  ra aris magiuri ricxvi? 

6.  rogoria nanosistemebis geometriuli da eleqtruli struqtura? 

7.  ras warmoadgens kazimiris Zalebi nanosistemebSi? 

8.  rogoraa damokidebuli Au da CdS dnobis temperatura maT 

9. nanonawilakis zomaze? 

10. rogoria kvanturi firfitis, mavTulis da wertilis cneba? 

11. rogoria kvanturi firfitis, mavTulis da wertilis delokaliza-

ciis xarisxi? 

12. rogoria nanosistemebSi sigrZis da drois ganzomilobaTa etalone-

bi? 
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II. nanoeleqtronikis fizikuri safuZvlebi 

7. nanoeleqtronikis safuZvlebis fundameturi movlenebi 

nanoeleqtronikis mizania ara marto nanomasStabamde elementebis geo-

metriuli zomebis Semcireba, aramed miRebuli nanomasalebisTvis gamovle-

nili sruliad axali, unikaluri Tvisebebis axsna, romelic klasikuri fizi-

kis farglebSi SeuZlebelia da saWiroebs kvanturi fizikis CarTvas. axali 

procesebis kvlevisa da axsnisTvis saWiroa axali ideebi, axali midgomebi, 

axali gamzomi aparatura da teqnologiuri mowyobilobebi, romlebic dakav-

Sirebulia sxvadasxva saxis kvantur meqanikur movlenebTan.  

nanozomis struqturaSi denis matarebelTa moZraoba ZiriTadad gani-

sazRvreba Semdegi kvantur-meqanikuri movlenebiT: 1) kvanturi SemosazRvru-

lobiT da 2) balistikuri transportiT da kvanturi interferenciiT; 3) ga-

nuzRvrelobis principiT; 4) gvirabgasvliT. 

kvanturi SemosazRvruloba aRiZvreba, roca Tavisufali eleqtronis 

moZraoba Semofarglulia potencialuri jebiris erTi mimarTulebiT mainc. 

potencialuri jebiris gaswvriv denis matareblis moZraobisas upiratesad 

iTvleba misi moZraoba dajaxebis gareSe, anu balistikuri moZraoba da kvan-

turi interferencia. denis matareblebis gasvla jebiris gavliT xorciel-

deba uSualod gvirabgasvliT, romlis drosac muxtis matareblebi nanoxel-

sawyos erTi mxridan aRmoCndebian meore mxares, rasac Tan axlavs informa-

ciis gadatana. ganvixiloT zemoT CamoTvlili movlenebis fizikuri buneba 

da ZiriTadi kanonzomierebebi. 

7.1. kvanturi SezRudvebi 

moculobiT (3D) kristalSi moZrav Tavisufali eleqtronisTvis moZrao-

ba SeuzRudavia, efeqturi masis miaxloebiT, Sredingeris gantolebis amox-

snas aqvs brtyeli talRis saxe:  

( )
( )

( )[ ],exp
1

,,
2

1
zKyKxKi

LLL
zyx zyx

zyx

++=Ψ           (7.1) 

sadac Lx , Ly , Lz - kristalis zomebia (paralelepipedis formis) x, y и z 

mimarTulebiT, Ki (i=1, 2 da 3) talRuri veqtoris sivrculi komponentebia. 

talRur К veqtorTan energiis kavSiri gamoixateba: 

( ) ,
22

2
2

222
2

K
m

KKK
m

E zyx 







=++








= ∗∗


                      (7.2) 
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sadac m* eleqtronis efeqturi masaa, ћ – dayvanili plenkis mudmiva (ћ=h/2π) 

da K2= (Kx
2+KY

2+Kz
2 ). 

am paraboluri dispersiis kanonis (7.2) SemTxvevaSi izoenergetikuli 

zedapiri warmoadgens К-radiusian sferos (nax.7.1a). 

 
                   a)                                     b) 

nax.7.1. 3D- sistemisaTvis izoenergetikuli zedapiri (a) da 

mdgomareobis simkvrivis energetikuli damokidebuleba (b) 

advilad ganisazRvreba sferul Sreze E da E+dE izoenergetikul zeda-

pirze mosuli kvantur mdgomareobaTa ricxvi. К sivrceSi sferuli Sris mo-

culobaa:  

dV = 4πK2dK,               (7.3) 

sadac, dK Sris sisqea. am moculobaze mosuli dN mdgomareobaTa ricxvi: 

( ) 2

2

3

2

2

42

ππ
π dKKdKK

dN =•=             (7.4) 

aq mamravli 2 aRniSnavs spinis orientaciis or SesaZleblobas. 

(7.2) formulis gaTvaliswinebiT, (7.4)-dan ganisazRvreba mdgomareobaTa 

simkvrive: 

( ) ( ) 2/12/3

3
2

2
2 Em

hdE

dN
Eg ∗






== π

            (7.5) 

maSasadame, (3D) samganzomilebian sistemaSi paraboluri energetikuli 

speqtriT energiis zrdiT dasaSvebi energetikuli doneebis simkvrive E1/2-is 
proporciulad izrdeba (nax.7.1 b). 

dabalganzomilebian struqturaSi Tavisufali eleqtronis moZraoba 

erTi mxriv maincaa SezRuduli. am SemTxvevaSi eleqtronis moZraobis staci-

onaruli mdgomareobis amocana dadis sworkuTxa, usasrulod Rrma poten-

cialur ormoSi nawilakis yofnis amocanaze, rogorc es mocemulia nax.7.2-

ze. Tu ormos sigane х RerZis (SezRuduli mimarTuleba) W-s tolia, maSin 

0<х< W areSi Sredingeris gantolebis amoxsnas eqneba saxe: 

Ψ(x) = Аехр(iKx) + Bexp(-iKx),             (7.6) 
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nax.7.2. potencialuri ormo 

da masSi eleqtronis talRuri funqcia 

 

sadac, K = (2mE)1/2/ ћ da is nuli unda iyos potencialuri ormos kideebze, anu 

х = 0 da х = W. aseT pirobebs akmayofilebs talRuri funqciis mxolod 

garkveuli nawili. aseTia de broilis mdgari talRa λ talRis sigrZiT. 

ormos siganeSi Tavsdeba de broilis naxevartalRis mTeli ricxvi, anu  

2

λ
nW =                            (7.7) 

talRuri veqtoris Sesabamisi dasaSvebi mniSvnelobebi diskretulia da 

tolia: 

W

n
Kn

π
λ
π == 2

                         (7.8) 

am dros eleqtronis dasaSvebi diskretuli energetikuli doneebi 

ganisazRvreba Semdegi TanafardobiT: 

2
22

2
n

Wm
En 















= ∗

π
             (7.9) 

n-mTeli ricxvebi mTavari kvanturi ricxvebia. maSasadame, SezRudul 

moculobaSi myofi eleqtroni ikavebs energiis mxolod diskretul dones. 

ganvixiloT n kvanturi ricxvis gavlena potencialur ormoSi myofi 

eleqtronis energetikuli doneebis ganawilebaze. amisaTvis vipovoT 

( )
22

1 2
12 
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nEEE nn

π
        (7.10) 

da (7.9) formulidan Tanafardoba ΔЕ/En :  

( )
2

12

n

n

E

E

n

+=Δ
                        (7.11) 

(7.11)-dan Cans, rom n kvanturi ricxvis zrdiT  
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nn 212 ≈+ ,  
nE

E

n

2≈Δ
          (7.12) 

ΔЕ xdeba mcire En-Tan SedarebiT, anu energetikuli doneebi uaxlovdebi-

an erTmaneTs. n kvanturi ricxvis didi mniSvnelobisas doneebi uwyvetia, rac 

Seesabameba klasikuri fizikis Sedegebs. Sesabamisobis principis zogadi 
formulirebiT nebismier Teoriebs Soris, romelSic erT-erTi klasikuris 

gaumjobesebaa, kargi kavSiria da gansazRvrul pirobebSi axali Teoria gada-

dis ZvelSi.  
maSasadame, potencialur ormoSi myofi eleqtronis energia dakvantu-

lia. am SemTxvevaSi eleqtronis normirebuli talRuri funqciebi sxvadasxva 

En mniSvnelobebisaTvis warmodgeba aseTi saxiT: 

( ) 











=Ψ
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W
xn

π
cos

2
2/1

         (7.13) 

Tu n – kentia, 

( ) 
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W
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π
sin

2
2/1

          (7.14) 

Tu n – luwia. 
yvelaze dabal dones aqvs mniSvneloba: 

22

1 2















= ∗ Wm

E
π

           (7.15) 

(7.13) – (7.15)-is Tanaxmad, ZiriTadi mdgomareobis talRur Ψ1 funqcias da E1 

umdables energias potencialuri ormos SigniT ara aqvT nuli mniSvneloba, 

xolo Ψ2 funqcias (pirveli aRgznebuli mdgomareobis talRuri funqcia) aqvs 

erTi nuli potencialuri ormos SigniT, Ψ3 funqcias — ori nuli da a.S., rac 

Seesamameba e.w. oscilaciur Teoremas: me- n -e mdgomareobaSi sistemas gaaCnia 

1−n kvanZi (ixileT Л.Ландау «Квантовая механика»). kvantur-meqanikuri sistema, 

aranulovani minimaluri energiiT, gansxvavdeba klasikurisagan, sadac 

potencialuri ormos fskerze myof nawilakebs aqvT nulis toli energia.  

 dabalganzomilebian sistemaSi muxtis matareblebis moZraobis SezRud-

va, romelic xasiaTdeba aranulovani minimaluri energiiT da energiis dasaS-

vebi doneebis diskretulobiT, cnobilia kvanturi SezRudvis saxelwode-

biT. myar sxeulSi kvanturi SezRudva SeiZleba ganxorcieldes sivrcis sami-

ve mimarTulebiT. mimarTulebaTa ricxviT, sadac araa kvanturi SezRudva, 

klasificirdeba dabalganzomilebiani struqturebi — kvanturi firebi (2D-

sistema), kvanturi mavTuli (1D-sistema) da kvanturi wertili (0D-sistema). 
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kvantur firebSi, romlebic organzomilebiani (2D) struqturebia, kvan-

turi SezRudvebi mxolod erTi mimarTulebiT — firis marTobulad (magali-

Tad, z mimarTulebiT). aseT struqturebSi muxtis matareblebi Tavisuflad 

gadaadgildebian ху sibrtyeSi da maTi moZraoba ganisazRvreba kristaluri 

mesris perioduli potencialiT da z RerZze SezRuduli damatebiTi 

potencialiT: U(z) = 0 = Const, roca 0< z < W da U(z) = ∞, roca z < 0 da z > W. am 

SemTxvevaSi eleqtronis moZraoba х da у RerZebis gaswvriv (firis sibrtyeSi) 

Tavisufalia (m* masiT), xolo z RerZis gaswvriv — SezRuduli U(z) potencia-

liT (2D-sistema). am potencialisTvis sasazRvro pirobebis gaTvaliswinebiT 

(Ψ = 0, roca z = 0 da z = W), erTeleqtroniani normirebuli talRuri funqci-

ebi ase warmogvidgeba:  

( ) ( )[ ],expsin
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2/1
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yx

KKi
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WLL
zyx +


















=Ψ π

       (7.16) 

sadac Lх , Ly — ху sibrtyeSi firfitis zomebia (iTvleba, rom Lх , Ly » W). 

saerTo energia х da у mimarTulebiT energiis uwyveti mdgenelisa da z 

mimarTulebiT kvanturi mniSvnelobebis (W sisqis Sesabamisi firisTvis) 

jamis tolia: 

( ) ( )222
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= ∗∗

 π
      (7.17) 

(7.17) formulidan Cans, rom aseT kvaziorganzomilebian sistemaSi 

eleqtronis mdgomareoba ganisazRvreba sami ricxviT (n, Kx, Ky), energetiku-

li speqtri iyofa calkeul n fiqsirebuli mniSvnelobis organzomilebian 

qvezonebad Еn = Еn(Kx + Ky) (nax.7.3 a), xolo mudmivi energiis mrudebi wreebia. 

radgan yovel diskretul kvantur n ricxvs eTanadeba talRuri veqtoris z-

komponenti |Кz| = =(π/ W)n, amitom К-sivrceSi kvanturi mdgomareobis ganawi-

leba iqneba Sreebis saxis, rogorc es naCvenebia nax.7.3.b-ze. Е energiis Sesaba-

misi Caketili zedapiriT Semofargluli moculoba iyofa fiqsirebul n 
mniSvnelobis raodenobis Sreebad.  

kvanturi firisTvis (2D) mdgomareobis simkvrivis energiaze damokidebu-

lebis gansazRvrisTvis vipovoT fiqsirebuli n-saTvis Е da Е + dE energiebs 

Soris moTavsebuli S rgolis farTobi: 

S = 2π KρdKρ              (7.18) 

sadac, Kρ = (Kx + Ky)
1/2 organzomilebiani talRuri veqtoris sididea, dKρ – 

rgolis sifarTe. 
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a)                                                                  b) 

nax.7.3. kvanturi firisaTvis nawilakis energetikuli speqtri (a) 

da К-sivrceSi kvanturi mdgomareobebis ganawileba 

 

(Kx Ky) sibrtyeSi erT mdgomareobas eTanadeba farTobi dS=(2π)2/LxLy da 

kristalis moculobis (V = Lx•Ly• W) erTeulSi, spinis proeqciis or SesaZlo 

mdgomareobis gaTvaliswinebiT, eleqtronis mdgomareobaTa ricxvi toli 

iqneba gamosaxulebisa:  

W

dK

W

dKK

VdS

S
dN

ππ
ρρρ

2

2
2

===                      (7.19) 

(7.17)-iT gveqneba: 

( ),2
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nEE
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K −
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∗


ρ           (7.20) 

sadac Еn=ћ
2/2m*(π/W)2n2. firis kvantur mdgomareobaTa simkvrivisTvis (19)-is 

da (7.20)-is gaTvaliswinebiT gveqneba:  

g კფ ( )E ( ) −Θ







==

∗

,
2 nEE
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m

dE

dN

π
       (7.21)  

sadac θ(Y) hevisaidis safexuriani funqciaa, θ(Y) = 1, roca Y≥ 0 da θ(Y) = 0, 

roca Y< 0. 

xSirad gkf(E)-s ase warmoadgenen: 

g კფ ( )E
2/1

1
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=

∗

E

E

W

m

π
,         (7.22) 

sadac [(Е/Еl)
1/2] mTeli nawilia (Е/Еl)

1/2-isa, toli qvezonebis ricxvisa.  
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(7.21) da (7.22)-dan Cans, rom kvanturi firisTvis nebismier qvezonaSi 

mdgomareobaTa simkvrive mudmivia da araa damokidebuli energiaze. roca 

sidide [(Е/Еl)
1/2] icvleba erTi erTeuliT, anu icvleba qvezona, maSin energia 

icvleba naxtomiseburad da amitom gkf(E) damokidebulebas aqvs safexuriani 

saxe (nax.7.4).  

 
 

nax.7.4. mdgomareobis simkvrivis 

energetikuli damokidebuleba 

 

Tu gkf(E) damokidebulebis (7.22) formas gamovsaxavT gm(E) masiuri nimuSis 

(7.5) formiT, maSin miviRebT: 

g კფ ( ) =E  gm ( ) ( )[ ]
( ) 2/1

1

2/1
1/

EE

EE
E

−
           (7.23) 

aqedan Cans, rom roca Е = Еn, maSin firis kvantur mdgomareobaTa simkvrive 

masiuri nimuSis kvantur mdgomareobaTa simkvrivis tolia, rac eTanadeba 

nax.4-ze A, B da C wertilebs. 
kvantur firfitaSi eleqtronebs uwodeben organzomilebian eleqtro-

nul gazs. 

kvanturi mavTuli – esaa erTganzomilebiani (1D) struqtura. mas aqvs ori 

nanometruli ganzomileba, romelTa mimarT arsebobs kvanturi SezRudvis 

efeqti. denis matareblebs SeuZliaT Tavisuflad gadaadgildnen mxolod er-

Ti mimamrTulebiT — mavTulis gaswvriv. am SemTxvevaSi nawilakTa moZraoba ga-

nisazRvreba kristaluri mesris perioduli potencialiT da у da z RerZebis 

gaswvriv SezRuduli moZraobis amsaxveli damatebiTi potencialiT: U(у,z) = 0, 

roca 0< у < d da 0< z < W, da U(у,z) = ∞, roca у < 0, z < 0 da у > d, z > W. mocemuli 

potencialisTvis erTeleqtroniani normirebuli talRuri funqcia SeiZleba 

warmodges aseTi saxiT:  
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=Ψ ππ

      (7.24) 

sadac d da W kvanturi mavTulis sisqea у da z RerZebis gaswvriv, Sesabamisad, 

(iTvleba, rom Lx » d da W ), Kx erTganzomilebiani talRuri veqtoria.  
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nawilakis saerTo energiaSi wvlili Seaqvs kinetikur energias, romelic 

Sedgeba erTi х mimarTulebiT uwyveti da ori у da z mimarTulebiT kvanturi 

mdgenelebisagan: 
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      (7.25) 

sadac n, m = 1, 2, . . . dadebiTi ricxvebia, romlebic axasiaTebs kvantur qvezonebs.  

(7.25)-is Tanaxmad, kvanturi mavTulis energetikuli speqtri iyofa cal-

keul erTganzomilebian zonebad (parabolebad) E(n, m, Kx ), romlebic eTana-

debian n da m fiqsirebul mniSvnelobebs (nax.7.5 a).  

gamovTvaloT kvantur mavTulSi mdgomareobaTa simkvrivis energiaze 

damokidebuleba. moculobis erTeulSi dKx intervalSi kvantur mdgomareo-

baTa ricxvi tolia: 

( ) ( ) dW

dK

LdWL
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πππ 2/2/2
===                     (7.26) 

(7.22)-dan gamodis, rom:  

 

a)                                                          b) 
nax.7.5. kvanturi mavTulisaTvis eleqtronebis energetikuli 

speqtri (a) da mdgomareobaTa simkvrivis energetikuli 

damokidebuleba (b), roca d < W. 
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sadac  
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maSin  
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           (7.29) 

maSasadame, kvantur mavTulSi mdgomareobaTa simkvrivis gkm damokidebu-

leba Е energiaze, spinuri gadagvarebisa da dЕ intervalSi ori ±dKх (nax.7.5a), 

romelTaTvis (Е-Еn,m)>0, aris arsebobis gaTvaliswinebiT, SeiZleba warmovad-

ginoT Semdegi saxiT (nax.7.5b):  

gkm(Е) = (2m*)1/2(πћdW)-1Σ Σθ(Е - Еn,m)/ (Е - Еn,m)-1/2.       (7.30) 

(7.30) gamosaxulebidan Cans, rom calkeul qvezonaSi energiis zrdiT 

mdgomareobaTa simkvrive (Е - Еn,m)-1/2 saxiT mcirdeba. roca Е = Еn,m, maSin mdgo-

mareobaTa simkvrive gkv usasrulobis tolia. magram unda aRiniSnos, rom ne-

bismieri energiis intervalis sasruli mniSvnelobisTvis dasaSveb mdgomare-

obaTa ricxvi sasrulia.  

kvanturi wertili – nulganzomolebiani (0D) sistemaa, romelSic denis 

matarebelTa moZraoba SezRudulia samive mimarTulebiT da yvela am mimar-

Tulebaze eleqtronis energia ikvanteba.  
kvantur wertilSi nawilakze moqmedebs Semdegi saxis SemzRudavi poten-

ciali:  U(х,у,z) = 0,  roca  0< х < R, 0< у < d   da   0< z < W,   da   U(х, у,z) = ∞,   roca 

х < 0, у < 0, z < 0 da х > R, у > d, z > W. 0D – sistemaSi normirebuli talRuri 

funqciebi da dasaSveb mdgomareobaTa speqtri warmodgeba aseTi saxiT:  
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sadac, R, d da W kvanturi wertilis zomebia х, у da z RerZebis gaswvriv; n, 

m da l = 1, 2, 3. qvezonis gamomsaxveli mTeli ricxvebia.  

(7.32)-dan Cans, rom kvanturi wertilis energetikuli speqtri warmoad-

gens diskretuli dasaSvebi mdgomareobebis erTobliobas, anu mkveTr pikebs 

(nax.7.6) n, m da l ricxvebis fiqsirebuli mniSvnelobebisaTvis da aRiwereba δ-
funqciiT. am SemTxvevaSi iqneba:  

gkw(E) = (2/RdW) Σ Σ Σ δ(Е - Еn,m,l).         (7.33)  

kvanturi wertili Sedgeba mcire raodenobis atomebisagan da amitom 

kvanturi wertilis SigniT energetikuli maxasiaTeblebi TiTqmis erTnairi-

a. kvantur wertilebTan axlos arian atomuri klasterebi da nanokristali-

tebi SedarebiT meti raodenobis atomebiT. magram iqac adgili aqvs kvanturi 

SezRudvis efeqts. 
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nax.7.6. kvanturi wertilisaTvis eleqtronebis energetikuli 

speqtri (a) da mdgomareobaTa simkvrivis energaze damokidebuleba (b) 

7.2. balistikuri transporti da kvanturi interferencia 

mikro- da nanoxelsawyoebis swrafqmedebis erT-erTi ganmsazRvreli pa-

rametria denis matareblebis dreifuli siCqare da Zvradoba. es parametre-

bi, ZiriTadad, ganisazRvreba denis matareblebis gabneviT xelsawyos erTi 

ubnidan meoreSi maTi moZraobisas. realurad, gare velis gareSe qaosurad 

moZravi eleqtroni yovelTvis ejaxeba sxva eleqtrons an ganibneva mesris 

rxevaze, defeqtebsa, an ori fazis gamyof sazRvarze. amis gamo eleqtronis 

siCqare da mdgomareoba icvleba. am SemTxvevaSi SeiZleba laparaki gabnevis 

or uaxloes aqts Soris eleqtronis mier gavlili manZilis saSualoze, ro-

melsac ewodeba eleqtronis Tavisufali ganarbenis saSualo manZili. gare 

velis modebisas eleqtronis qaosur moZraobas daedeba mimarTuli dreifu-

li mdgeneli. cxadia, eleqtronis mier gavlili manZili dreiful manZilze 

meti iqneba.  

makroskopul sistemaSi F velSi dreifuli siCqaris gansazRvrisTvis sa-

Wiroa impulsis, koordinatis da drois mimarT eleqtronis ganawilebis 

funqciis ƒ(k, r, t) povna da specialuri daSvebebiT bolcmanis kinetikuri gan-

tolebis amoxsna. praqtikaSi xSirad gamoiyeneba bolcmanis gantolebis miax-

loebiTi amoxsna relaqsaciis drois SemotaniT, romlis ganmavlobaSi arawo-

nasworuli ganawilebis funqcia, gare velis gamorTvis Semdeg damyarebul 

wonasworulTan SedarebiT, е-jer (~2,73) ecema. 

eleqtronis dreifuli siCqaris da energiis cvlilebis xarisxobrivi Se-

fasebisTvis gamoiyeneba impulsiT da energiiT gasaSualoebuli balansis 

gantoleba:  
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∗ −=                      (7.34) 
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( ) ,0

E

EE
qFV

dt

dE

E
d τ

−−=                        (7.35) 

sadac Е0 = (3k0T)/2 – gare F velis gareSe saSualo siTburi energiaa; τp(E) da 

τE(E) – impulsiT da energiiT relaqsaciis droebi, Sesabamisad. 

stacionarul SemTxvevaSi d/dt(m*Vd) = dE/dt =0 da (7.31) da (7.32)-dan gamo-

dis:  

( )
qF

Vm
E d

P

∗

=τ
   

da   ( )
d

E qFV

EE
E 0−
=τ                     (7.36) 

rogorc wesi, τp(E) « τE(E) da amitom dreifuli siCqare ganisazRvreba im-

pulsis drois relaqsaciis sididiT da SeiZleba daiweros:  

( )
( ) ,F
Em

FEq
V P

d μτ == ∗           (7.37) 

sadac µ = qτp(E)/m*(E) – muxtis matarebelTa Zvradobaa.  
makroskopul sistemaSi dreifuli siCqare da, Sesabamisad, muxtis mata-

rebelTa Zvradoba, ganisazRvreba ara marto gabnevis meqanizmebiT, aramed 

kristalis struqturiTac. eleqtronis Tavisufali ganarbenis saSualo man-

Zili yovelTvis bevrad naklebia am sistemis zomebTan SedarebiT.  
nimuSze mkveTri wina frontis impulsis saxis eleqtruli velis modebi-

sas velis moqmedebis drois monakveTi ufro mcirea, vidre dajaxebaTaSori-

so τp dro, eleqtroni velis moqmedebis dros imoZravebs dajaxebis gareSe. 

maSin, (7.37) formulidan dreifuli siCqaris gansazRvrisaTvis relaqsaciis 

τp dro unda Seicvalos velis moqmedebis drois t xangrZlivobiT:  

,∗=
m

qFt
Vd          t < τp          (7.38) 

aqedan SesaZlebelia, rom sakmaod maRal eleqtrul velebze Vd siCqare 

miiRebs ufro met mniSvnelobas, vidre ufro xangrZlivi droiT moqmedi sta-

cionaruli eleqtruli velis SemTxvevaSi, roca irTveba siCqaris Semamcire-

beli gabnevis meqanizmebi (nax.7.7). naxazidan Cans, rom drois aseTi pirobebi-

saTvis, dreifuli siCqaris droSi cvlileba dasawyisSi xasiaTdeba swrafi 

zrdiT da maqsimumis miRwevis Semdeg igi swrafad ecema stacionarul mniS-

vnelobamde. eleqtruli velis CarTvisas dreifuli siCqaris swrafi zrda 

ganpirobebulia gabnevis gareSe eleqtronebis moZraobiT, romelsac Tan 

mohyveba kristalis meserTan mravalmxrivi dajaxeba da siCqaris Semdgomi 

Semcireba. 
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nax.7.7. Si-Si eleqtronis dreifuli siCqarisa (2;3) da saSualo 

energiis (1) marTkuTxa saxis eleqtruli velis 

moqmedebis droze damokidebuleba: 1 da 2 Т=293 К; 3– 77К. 

 

nanostruqturaSi muxtis matareblebis transportis pirobebi arsebi-

Tad gansxvavdeba makrosistemaSi arsebuli pirobebisgan. Tavisufal ganar-

benze naklebi zomis struqturaSi muxtis matarebelTa gadatana xdeba gabne-

vis gareSe. aseT gadatanas ewodeba balistikuri transporti.  

radganac τp « τE SeiZleba daiweros: 

Lp = τpVd ≈ Lсв = τV.           (7.39)  

es niSnavs, rom xelsawyos aqtiuri ubnis zomebi unda Sedardes eleqtro-

nis Tavisufali ganarbenis manZils. garda amisa, aRsaniSnavia, rom τp-ze nak-

leb droSi verc erTi gambnevi centri ver aswrebs daarRvios Tavisufali 

eleqtronis moZraoba da amitom, balistikuri transportis ZiriTadi efeq-

tebi ganisazRvreba struqturis zomebis da Tavisufali ganarbenis manZilis 

urTierTTanafardobiT. gadamwyvetad iTvleba Tavisufali ganarbenis manZi-

li, romelic axasiaTebs muxtis matarebelTa drekad da aradrekad gabnevas.  
drekadi gabnevisas Tavisufali ganarbenis saSualo manZili — esaa muxtis 

matareblis mier or uaxloes dajaxebas Soris gavlili manZili. dabal tempe-

raturaze eleqtronuli sistema ganisazRvreba fermis siCqariT vF = (2EF/m*)1/2, 

(EF –fermis energiaa) da relaqsaciis droiT τrq = Dd/vF
2 (D – matarebelTa 

difuziis koeficientia, d – struqturis zoma).  
aradrekadi gabnevisas Tavisufali ganarbenis saSualo manZili — esaa man-

Zili, romelzec eleqtronuli talRa gabneviT icvlis fazas. is sididiT 

tolia Ladr = vFτφ, sadac τφ – fazis relaqsaciis droa. aradrekadi gabnevis da-

saxasiaTeblad gamoiyeneba sxva parametric — fazuri koherentulobis manZi-

li Lφ = (Dτφ)
1/2. am manZilze eleqtronuli talRa inarCunebs Tavis fazas. unda 

aRiniSnos, rom aradrekadi gabnevisas Tavisufali ganarbenis saSualo manZi-

li da koherentulobis manZili sxvadasxva maxasiaTeblebia. zogadad, fazu-

ri koherentulobis manZili ufro mcirea Tavisufal ganarbenis saSualo 
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manZilTan SedarebiT. orive es parametri mniSvnelovania eleqtronuli 

talRis interferenciis pirobebis analizisas.  
myar sxeulebSi Tavisufali ganarbenis saSualo manZili aradrekadi gab-

nevisas metia, vidre drekadisas. struqturaSi, romlis zoma metia Ldr-ze, 

magram naklebia Ladr-ze, xdeba `kvazibalistikuri~, anu susti gabneva.  
ganvixiloT ori talRis interferencia zogadi saxiT, romelTa talRu-

ri funqciaa ψ = Aexp(iφ). ori aseTi talRis zeddebisas, axali talRis Seqmnis 

albaToba moicema TanafardobiT:  

W = |ψ1 – ψ2|
2 = |A1|

2 + |A2|
2 + 4|A1* A2|cos(φ1- φ2)        (7.40) 

am albaTobis sidide SeiZleba Seicvalos intervalSi — ori talRis am-

plitudis jamidan maT sxvaobamde, maTi (φ1 da φ2) fazebis Tanafardobaze da-

mokidebulebiT.  

nanostruqturebSi mniSvnelovan maxasiaTeblad iTvleba fermis talRis 

sigrZe λF = 2π/kF, sadac kF fermis talRuri veqtoria. Т=0К temperaturaze 

eleqtronTa mdgomareobebi ganisazRvreba TanafardobiT |k|≤kF, rac eleq-

tronTa talRis sigrZis λ ≥ λF ekvivalenturia. fermis talRis sigrZe damoki-

debulia masalis struqturis saxeze. metalebSi, dabal temperaturebzec ki, 

Tavisufali ganarbenis saSualo manZili ar aRemateba 10nm-s, rac tipuri na-

nostruqturis zomis rigisaa. amitom maTSi balistikuri transporti Znelad 

xorcieldeba. maTSi fermis talRis sigrZec Zalian mcirea (0,1 — 0,2 nm), amitom 

metalebSi energetikuli doneebis dakvantva araarsebiTia. naxevargamtarul 

struqturebSi denis matarebelTa transporti ufro advilad xorcieldeba, 

vidre metalebSi, radganac naxevargamtarul struqturebSi eleqtronebis 

Tavisufali ganarbenis saSualo manZili mikrometris rigisaa. magaliTad, 

oTaxis temperaturaze aradrekadi gabnevisas, eleqtronebis Tavisufali ga-

narbenis saSualo manZili aRwevs 50- —100 nm Si-Si, xolo 120 nm GaAs-Si.  
nanostruqturaSi denis matareblebis idealuri balistikuri transpor-

ti xasiaTdeba universaluri balistikuri gamtareblobiT, romelic araa da-

mokidebuli masalis saxeze da ganisazRvreba mxolod fundamenturi mudmi-

vebiT. eleqtronis talRuri bunebis gamo, struqturaSi muxtis matareble-

bis gadatanaze moqmedebs mis gareT mimdinare procesebi. es moqmedeba gadae-

cema struqturas kontaqtebis meSveobiT, romlebic struqturis Semadgene-

li nawilebia. balistikuri transportis ilustraciis yvelaze martiv xel-

sawyos warmoadgens orkontaqtiani, nulovangambneviani kvanturi gamtari. 

garda amisa, igulisxmeba, rom kontaqtebi — es eleqtronebis rezervuarebia, 

saidanac eleqtronebi uSualod, dayovnebis gareSe xvdebian arxSi.  

davuSvaT, Т=0К temperaturaze rezervuarebi Sevsebulia eleqtronebiT 

µ1 da µ2 eleqtroqimiur potencialebamde. Tu µ1 > µ2, maSin rezervuarebs 

Soris gaivlis deni:  
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( )eI 212 μμ −= v
μd

dn
,          (7.41) 

sadac е eleqtronis muxtia, v eleqtronebis siCqaris mdgenelia fermis 

zedapirze arxis gaswvriv, dn/dµ - arxSi eleqtronTa mdgomareobis simkvrive 

da mamravli 2 iTvaliswinebs spinis mdgomareobis SesaZlo or variants. 

kvantur mavTulSi dn/dµ = 1/πћv. gaviTvaliswinebT ra, rom  µ1 - µ2 = е(V1 – V2), 

sadac V1 da V2 rezervuarebSi sxvadasxva eleqtroqimiuri potencialebis 

Semqmneli eleqtruli potencialebia, kvanturi mavTulis gamtareblobi-

saTvis miviRebT:  

h

ee

VV

I
G

22

21

2==
−

=
π

                      (7.42) 

es idealuri, erTganzomilebiani mavTulis gamtarebloba balistikur 

reJimSi ganisazRvreba mxolod fundameturi mudmivebiT — eleqtronis 

muxtiT da plankis mudmiviT. sidides e2/h= 38,74 mksm (mikrosimensi) ewodeba 

gamtareblobis kvanturi erTeuli (an gamtareblobis kvanti). Sesabamisi 

winaRobaa h/e2 = 25,8 komi (winaRobis kvanti).  
fermis dones qvemoT ramdenime energetikuli mdgomareobis mqone arxis 

gamtarebloba ikvanteba 2e2/h erTeuliT, rac daimzireba kvantur wertilo-

van kontaqtSi. kontaqtidan inJeqtirebuli yvela eleqtroni ar moxvdeba 

gansaxilvel struqturaSi. maTi nawili airekleba da ukan dabrundeba, rac 

aRiwereba yvela momyvani arxis Sesabamisi arekvlis Ri koeficientiT. i-ur ar-

xSi gamavali deni mcirdeba agreTve im eleqtronebis xarjze, romlebic ga-

davidnen erTi arxidan sxva arxSi, rac aRiwereba gadacemis Tij koeficientiT 

j-rigidan i-r arxSi gadasvliT. amis gaTvaliswinebiT da Tu davuSvebT, rom 

yoveli momyvani arxi mravalmoduria, anu masSi aris eleqtronebiT dakave-

buli Ni qvezona, maSin saerTo deni i-ur arxSi iqneba:  

( )[ ]−−







= jijiiii VTVRN

h

e
I

22
        (7.43) 

sadac Vi – i-ur arxze modebuli Zabvaa.  
(7.43) formula landauer-biutikeris formulaa da dabalganzomilebia-

ni struqturisTvis is warmoadgens omis kanons. am formuliT, xarisxobri-

vad, bevri eqsperimentuli monacemi ixsneba.  

7.3. ganuzRvrelobis principi 

haizenbergis ganuzRvrelobis principis Tanaxmad, SeuZlebelia erTdro-

ulad zustad gansazRvroT eleqtronis koordinati da impulsi. absolutur 
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vakuumSi gansazRvruli siCqariT (impulsiT) eleqtronis moZraobis magaliT-

ze naCvenebi (§3.1) iyo mikroskopSi misi koordinatis zustad gansazRvris Se-

uZlebloba. ganuzRvrelobis principi ase Caiwereba maTematikurad:  

≥ΔΔ xPx              (7.44) 

sadac xΔ  nawilakis cdomilebaa x  koordinatSi mocemul momentSi, xPΔ  - 

impuls-veqtoris proeqciis cdomileba x  koordinatze imave momentSi.  

(7.44)-is msgavsad, SeiZleba CavweroT: 

m
x x

≥ΔΔ υ              (7.45)  

Tu davuSvebT, rom eleqtronis mdebareoba zustad gansazRvrulia, maSin 

impulsi sruliad ganusazRvrelia, anu is erTnairi albaTobiT iRebs yvela 

mniSvnelobas. 

aseve SeiZleba davweroT, rom: 

≥ΔΔ tE               (7.46)  

(7.44) da (7.46)-iT, damakavSirebel wyvilebs, impulss da koordinats, ase-

ve, energias da dros, uwodeben SeuRlebul cvladebs. 

amrigad, Tu viciT zustad eleqtronis koordinanti, saerTod ar viciT 

misi impulsi an siCqare da piriqiT. amitom azrs kargavs klasikur meqanikaSi 

kargad cnobili mikronawilakis mdebareobis ganmsazRvreli traeqtoriis 

cneba. kvantur meqanikaSi azri aqvs mikronawilakis mocemul momentSi siv-

rcis mocemul wertilSi yofnis albaTobas da aRiwereba statistikuri maxa-

siaTeblebiT. SeinarCuneba mikronawilakis iseTi maxasiaTeblebi, rogoricaa 

masa, energia, impulsis momenti.  

ganuzRvrelobis principi iZleva saSualebas, avxsnaT atomis da moleku-

lis mdgradoba, SevafasoT maTi energiebi, zomebi da a.S. ganvixiloT atomi 

da avxsnaT, eleqtroni ratom ar `ecema~ birTvze 
2

2

r

e
 kulonuri Zalis moqme-

debiT. υ  siCqariT moZravi eleqtronisTvis kulonis mizidvis Zala gawonas-

worebulia ganzidvis ZaliT 
r

m 2υ
, anu 

r

m

r

e 2

2

2 υ= . aqedan 
2

2

υm

e
r = , anu bir-

Tvidan manZili SeiZleba iyos Zalian mcire, Tu siCqare didia. magram eleq-

tronisTvis samarTliania ganuzRvrelobis principi misi r  mdgomareobi-

saTvis da υ  siCqarisTvis. ganuzRvrelobidan gamomdinare, ≥rmυ . aqedan 

da ZalTa wonasworobidan miviRebT, rom 
2

2

me
r

≥ . aqedan gamomdinare, 

eleqtrons `ekrZaleba~ 
2

2

me
r

=  -ze ufro nakleb manZilze moZraoba, anu 
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053.0≈r nm, rac eTanadeba boris pirvel radiuss, ZiriTad mdgomareobaSi 

energiis minimumis analogiurad, siCqarisaTvis miviRebT 
2

2



e≤υ , amgvarad, 

atomi mdgradi sistemaa.  

 ganuzRvrelobis principis Sedegia nebismieri mikrosistemisaTvis e.w. 

`nulovani energiis~ arseboba, anu minimaluri nulisagan gasxvavebuli ener-

gia, romelic aqvs mikrosistemas absolutur nul temperaturaze. sistemaSi 

araviTar pirobebSi ar SeiZleba moZraobis Sewyveta, radganac nawilakTa 

lokalizacia (ganuzRvrelobis principi) iwvevs misi kinetikuri energiis 

gazrdas, xolo mikronawilakTa lokalizaciis xarisxis Semcireba — misi po-

tencoaluri (saSualo) energiis gazrdas. ganuzRvrelobis principi aris fi-

zikurad realuri. es niSnavs, rom Semcireba (gazrda) erT-erTi SeuRlebuli 

cvladisa aucileblad iwvevs meore cvladis gazrdas (Semcirebas). 

7.4. denis matareblebis gvirabgasvla 

eleqtronuli gvirabgasvlis procesi mdgomareobs imaSi, rom eleq-

trons potencialuri jebiris gavla SeuZlia maSinac ki, roca misi energia 

naklebia potencialuri jebiris simaRleze. es efeqti kvanturia da klasi-

kur meqanikaSi analogi ara aqvs. klasikuri meqanikis Tanaxmad, nawilaki ar 

SeiZleba iyos U0 simaRlis potencialuri jebiris SigniT, roca misi energia 

Е < U0, radgan misi kinetikuri energia xdeba uaryofiTi, xolo misi impulsi — 

warmosaxviTi:  

  0

2

2
UE

m

P −= < 0                       (7.47) 

garda amisa, Tu nawilaki energiiT Е<U0-ze uaxlovdeba potencialur je-

birs, maSin is misgan airekleba da imoZravebs sawinaaRmdego mimarTulebiT. 

Tu Е>U0-ze maSin nawilaki agrZelebs moZraobas imave mimarTulebiT. kvantur 

meqanikaSi suraTi sxvagvaria. kvanturi meqanikis Tanaxmad, eleqtronuli 

gvirabgasvlis procesi SesaZlebelia nawilakis impulssa da mis koordinats 

Soris arsebuli ganuzRvrelobis principiT.  

ganuzRvrelobis principiT impulsis da koordinatis erTdroulad zus-

tad gansazRvra SeuZlebelia, jebiris SigniT koordinatis fiqsacia impulss 

xdis ganuzRvrels. Sesabamisad, Cndeba nawilakis potencialur jebirSi gan-

Wolvis albaToba. eleqtronis gvirabgasvlisa da klasikuri procesebi naCvene-

bia nax.7.8-ze. `ganuzRvrelobis~ principidan gamomdinereobs da Cans nax.7.47-da-

nac, rom arsebobs nawilakis arekvlis garkveuli albaToba maSinac ki, rodesac 

misi energia metia jebiris simaRleze, rac klasikur meqanikaSi `miuRebelia~.  
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a)                                                      b) 

nax.7.8. eleqtronis potencialuri jebiriT gavlis 

albaToba klasikur (a) da kvantur (b) SemTxvevebSi 
 

gvirabgasvlis efeqti aRmoaCina g. gamovma 1928 wels. am faqtma axsna dag-

rovili bevri eqsperimentuli faqti. gansakuTrebiT unda aRiniSnos birTvi-

dan nawilakebis amofrqveva — atomuri mecnierebisa da teqnikis ZiriTadi sa-

fuZveli. g. gamovi marTlac imsaxurebda nobelis premias, magram misi aRmo-

Cenidan ocdaaTi wlis Semdeg, roca is ukve cocxali aRar iyo, gvirabgasvlis 

efeqtze damzadda pirveli iseTi xelsawyoebi, rogoricaa gvirabuli diodi, 

tranzistori, gadamcemebi, zedabali temperaturis gamzomi Termometrebi, 

dabolos, maskanirebeli gvirabuli mikroskopi, romelmac daudo safuZveli 

nanoteqnologiis dawyebas.  

gvirabgasvlis efeqtis aRwerisaTvis SemoaqvT potencialuri jebiris 

ganmsWvalvis D da arekvlis R (D = 1 – R) koeficientebi, gansazRvruli gasul 

da arekvlil nawilakTa simkvrivis fardobiT dacemul nawilakTa simkvri-

vesTan. U0 simaRlis da W siganis marTkuTxa potencialuri jebiris (nax.7.8) 

ganmsWvalva:  

( )[ ]






−






−= WEUmDD 2/1

00 2
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exp


        (7.48) 

sadac D0 mudmivi, erTTan axlos myofi koeficientia, m – nawilakis masa da Е 

– misi energia.  

 formula (7.48)-dan Cans, rom nawilakis potencialuri jebiriT gan-

msWvalvis albaToba miT metia, rac naklebia misi masa, viwroa potencialuri 

jebiri da mcirea nawilakisa da potencialuri jebiris energiebs Soris sxva-

oba.  
nawilakis moZraobis aRwerisTvis unda amoixsnas Sredingeris erTgazo-

milebiani stacionaruli gantoleba:  

( ) ( )[ ] ( ) ,0
2 2

2

=Ψ−+Ψ






− xExU

dx

xd

m


        (7.49) 

sadac m nawilakis masaa, Е – nawilakis sruli energia da Ψ(x) – misi tal-

Ruri funqcia.  
ganvixiloT SemTxvevebi, roca nawilakTa gabneva sxvadasxva siganis da si-

maRlis potencialur jebirebze xdeba.  
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7.4.1. nawilakTa gabneva marTkuTxa, 

usasrulo siganis potencialuri jebiridan 

am dros samarTliania piroba: U(x) = 0, roca х < 0 da U(x) = U0 = =Const, roca 

х > 0.  

(7.49) gantolebis amoxsna mosaxerxebelia calkeuli areebisaTvis х < 0 da 

х > 0. areSi х < 0 (nax.7.9a, ubani 1), sadac U(x) = 0, (7.49) miiRebs K1 = (2mE/ћ2)1/2 
talRurveqtoriani Tavisufali nawilakisaTvis gantolebis saxes da misi 

amonaxsni iqneba de broilis dacemuli da areklili sxivebis superpozicia:  

Ψ1(x) = А1· ехр(iK1x) + B1· ехр(-iK1x) = Ψ1
(+) + Ψ1

(—)         (7.50) 

sadac, А1 dacemuli Ψ1
(+) talRis amplitudaa, xolo B1 – arekvlili Ψ1

(—) 

talRis amplituda. 

 areSi х > 0 ( nax.7.9a, ubani 2), U(x) = U0 da gantolebis amoxsnis xasiaTi 

ganisazRvreba dacemuli nawilakis Е energiisa da potencialuri safexuris 

U0 fardobiT. ganvixiloT SemTxvevebi: 

 

 
a)                                                     b) 

nax. 7.9. sruli Е energiis mqone kvanturi nawilakis moqmedeba U0 

simaRlis safexurian jebirTan (a) da U0 simaRlis da 

W siganis marTkuTxa jebirTan (b). 

 

1. х > 0 da Е > U0 , maSin talRuri funqciis amonaxsns aqvs saxe:  

Ψ2(x) = А2· ехр(iK2x) + B2· ехр(-iK2x),         (7.51) 

sadac, 
( ) 2/1

2
0

2

2




 −

=


UEm
K                       (7.52) 

gaviTvaliswinebT ra are 2-is erTgvarovnobas, jebiris zemoT gamavali 

talRisaTvis amplituda B2 gautoldeba nuls da gveqneba:  

Ψ2(x) = А2· ехр(iK2x) = Ψ2
(+) .          (7.53)  

D ganmsWvalvis da R arekvlis koeficientebis praqtikuli gamoyenebis-

Tvis iyeneben albaTobis nakadis simkvrivis veqtoris cnebas:  
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j
m

i

2

= (ΨΨ*´ - Ψ*Ψ´)          (7.54) 

(7.54)-iT da ganmsWvalvis D da arekvlis R koeficientebis ganmartebidan 

gamomdinare, gvaqvs:  
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R          (7.55) 

(7.53) da (7.54)-dan are 2-saTvis albaTobis nakadis simkvrivis veqtoris 

sididisaTvis, gvaqvs:  
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                           (7.56) 

analogiurad, are 1-saTvis dacemuli da arekvlili talRa iqneba:  

( ) ( ),2

111 AK
m

j
=+

          (7.57) 

( ) ( )2

111 BK
m

j
−=− ,          (7.58) 

(7.55)-is gaTvaliswinebiT miviRebT:  

2

11

2

22

AK

AK
D =  ,                       (7.59) 

da   
2

1

2

1

A

B
R =  ,                                 (7.60) 

maSasadame, ganmsWvalvis D da arekvlis R koeficientebis gansazRvris-

Tvis ganmsWvalvis da arekvlis talRis amplitudebi unda gamoisaxos dace-

muli talRis А1 amplitudiT. amisTvis gamoviyenoT talRuri funqciis uwy-

vetoba da nawilakTa nakadis mudmivoba. ori fazis gamyofi sazRvari Zevs х = 

0-ze da zemoT mocemuli ori pirobiT, Ψ1(x) da Ψ2(x) —sTvis vpoulobT:  

Ψ1(0) = А1 + B1 = Ψ2(0) = А2 da Ψ1´(0) = iK1А1 - iK1В1 = Ψ2´(0) = iK2А2 anu  

А1 + B1 = А2 da K1А1 - K1А1 = K1А2 , aqedan 
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da   
21

1
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2
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K
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=  ,                      (7.62) 

saidanac, (7.59) — (7.62)-iT vRebulobT: 

( )221

214

KK

KK
D

+
=                        (7.63) 

da  
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( )221

2
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+
−=                                     (7.64) 

(7.63) da (764)-dan gamodis, rom roca Е = U0 (К2 = 0), arekvlis koeficienti R = 1, 

xolo ganmsWvalvis koeficienti D = 0. nawilakTa energiis zrdiT arekvlis 

koeficienti mcirdeba da miiswrafvis nulisaken, roca Е → ∞. 

nakadis simkvrivis veqtoris sidide me-2 areSi, roca х > 0, (7.56) da (7.62) 

formulebiT, tolia: 
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(7.65)-dan Cans, rom roca Е > U0, arsebobs potencialuri jebiridan 

talRis arekvlis raRac albaToba, romelic kvanturi meqanikis Sedegia. es 

Sedegebi mkveTrad gansxvavdeba klasikurisagan, romlis Tanaxmad, nawilaki 

Е > U0 energiiT mTlianad, arekvlis gareSe gadis me-2 areSi.  

2. х > 0 da Е < U0, maSin (7.52)-iT К2 xdeba warmosaxviTi da (7.51) zogad 

amonaxsnSi iqneba ara ori urTierTsawinaaRmdegod mimarTuli talRis 

kombinacia, aramed ori monotonuri funqciis erToblioba:  

Ψ2(x) = С1· ехр(βx) + С2· ехр(-βx),         (7.66) 

sadac β = [2m(U0 – E)/ћ2]1/2 .  

talRuri funqciis sasrulobidan gamomdinare, С1 = 0 da gvaqvs:  

Ψ2(x) = С2· ехр(-βx).           (7.67) 

(7.50) da (7.67) talRuri funqciebis `Sekerva~ da х =0 gamyof sazRvarze 

maTi pirveli warmoebulebis toloba iZleva: Ψ1(0) = А1 + B1 = Ψ2(0) = С2 da Ψ1´(0) 

= iK1А1 - iK1В1 = Ψ2´(0) = - С2β, saidanac miviRebT:  

( )
β
β
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+
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1

11
1                                    (7.68) 
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  ,                        (7.69)  

aqedan Cans, rom amplitudebi B1 da С2 kompleqsuri ricxvebia, xolo 

arekvlis koeficienti R = | В1|
2 / | А1|

2 = (K1 – iβ)2 / (K1 + iβ)2 = 1, anu yvela 

nawilaki potencialuri safexuridan srulad airekleba. miuxedavad amisa, 

me-2 areSi arsebobs gansazRvruli, Tumca mcire, potencialuri jebiris 

SigniT SeRwevis albaToba: |Ψ2(x)|2 = |С2|
2· ехр(-2βx) = 4E/U0·|A1|

2· ехр(-2βx) ≠ 0. 
nawilaki TiTqos Sedis potencialuri jebiris SigniT da kvlav ukan 

brundeba (me-2 areSi nakadi araa).  

7.4.2. nawilakTa gabneva marTkuTxa, 

sasruli siganis potencialuri jebiridan 

realur fizikur situaciaSi kvanturi nawilaki yovelTvis moqmedebs U0 si-

maRlis da W = x2 – x1 siganis marTkuTxa potencialur jebirze (simetriuli je-

biri, nax.7.9 b). samive arisTvis Sredingeris gantolebis amonaxsnebs aqvT saxe:  

Ψ1 = А1· ехр(iK1x) + B1· ехр(-iK1x), х < х1 

Ψ2= А2· ехр(К2x)+В2· ехр(-К2x), х1 < х < х2        (7.70) 

Ψ3 = А3· ехр(iK1x), х > х2 

sadac K1 = (2mE/ћ2)1/2 da К2 = [2m(E –U0)/ћ
2]1/2. (7.70) gamosaxulebaSi ехр(iK1x) da  

ехр(-iK1x) aRweren dacemul da arekvlil talRebs, Sesabamisad, xolo sidide 

А3·ехр(iK1x) – gasul talRas. mudmivebi А1, B1, А2, В2, А3 ganisazRvrebian 

talRuri funqciis uwyvetobis da sazRvrebze ( х = х1 da х = х2) maTi pirveli 

warmoebulebis tolobis pirobebidan (e.w. `Sekervis~ pirobidan). 
am SemTxvevaSi arekvlis koeficienti miiRebs saxes:  
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KK
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−
= ,           (7.71) 

Tu dacemuli talRuri funqcia isea normirebuli, rom А1=1, maSin gan-

msWvalvis koeficientis maqsimumi D(E) = 1 miiReba iseTi nawilakisaTvis, 

romlis energia tolia:  

2
22

0 2
n

Wm
UE 






+= π

,            (7.72) 

sadac n = 0, 1, 2, . . . energiis sxva mniSvnelobebisTvis SeimCneva dacemuli na-

kadis jebirisgan nawilobrivi arekvla. maSasadame, kvanturi Teoriidan ga-

modis, rom maSinac ki, roca dacemuli talRis energia metia potencialuri 
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jebiris simaRleze, misi arekvlis koeficienti SeiZleba gansxvavdebodes 

nulisagan, razedac moxsenebul iyo §7.4-Si.  

 ganvixiloT SemTxveva, rodesac Е energiis kvanturi nawilaki moqmedebs 

W siganis marTkuTxa potencialur jebirTan, romlis simaRle metia nawila-

kis energiaze (Е<U0). klasikuri nawilaki airekleba e. w. klasikur mobrunebis 

wertilSi ( х = х1). mobrunebis wertili — esaa wertili х koordinatiT, masze 

miRwevis Semdeg nawilaki Tavis moZraobis sawinaaRmdegod icvlis mimarTu-

lebas da am wertilSi misi kinetikuri energia utoldeba nuls, anu sruli 

energia Е = U(х). marTkuTxa jebirisaTvis mobrunebis wertilebi iqneba х = х1 

da х = х2 (nax.7.9 b). 
yovel am sam areSi (jebiris win, SigniT da ukan) Sredingeris gantolebis 

amonaxsns aqvs saxe:  

Ψ1 = А1· ехр(iK1x) + B1· ехр(-iK1x), х < х1 

Ψ2= А2· ехр(βx) + В2· ехр(-βx), х1 < х < х2        (7.73) 

Ψ3 = А3· ехр(iK1x), х > х2 

sadac K1 = (2mE/ћ2)1/2 da β= [2m(U0–E)/ћ2]1/2, А1, B1, А2, В2, А3 – mudmivebia. (7.73) 

gamosaxulebaSi А1·ехр(iK1x) da B1·ехр(-iK1x) aRweren dacemul da arekvlil 

talRebs, Sesabamisad, xolo А3· ехр(iK1x) – jebiriT gasul talRas. (7.73) 

gamosaxulebebis CaweraSi gaTvaliswinebulia, rom areSi х > х2 vrceldeba 

mxolod gasuli talRa. jebiriT gasul talRis arseboba, rodesac kvanturi 

nawilakis energia naklebia jebiris simaRleze, miuTiTebs gvirabgasvlis 

efeqtze.  

(7.55) da (7.73) gantolebebidan miviRebT:  

,
2

11

2

31

AK

AK
D =          ,

2

1

2

1

A

B
R =                      (7.74) 

В1 da А3 amplitudebi SeiZleba ganisazRvros talRuri funqciebis 

uwyvetobis da sazRvrebze maTi pirveli warmoebulebis tolobis 

pirobebidan. roca х = 0, gvaqvs:  

А1 + B1 = А2 + B2, iK(А1 - B1) = β(А2 - B2),         (7.75) 

xolo roca х = W, maSin gvaqvs:  

А2· ехр(βW) + В2· ехр(-βW) = А3· ехр(iK1W),  

β[А2·ехр(βW)-В2· ехр(-βW)] = iK1А3· ехр(iK1W)        (7.76) 

(7.75) da (7.76) gantolebebis amoxsnis Semdeg miviRebT:  
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,
4 22

1
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β=       
Z

K
R

22
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1
β−=          (7.77) 

sadac Z = (K1
2 + β2)2 sh2(βW) + 4K1

2β2  

(7.77)-is analiziT dgindeba, rom sasruli siganis da simaRlis jebiris Sem-

TxvevaSi arsebobs jebiriT nawilakis gavlis albaToba, romelicaa kvantur-

meqanikuri efeqti da absoluturad SeuZlebelia klasikur SemTxvevaSi.  
eleqtronuli gvirabgasvla myarsxeulovani struqturis saerTo movle-

naa da dabalganzomilebian struqturebSi gamoirCeva specifikuri Tavise-

burebebiT. erT-erTi aseTi Tavisebureba dakavSirebulia muxtis eleqtro-

nebiT gadatanis diskretulobis bunebasTan, romelmac miiRo `erTeleqtro-

niani gvirabgasvlis~ saxelwodeba. meore Tavisebureba ganisazRvreba kvan-

turWebian naxevargamtarul nanostruqturaSi muxtis matareblis energeti-

kuli mdgomareobebis diskretulobiT. kvantur WaSi muxtis matareblis gvi-

rabuli gasvlisas erTi gansazRvruli donidan potencialuri jebiris meo-

re ekvivalentur energetikul doneze xdeba eleqtronis energiisa da im-

pulsis Senaxva. doneTa aseTi Tanxvedra zrdis gvirabul dens da cnobilia 

rezonansuli gvirabgasvlis efeqtiT. agreTve, magnituri da aramagnituri 

masalebis Semcvel nanostruqturebSi gvirabuli eleqtronebis spinuri po-

larizaciis saxesxvaobani iZlevian damatebiT efeqtebs. yvela es efeqti 

farTo gamoyenebas poulobs nanoeleqtronuli xelsawyoebis SeqmnaSi. 

sakontrolo kiTxvebi: 

1. ra ZiriTad kvantur movlenebzea damyarebuli nanoeleqtronika? 
2. raSi mdgomareobs ganuzRvrelobis principi? 
3. raSi mdgomareobs gvirabgasvlis efeqti sxvadasxva saxis jebirebSi? 
4. raSi mdgomareobs sxvadasxva saxis potencialuri jebirebidan nawi-

lakTa gabnevis efeqti? 

5. raSi mdgomareobs kvanturi SezRudva da ramdeni saxisaa? 

6. raSi mdgomareobs kvanturi balistikuri efeqti? 

7. rogoria nawilakTa gabneva sxvadasxva saxis potencialuri jebire-

bidan? 
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III. axali masalebi 

8.1. kristalis agebuleba 

nanomasalebis Tvisebebi da maxasasiaTeblebi ganisazRvrebian maTi 

struqturiT, romelTa Seswavla warmoadgens nanoteqnologiis erT-erT 

mniSvnelovan amocanas. nanomasalis struqtura klasificirdeba Semadgen-

lobis mixedviT: erTfaziani da mravalfaziani, formis mixedviT — firovani 

da svetiseburi, statikuri ganawilebis mixedviT — identursazRvriani da 

araidentursazRvriani. 

nanomasalaSi atomebi lagdeba gansazRvruli wesrigiT, Taviseburi perio-

dulobiT, romelic qmnis kristalur mesers. periodul meserSi SeiZleba yo-

velTvis gamoiyos elementaruli ujredi, romlis translaciiT erT mxares ma-

inc, miiReba kristali. elementaruli mesris Seqmna damokidebulia atomis zo-

maze da mis gare SreSi eleqtronebis konfiguraciaze. elementarul ujredSi 

koordinatTa RerZebis arCeva xdeba wiboebis gaswvriv an maT paralelurad da 

amitom koordinatTa RerZebs Soris α, β da γ kuTxeebi Seicvleba simetriis mi-

xedviT. kristalografiul koordinatTa sistemis TiTioeul RerZs gaaCnia 

sigrZis sakuTari monakveTi а, b da c, romelsac CamoWris am RerZze erTeulad 

arCeuli sibrtye. amgvarad, eqvsi sidide а, b, c, α, β da γ gansazRvravs koordi-

natTa sistemis arCevas da maT geometriuli mudmivebi ewodebaT.  

 
                      primitiuli                             primitiuli              bazocentrirebuli 

             а ≠ b ≠ c; α ≠ β ≠ γ = 900              а ≠ b ≠ c; α = γ =900 β ≠ 900 

                  1) triklinuri                      2) monoklinuri 

 
                    3) rombuli (orTorombuli) а ≠ b ≠ c; α = β= γ =900  
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4) heqsogonaluri                        5) tetragonaluri                               6) kuburi  

 

nax.8.1. braves mesris saxesxvaobebi 

 

kristalebi, romlebic aRiwerebian erTi romelime kristaluri siste-

miT, ekuTvnian erT singonias. amis mixedviT, yvela arsebuli kristali 

jgufdeba eqvs singoniad da qmnis 14 translaciur jgufs, romlebic mocemu-

lia nax.8.1-ze. maTi arseboba pirvelad bravem daamtkica da mis pativsacemad 

uwodes braves meseri 
zogjer trigonaluri ganixileba calke me-7 singoniad (kristalur sis-

temad). am Svid elementarul ujreds gaaCnia sxvadasxva simetria da amitom 

miiReba Svidi translaciuri jgufi. а, b da c monakveTebze agebul paralele-

pipedSi kvanZebi moTavsebulia maT wveroebSi, amitom maT ewodebaT primiti-

uli. meserSi SeiZleba arsebobdes elementaruli ujredi wveroebSi damate-

biTi kvanZebis gareSe, roca simetria araa darRveuli. aseTi ujredi araa si-

metriuli da adgili eqneba damatebiT translaciebs. isini kvanZs gadaitanen 

romelime waxnagis an ujredis centrSi. aseTi meseria waxnagcentrirebuli 

an moculobaTcentrirebuli. 

organzomilebiani mesris SemTxvevaSi elementaruli ujredi ise unda 

airCes, rom kvanZebze agebuli elementaruli paralelogramis simetria Tan-

xvdebodes mesris kvanZis simetrias. am SemTxvevaSi elementaruli ujredi 

aigeba а da b monakveTebze da maT Soris arsebul γ kuTxeze. braves 5 organ-

zomilebiani meseri mocemulia nax.8.2-ze. am SemTxvevaSi aris braves ujredi: 

a) iribkuTxa paralelogrami, b) marTkuTxedi, g) centrirebuli marTkuTxe-

di, d) kvadrati da e) rombi, romlebic qmnian 4 sistemas — iribkuTxas, mar-

TkuTxas, kvadratulsa da heqsagonalurs. 

zogjer nivTiereba qmnis sxvadasxva kristalur sistemas, mdgrads sxva-

dasxva wnevasa da temperaturaze. nivTierebis am Tvisebas polimorfizmi 

ewodeba, xolo struqturebs — polimorfuli formebi an nivTierebis alot-

ropuli modifikacia. alotropia — erTi qimiuri elementis arseboba or an 

met martiv mdgomareobaSi. polimorfizmi — erTi Semadgenlobis myari sxeu-

lis arseboba or an met kristalur struqturad. modifikacia, romelic 

mdgradia normalur da dabal temperaturebze, aRiniSneba αα-Ti, xolo modi-
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fikacia, romelic maRal temperaturebzea mdgradi — β-Ti, γ-Ti da a. S. masa-

lebisTvis mniSvnelovania modifikaciis saxis codna, radgan maTzea damoki-

debuli maTi eleqtro-, meqanikuri-, optikuri- da magnituri Tvisebebi. 

 
nax.8.2. orgamzomilebiani braves mesris saxesxvaobebi 

 

magaliTad, naxSirbadis polimorfizmia grafiti, almasi da fulereni. 

siliciumis karbits ramdenime modifikacia aqvs da a. S.  

8.2. individualuri nanonawilakebi da nanosistemebi 

nanonawilakebi Sedgeba 106 an ufro mcire raodenobis atomebisagan, ami-

tom maTi Tvisebebi mkveTrad gansxvavdeba im atomebis Tvisebebisagan, rom-

lebic bmaSi arian nivTierebis moculobaSi. TviT nanonawilakebis zomebi, 

Sedgenili bmuli atomebiT an molekulebiT, ar aRemateba 100 nm-s. calkeuli 

atomebi SeerTebisas qmnian klasterebs, romelSic atomebis ricxvi da, Sesa-

bamisad, misi zomac icvleba. magaliTad, 1 nm-is radiusiani klasteri Seicavs 

25 atoms, romelTa umetesi nawili zedapirzea. bevri molekula, gansakuTre-

biT biologiuri, Sedgeba 25 molekulaze naklebi molekulisagan. magali-

Tad, hem-molekula (FeC34H32O4N4), adamianis sisxlis hemoglobinis safuZveli 

da ujredTan Jangbadis mimtani, Sedgeba 75 atomisagan. maT Soris ar SeiZleba 

zusti sazRvris gavleba. isini lagdebian, rogorc calkeuli atomebis jgu-

febi an moculobiTi masalis nawilebi. rogorc viciT, kritikul zomaze nak-

lebi zomis nanonawilakebi avlenen unikalur Tvisebebs moculobiT masa-

lebTan SedarebiT. Tu nawilakis zoma naklebia raRac maxasiaTebel, kriti-

kul zomasTan SedarebiT, maSin is avlens axal fizikur da qimiur Tvisebebs. 

SeiZleba miviRoT, rom nanonawilaki — esaa atomebis agregati, romelTa zo-

mebia 1-dan 100 nm-mde; ganixileba, rogorc moculobiTi masalis nawili, mag-

ram raRac movlenis Sesabamis sigrZeze naklebi zomis. atomebis es agregate-

bi, anu klasterebi, xasiaTdebian atomis Cawyobis sxvadasxva simkvriviT. Se-



 138 

iZleba davuSvaT, rom atomebi garkveuli radiusis mqone ukumSvadi sferoe-

bia. amis gamo nivTierebis kristaluri struqtura SeiZleba gavigoT, Tu 

warmovidgenT, rom is miRebulia aseTi sferoebis mWidriod dawyobis Sede-

gad. es sferoebi miizidebian kulonuri, van-der-vaalsuri an sxva romelime 

ZalebiT da amis gamo cdiloben moTavsdnen erTmaneTTan rac SeiZleba mWid-

rod, ise, rom maT Soris manZils hqondes minimaluri mniSvneloba, xolo Ti-

Toeuli sfero garSemortymuli iyos mezobeli sferoebis maqsimaluri Se-

saZlo ricxviT. sferoebis aseT wyobas, romelic xasiaTdeba potencialuri 

energiis minimumiT, sferoebis umWidroesi wyoba ewodeba, rac gamosaxulia 

nax. 8.3-ze. nax. 8.3 a-ze mocemulia erTnairi radiusis sferoebis fena umWid-

roesi wyobis dros. nax.8.3b-ze — roca meore fenis sferoebiTavsdebian pir-

veli fenis CaRrmavebebSi. ნaxაz 8.3 g-ze gamosaxulia, roca pirveli da meore 

fenis sferoebis centrebi qmnian swor tetraedrs, romlis SigniT moTavse-

bulia tetraedruli sicariele. cxadia, rom sferoebis umWidroes wyobas 

gaaCnia kompaqturobis koeficientis yvelaze didi mniSvneloba. kompaqtu-

robis koeficienti aris erT elementalur ujredSi Semavali sferoebis mo-

culobis Sefardeba ujredis srul moculobasTan, romelic sferoebis mo-

culobasTan erTad Seicavs maT Soris arsebul sicarieleTa moculobebsac. 

vTqvaT, elemetaluri ujredis moculobaa V, masSi moTavsebulia r-radiusi-

ani n sfero, maSin kompaqturobis koeficienti iqneba: q=4/3πr3n/V. 
 

 
 

nax.8.3. tolradiusiani sferoebis wyoba erT fenad 

(a) or fenad (b) da tetraedrulad (g) 

  

nebismieri umWidroesad Cawyobili struqturisaTvis q tolia 0,74-is, e. i. 

sivrce ivseba 74%-iT. sibrtyeze sferoebis maqsimaluri Calageba mocemu-

lia nax.8.3a-ze. TiToeuli sfero exeba 6 mezobel sferos (koordinaciuli 

ricxvia 6) da mis irgvliv qmnis 6 samkuTxa sicarieles. samkuTxa sicariele 

erTdroulad ekuTvnis sam sferos da TiToeul sferoze modis am sicarie-

lis 1/3. centrSi myof sferoze mosuli sicarieleTa ricxvi iqneba 6×1/3=2, 

e.i. orjer metia, vidre fenaSi myofi sferoebis ricxvi. 
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 sferoebis umWidroesi sivrculi wyoba miiReba aRniSnuli fenebis erTma-

neTze dadebis Sedegad, ise, rom yoveli zeda sfero xvdeba qveda fenis sfero-

Ta Soris sicarieleSi. radganac sicarieleebis ricxvi orjer metia sferoebis 

ricxvze, amitom wyoba SeiZleba ganxorcieldes: 1) meore fenis sferoebi daika-

veben BBB tipis adgilebs, 2) an daikaveben CCC tipis adgilebs. meore fenisTvis 

amas araviTari principuli mniSvneloba ara aqvs. am fenis TiToeuli sfero exe-

ba qveda fenis sam sferos (nax.8.3 b) da zemodan xuravs samkuTxa sicarieles, ro-

melic qveda fenis sami sferos mieraa Seqmnili. oTxi sferos centrebis SeerTe-

biT miiReba swori tetraedri (nax.8.3 g) da warmoiSoba tetraedruli sicarie-

le. nax.8.3 b-dan Cans, rom meore fenaSi kidev arsebobs meore gvaris sicariele-

ebi, rodesac qveda sicarieles Tanxvdeba zeda sicariele. es sicariele garSe-

mortymulia 6 sferoTi, romlis centrebis SeerTebiT miiReba oqtaedri. aseTi 

saxisaa oqtaedruli sicariele, romelic gacilebiT didi moculobisaa, vidre 

tetraedruli. dadgenilia, rom tetraedruli sicarielis SigniT moTavsebu-

li sferos radiusi unda Seadgendes ZiriTadi sferos radiusis 0,22 nawils, xo-

lo oqtaedrul sicarieleSi moTavsebulisa — 0,41.  

mesame fenis SevsebisTvis mniSvneloba eniWeba, Tu mesame fenis sferoebi 

daikaveben ABAB, ACAC an BCBC (nax.8.3) mdgomareobebs. am SemTxvevaSi sfe-

roebis wyoba xasiaTdeba primitiuli heqsagonaluri ujredis simetriiT. me-

oTxe da Semdegi fenis wyobisaTvis SeiZleba iyos ufro rTuli — ABCA, 

BCAC, ACCB da a.S. 

erTi da imave radiusis sferoebisgan SeiZleba aigos moculobiTad cen-

trirebuli kuburi meseri, romelic araa umWidroesi wyoba da misi kompaq-

turobis koeficientia 68%. sferos radiusi, romelic wibosa da waxnagis 

centris sicarieleebSi Caeteva, aris ZiriTadi sferos radiusis 0,15 da 0,29. 

garda amisa, ujredSi 24 sicarielea koordinaciuli ricxviT 3 (triedruli 

sicariele) da sxva.  

aRsaniSnavia, rom koordinaciuli ricxvis SemcirebiT mcirdeba kompaq-

turobis koeficientic. magaliTad, heqsagonaluri da kuburi umWidroesi 

wyobis dros kompaqturobis koeficienti 74%-ia, moculobiTad centrire-

bul kubSi koordinaciuli ricxvia 8 da kompaqturobis koeficienti — 68%; 

Cveulebriv kubSi koordinaciuli ricxvia 6, xolo kompaqturobis koefici-

enti — 52,3% da a. S.  

sakontrolo kiTxvebi: 

1. rogor miiReba axali faza da ra aris kompaqturobis koeficienti? 

2. rogoria triklinuri, rombuli da tetragonaluri struqtura? 

3. rogoria monoklinuri, kuburi da heqsagonaluri struqtura? 

4. rogoria organzomilebiani braves meseris saxesxvaobebi?  

5. ra aris kompaqturobis koeficienti? 
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9. naxSirbadis nanosistemebi 

9.1. naxSirbadiseuli kavSirebi 

nanoteqnologia iZleva farTo perspeqtivebs axali masalebis, eleqtro-

nikis, fizikis, qimiis, energetikis da sxva dargebis swrafi ganviTarebisaT-

vis. am procesSi gadamwyvet rols TamaSoben fulereni da naxSirbadis nano-

milakebi, romlebSic naxSirbadiseuli kavSirebi TvisebebiT unikaluria da 

mravalsaxa. naxSirbadi yvelaze ufro gavrcelebuli elementia bunebaSi da 

axorcielebs sicocxlisaTvis saWiro ZiriTad procesebs. naxSirbadis Ziri-

Tadi Taviseburebaa — C — C — kavSirebis Seqmna, romelTa bunebazea damokide-

buli misgan Seqmnili masalis Tvisebebi da misi monawileobiT mimdinare pro-

cesebis nairsaxeobebi. am kavSiris bunebis gagebisTvis saWiroa ganvixiloT 

naxSirbadis atomis eleqtruli struqtura. is Seicavs 6 eleqtrons, romle-

bic augznebel mdgomareobaSi arian umdables energetikul doneebze 

(1s)2(2s)2(2px)
1(2py)

1(2pz). roca molekulaSi naxSirbadis atomi dakavSirebulia 

sxva atomTan, misi eleqtronuli struqtura aseTia: (1s)2(2s)1(2px)
1(2py)

1(2pz)
1. 

eleqtruli muxti s-mdgomareobaSi ganawilebulia sferuli simetriiT da 1s-
eleqtronebi qimiur bmaSi ar monawileoben. danarCeni 4 eleqtroni ganawi-

lebulia n=2 doneebze. did manZilebze ori naxSirbadis atomi erTmaneTze ar 

moqmedebs da aqvT diskretuli mdgomareobebi. miaxloebisas doneebi ixliCe-

bian, qmnian zonebs 2 da 6 eleqtronuli mdgomareobebiT, sul 8 eleqtroni-

saTvis. eleqtruli muxti p-mdgomareobaSi ganawilebulia hantelis formis 

urTierTmarTob orbitalebze. x0 manZilze miaxloebisas (nax.9.1) bmaSi mona-

wileobs gare p- orbitalis or-ori eleqtroni, rac iwvevs zonis naxevrad 

Sevsebas da miiReba metali, anu grafiti. atomebis ufro metad miaxloebisas 

(x1 manZilamde) naxSirbadis atomis gare s-orbitali da sami p-orbitali amya-

rebs kavSirs sxva atomebTan. am orbitalebs Soris muxtebi erTmaneTSi ireva, 

anu sxva sityvebiT, birTvidan am orbitebze myofi eleqtronebis daSoreba 

sxvadasxvaa da xdeba maTi talRuri funqciebis urTierTgadafarva. amis ga-

mo xdeba s- da p- mdgomareobebis talRuri funqciebis hibridizacia. TiToe-

uli atomidan bmaSi monawileobs oTx-oTxi eleqtroni, rac avsebs qveda sava-

lento zonas, xolo zeda gamtareblobis zona rCeba carieli. eleqtronebis 

aseTi ganlageba iZleva dieleqtriks — miiReba almasi, akrZaluli energeti-

kuli zoniT 5,3 ev. 
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nax.9.1. almasSi energetikuli zonebis Seqmna;  

1 — gamtareblobis zona; 2 — savalento zona 

 

 talRuri funqciebis hibridizacia iwvevs s- da p- mdgomareobebis gada-

wevas atomis birTvis mimarT, rasac eTanadeba Sesabamisi sididis eleqtruli 

dipoluri momentis warmoqmna. miuxedavad imisa, rom naxSirbadis atomSi 2s- 

da 2p- doneebis energiebs Soris sxvaoba Zalin mcirea, eleqtruli dipoluri 

momentis sidide (7,33•10-30 kl•m) sakmaod moculobiTia da misi gavlena nax-

Sirbadis sxvadasxva alotropiuli (kristaluri struqturiT gansxvavebuli 

meseri) mdgomareobis Seqmnis energetikaze arsebiTia. es gamosaxulia nax.9.2-

ze, saidanac Cans, rom myarfaziani naxSirbadis sxvadasxva alotropiuli 

mdgomareobisTvis damaxasiaTebelia sami ZiriTadi tipis qimiuri bmis war-

moqmna: sp, sp2 da sp3, kavSirebs Soris kuTxeebiT 180o, 120о da 109,5o, Sesabamisad. 

am SemTxvevaSi aranormalizebuli talRuri funqcia SeiZleba daiweros ase-

Ti saxiT: Ψ = s + λp, sadac, p aRniSnavs pi orbitalebis narevs, xolo λ p- mdgo-

mareobis s- mdgomareobaSi fardobiTi Serevis koeficientia, romelicaa, Se-

sabamisad, 1; 2,5 da 3,5. aseTi hibridizaciisas p- orbitalebis bmis mimarTu-

lebebi da maT Soris kuTxe icvleba λ-is sididis cvlilebis mixedviT. 

 
nax.9.2. naxSirbadis qimiuri bmebis ZiriTadi tipebi: 

karbini (a), grafiti (b), almasi (g) 
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naxSirbadis oratomiani molekulis Seqmnisas aRiZvreba mxolod σ- bma, 

kovalenturi da ionuri kavSiris Sesabamisi wilobiTi energiebiT — 6,83 ev da 

2,2 ev. savalento eleqtronebis hibridizaciiT Seqmnili SedarebiT didi 

eleqtruli dipolis momentis gaTvaliswinebiT dgindeba, rom dipolebi gan-

lagebulia urTierTsawinaaRmdegod, rac asustebs bmis energias. wilobiTi 

energiebi icvleba jamuri energiiT da xdeba 6,2 ev-is toli, xolo birTvebs 

Soris manZili — 1,242Ǻ-is toli.  

naxSirbadis alotropiuli saxesxvaobani damokidebulia naxSirbadis 

oratomian molekulasTan sxva atomebis moqmedebis saxeze. naxSirbadis sama-

tomiani molekula C3 miiReba oratomian C2 molekulasTan naxSirbadis ato-

mis moqmedebiT. urTierTmoqmedebis potencialuri energiis minimumi xor-

cieldeba atomebis umWidroesi wyobisas, anu kompaqturobis koeficientis 

udidesi mniSvnelobisas. atomebis aseTi ganlagebisas Tavs iCens eleqtron-

dipoluri da dipol-dipoluri urTierTmoqmedeba, rac zrdis bmis energi-

as. meore mxriv, naxSirbadis atomis moqmedeba C2 molekulasTan aerTianebs 

yvela sam atoms erT saerTo C3 molekulad. amis gamo C2 molekula ganicdis 

deformacias, razedac ixarjeba energia da sabolood bmis energia C2-C Sead-

gens 6,383 ev-s, saSualo manZiliT — 1,584Ǻ. naxSirbadis atomisa da ortomiani 

molekulis urTierTmoqmedebisas formirdeba almasis tipis struqtura. ma-

Ral (dnobis) temperaturaze almasis tipis struqtura iSleba C2 da C atomis 

qimiuri bmis gawyvetis gamo, xolo dabal temperaturaze — oratomiani mo-

lekulis SigniT atomTa bmis gawyvetis Sedegad.  

naxSirbadis molekulebis C2-C2 urTierTmoqmedebisas yalibdeba jvare-

dini an Zafiseburi struqtura ise, rogorc es naCvenebia nax.9.3-ze. C2 mole-

kulebis aseTi urTierT ganlageba iwvevs maT gaWimvas da molekulis SigniT 

atomebs Soris manZili gazrdas 1,242Ǻ-dan 1,415Ǻ-mde. am procesze ixarjeba 

energia da saboloo Sedegad formirdeba nax.9.3 a)-ze gamosaxul SreSi myof 

C2 molekulis bmis energia dipol-dipoluri urTierTqmedebiT, romelic 

1,855 ev-is tolia. Sre warmoadgens swori eqvskuTxedebisgan Semdgar brtyel 

bades, romelTa yovel kuTxeSi moTavsebulia naxSirbadis atomi (heqsagona-

luri kristaluri struqtura). aseT sibrtyes ewodeba grafeni. grafenebs 

Soris urTierqmedeba molekuluria da bmis energia Seadgens 0,29 ev-s, xolo 

maT Soris manZili — 3,35Ǻ-s. mcireodeni Zvris deformacia iwvevs aseTi masa-

lis fenebad daSlas. am Tvisebas amJRavnebs grafiti. naxSirs aqvs Zafiseburi 

struqtura, romelic gamosaxulia nax.9.3 b)-ze da erTmaneTis mimarT wanac-

vlebulia naxSirbadis erTi atomis sididiT. am alotropiul mdgomareobaSi 

C2 molekulebs Soris bmis energia ~ 2,3 ev-ia, xolo Zafebs Soris kovalentu-

ri bmebia da maTi sidide ~ 1,21 ev-is tolia. 
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nax.9.3. C2-C2 molekulis urTierTmoqmedebisas nivTierebis 

Seqmnis fragmenti: grafiti (a); naxSiri (b) 

 

 naxSirbadis C3 molekulis SreSi ganlagebis xasiaTi mocemulia nax. 9.4-

ze. naxSirbadis SreSi aseTi wyoba xasiaTdeba potencialuri energiis minimu-

miT, kompaqturobis koeficientis maqsimaluri sididiT da struqtura Sei-

cavs 12 axlos myof naxSirbadis atoms. maT Soris kovalenturi bma ganisazR-

vreba gacvliTi urTierTmoqmedebiT, anu σ- bmiT, 11,5 ev ionizaciis energi-

iT. aseTi saxis ganlagebis moculobiTi stuqtura qmnis waxnagcentrirebul 

kubur struqturas, wanacvlebuls wibos naxevriT da atomTa Soris 1,54 Ǻ 

manZiliT. bmis energia, ZiriTadad, ganisazRvreba dipol-dipoluri urTier-

TqmedebiT. aseTi TvisebebiT xasiaTdeba almasi.  

 
 

nax.9.4. almasis SreSi C3 molekulis mdebareoba 

dipol-dipoluri urTierTqmedebisas 

9.2. fulereni 

didi xnis ganmavlobaSi miiCneoda, rom bunebaSi arsebobda naxSirbadis 

sami alotropiuli forma: karbini, grafiti da almasi. gasuli saukunis bo-

los aRmoCenil iqna unikaluri Tvisebebis mqone, e. w. ConCxediseburi naxSir-

badis struqtura, romelic warmoadgens naxSirbadiseul Sekrul Rru sfe-

rul garss. is hgavs fexburTis burTs da Sedgeba naxSirbadis 60 atomisgan. 
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misi aRmoCena iyo TiTqmis SemTxveviTi, is aRmoCnda varskvlavTSoriso siv-

rcis Seswavlisas. Seiswavleboda sinaTlis STanTqma varskvlavTSoris arse-

buli mtvriT, anu iq arsebuli mcire nawilakebiT. cnobilia, rom varskvlave-

bis sinaTlis intensivoba kosmosuri sivrcis gavlis Semdeg mcirdeba. esaa 

optikuri STanTqma da xorcieldeba varskvlavebidan dedamiwisken wamosuli 

sxivis STanTqmiT da gabneviT mis gzaze arsebuli mtveris nawilakebis mier. 

es STanTqma Seiswavleba intensivobis gazomviT mosuli sinaTlis sxvadasxva 

talRis sigrZeze, anu sxvadasxva ferze. gazomvebis Sedegad aRmoCnda, rom 

STanTqma izrdeba ultraiisfer (ui) diapazonSi 220 nm (kvantis energia 5,6 ev) 

talRis sigrZesTan axlos (nax. 9. 5). am STanTqmas xsnidnen varskvlavTSoriso 

areSi arsebul hipoTezurad mcire grafitis nawilakebze gabneviT, rasac as-

tronomTa Soris Cveulebriv movlenad miiCnevdnen da hqonda saerTo aRia-

reba. 

 
 

nax.9.5. varskvlavTSoriso aris gavliT dedamiwaze mosuli 

varskvlavis sinaTlis optikuri speqtri 

 

d. hafmani da v. kratCmeri am axsniT ver dakmayofildnen da ganagrZes uf-

ro dawvrilebiT STanTqmis sakiTxis Seswavla. laboratoriul pirobebSi, or 

naxSiris eleqtrods Soris rkaluri ganmuxtviT heliumis atmosferoSi, da-

afines kvarcis minaze Wvartlis mcire nawilakebi. mas swavlobdnen sxvadas-

xva optikuri meTodiT. marTlac aRmoaCines grafitis cnobili speqtruli 

xazebi ui-diapazonSi, magram infrawiTel (iw) diapazonSi miiRes oTxi dama-

tebiTi xazi, romelTa warmoSoba ar ukavSirdeboda grafits.  

qimikos-Teoretikosebis mier 60 atomisagan Semdgari naxSirbadi, formu-

liT C60, ramdenime wlis winaT iyo cnobili, magram misi arseboba eqsperimen-

tulad ar iyo damtkicebuli. am molekulis bevri Tviseba gamoTvlili iyo 

Teoriulad, maT Soris iwinaswarmetyveles iw-diapazonis STanTqmis saxec. 

hafmanis da kratCmeris mier aRmoCenili oTxi STanTqmis xazi kargad eTana-
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deboda Teoriulad winaswarmetyvelur C60 molekulis am diapazonSi STan-

Tqmis speqtrs. SeiZleba Tu ara, varskvlavTa sinaTlis STanTqma ui-diapa-

zonSi gamowveuli iyos C60 molekuliT? damtkicebisTvis mecnierebi ikvlev-

dnen STanTqmas naxSiris eleqtrodebis rkaliT miRebul 13C-is ui-diapazonSi 

da adarebdnen 12C-ze miRebul speqtrebs. cnobilia, rom elementi Tavis izo-

topiT Secvlisas anacvlebs iw-speqtrs masaTa Tanafardobidan kvadratuli 

fesviT, anu (13/12)1/2 = 1,041-iT, anu wanacvleba unda iyos 4,10/0-iT. es zustad 

emTxveva eqsperimentul monacemebs. maSasadame, mkvlevrebma miiRes 60-ato-

miani, sferos formis naxSirbadis molekulis arsebobis myari mtkiceba. mas-

speqtrometrma daafiqsira nawilakebi masuri ricxviT 720, anu TiToeuli 12 

masis atomuri erTeulis mqone 60 naxSirbadis atomisagan Semdgari nawilake-

bi. es gaakeTa jgufma, romelSic Sedioda h. kroto, r. kerli da r. smoli (H. 

Kroto, R. Curl, R. Smalley), romlebic 1996 wels dajildovdnen nobelis premiiT. 

fulerenebs uwodeben naxSirbadis atomebisgan Semdgar molekulaTa 

klass, romlebic qmnian 12 xuTkuTxedisa da ori an ufro meti eqvskuTxedi-

sagan Caketil garss. fulerinSi naxSirbadis yoveli atomi esazRvreba sam me-

zobel atoms da atomebis saerTo ricxvi yovelTvis luwia. yoveli fulere-

ni Seicavs naxSirbadis 2(10+n) atoms, sadac n eqvskuTxedebis ricxvia da yo-

velTvis metia erTze. 

 C60 molekulis arqiteqtura Seqmna riCard bakminister fulerenma (Ric-

hard Buckminster Fuller) da mis pativsacemad mas fulereni uwodes. mas aqvs fex-

burTis burTis forma. is warmoadgens Rru sferos formas, romelic Sedgeba 

20 eqvskuTxa da 12 xuTkuTxa simetriulad ganlagebuli waxnagisgan, sadac 

xuTkuTxedebi erTmaneTs ar esazRvrebian (nax.9.6). yoveli eqvskuTxedi 

esazRvreba sam eqvskuTxeds da sam xuTkuTxeds, xolo yoveli xuTkuTxedi — 

mxolod sam eqvskuTxeds. sferos Semqmneli naxSirbadis atomebi erTmaneTs 

ukavSirdebian Zlieri kovalenturi bmebiT. sferos garsis sisqea — 0,1 nm, C60 

molekulis radiusi — 0,357 nm, C—C bmis sigrZe xuTkuTxedSi — 0,143 nm, xolo 

eqvskuTxedSi — 0,139 nm.  
dResdReobiT fulereni yvelaze ufro gavrcelebuli terminia samecni-

ero wreebSi: is astronomebma aRmoaCines kosmosSi da meteoritebSi, biolo-

gebma SeamCnies misi msgavseba cocxali samyaros biologiur struqturasTan, 

geologebma naxes sabadoebSi, masalaTmcodneebma mis bazaze Seqmnes unika-

luri Tvisebebis mqone masalebi da a. S.  

fulerenis warmoqmnis dasawyisSi xdeba C3 molekulasTan naxSirbadis mo-

lekulaTa TandaTanobiT mierTeba da Caketili konfiguraciebis Seqmna 6, 8, 

34 da a. S. atomisgan, klasteris tipis mdgradi konfiguraciis saxiT. naxSir-

badis Semdgomi atomebi moqmedeben aseT klasterze, romlis zomebi izrdeba. 

amitom ionuri bmebis wvlili mcirdeba da mxedvelobaSi miiReba mxolod 

eleqtron-dipoluri da dipol-dipoluri urTierTqmedeba. naxSirbadis 

atomi Tavisi dipoliT moqmedebs klasteris sam atomTan, rogorc es naCvene-
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bia nax.9.3-ze, xdeba savalento eleqtronebis gaerTianeba da naxSirbadiani 

kavSirebis Seqmna energiiT 4,664 ev. fulerens aqvs mkacrad gansazRvruli 

`grafitis~ da `almasis~ kavSirebis wili, amitom is ikavebs adgils maT, anu 

sp2-sp3-s Soris. 

 

 
 

nax.9.6. C60 fulerenis molekulis struqtura 

 

riT gansxvavdeba fulereni ufro gavrcelebul da cnobil naxSirbadis 

sxva alotropiuli formis naxSirbadebisagan, romlebic atomuri struqtu-

ris masalis Tvisebaze gavlenis klasikuri magaliTebia? marTlac, grafiti — 

rbili, gaumWirvale masalaa, kargad atarebs eleqtrul dens, xolo gamWir-

vale almasi — yvelaze mkvrivi mineralia da dieleqtrikia. grafitis atomu-

ri struqtura Sedgeba naxSirbadis atomebis sustkavSirebiani heqsagonalu-

ri badis Sreebisagan, xolo almass aqvs kuburi meseri. SedarebiT kargad Ses-

wavlili C60-is molekula sferoidia ekvivalenturi zedapiriT — 0,7nm dia-

metriT, naxSirbadis atomebis naxevrad gajerebuli naerTia da axlosaa sp2 

hibridizaciasTan. misi yvela atomi esazRvreba sam uaxloes atoms, romelic 

masTan dakavSirebulia σ-bmiT. anu, yoveli mravalwaxnagis wverodan gamodis 

sami wibo, xolo darCenili savalento eleqtroni qmnis delokalizebul or-

mag πbmas. atomebis aseTi ganlageba fulerenSi mas xdis ufro Warbi reaqci-

uli Tvisebebis mqones.  

bunebaSi C60-is garda kidev arseboben maRalsimetriuli endofulerene-

bi, hiperfulerenebi (giganturi fulerenebi), romlebic warmoadgenen er-

TmaneTSi Cadgmul garsebs, romelic ase aRiniSneba: C60@C240@C540 da a.S. 

dResdReobiT maTi eleqtrofizikuri da qimiuri Tvisebebi bolomde araa 

Seswavlili. yuradRebas ipyrobs SeerTebis kidev erTi klasi, e. w. hetero-

fuleroni, romlis struqtura Sekrulia da naxSirbadis atomebze nawilob-

riv Canacvlebulia sxva atomebi. magaliTad, C59B, C58N, C57B3, C58BN, C59M, 

sadac M metalia da a. S. zogadad, C60 dieleqtrikia da misi struqturis 26% 

sicarielea. am sicarieles ewodeba endoedraluri sicariele da masSi SeiZ-
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leba moTavsdes sxva saxis atomebi. aseTi naerTi aRiniSneba Mm@Cn, sadac M 

fulerenSi Canergili atomia, m da n miuTiTebs atomTa ricxvs fulerenSi da 

mis garsze. fulerenis ujredSi moTavsebuli atomi, praqtikulad, kargavs 

Tavis individualur qimiur Tvisebebs. endometalofulerenSi Canergili 

ionis zoma Sinagani sicarielis zomasTan SedarerbiT naklebia, amitom mole-

kulis centridan ioni wainacvlebs da qmnis ionur moments. es movlena iZle-

va saSualebas, Seiqmnas segnetoeleqtruli Tvisebebis mqone masalebi. sain-

teresoa, agreTve, maTi legireba tutemiwaTa metalebiT, romlebic advilad 

gascemen eleqtronebs. vakuumSi 4000C temperaturaze SesaZlebelia C60-is ka-

liumiT legireba. K jdeba tetraedrSi, fulerenis ujredSi, is gascems 

eleqtrons, miiReba C60
n- , sadac eleqtronebi sustad arian damagrebulebi da 

mcire Zabvazec atareben dens, anu fulereni xdeba gamtari. zogadad, Tu Ca-

nergili atomi gadascems sakuTar savalento eleqtrons, C60-is molekulas, 

maSin aseT SenaerTs uwodeben fulerids, Tu ar gadascems, — klatrats.  

rig fuleridebSi, M3C60-Si, SeimCneva zegamtaroba, roca maTSi Canacvle-

buli iyo tutemiwaTa metalebi (K, Na, Rb, Cs), romelTa zegamtarobaSi 

gadasvlis temperaturaa Tc≥18 K. aseve, zegamtar CsRuC60-is zegamtarobaSi 

gadasvlis temperaturaa Tc=33 K. zegamtarobaSi gadasvlis temperaturis 

sidide kristalis mesris parametris proporciulia: K3C60-sTvis (mesris 

parametri r0=1,424 nm) Tc=18K, Rb3C60(r0=1,438 nm) — Tc=30K, Cs3C60 — Tc=40K (r0=1,442 
nm). fulerenSi tutemiwaTa metalebis atomebis zomebze meti zomis Caner-

gviT izrdeba mesris parametri. magaliTad, CHBr3-C60-Si Tc=117 K (r0=1,452 nm), 

CHI3- C60-Si Tc=146 K (r0=1,458 nm).  

fulereni, garda varskvlavTSoriso sivrcisa, mcire raodenobiT aRmo-

Cenil iqna bunebriv mineralebSi (Sungitebis sabadoSi) da meteoritebSi. sa-

xelwodeba `Sungitebi~ ewoda dasaxleba Sungis gamo, sadac pirvelad aRmoa-

Cines es minerali. Sungitebis sabadoSi naxSiris Semcveloba meryeobs 1-dan 

70% -mde, xolo masSi fulereni 10-3%-ia. naxSiri aris 10 nm zomis burTule-

bis saxiT da ara aqvs kristaluri struqtura. dedamiwis pirobebSi fulere-

ni ozonisa da ui-gamosxivebis moqmedebiT ganicdis degradacias, magram Tu 

daculia raime garsacavi feniT, is didxans inarCunebs Tavis saxes. fulereni 

gvxvdeba vulkanis amonafrqvevSi, mexis dacemis adgilSi. Zalian mcire rao-

denobiT fulerens Seicavs navTis lampis da buxris Wvartli. meteoritul 

fulerenebSi aRmoCenil iqna gazi 3He, romelsac aqvs kosmosuri warmoSoba. 

amiT meteorit alendes wlovaneba Sefasda 4,6 miliardi wliT. mTvaris grun-

tSi fulereni ar iqna aRmoCenili. 

kidev ufro sxvadasxvagvari Tvisebebi aqvs C70 molekulas, romlis forma 

mogvagonebs nesvs an ragbis burTs da romelic gamosaxulia nax. 9.7-ze. SeiZ-

leba maTi modificireba C70-is garsis SigniT an gareT sxva atomis an moleku-

lis mierTebiT.  
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hidrostatikuri wnevis moqmedebiT, fotoqimiuri aRgznebiT da sxva ga-

re faqtorebis moqmedebiT fulerenebis molekulebi qmnian kovalentur 

bmebs da polimerdebian. cnobilia dimerebi (C60)2, (C70)2, C60. C70, trimerebi 

(C60)3, jaWvuri da garsuli C60 da C70-is polimerebi. 
 

 
nax.9.7. C70 fulerenis struqturis agebis sqema 

 
fulerenis msgavsi nivTiereba araorganuli naerTia sxvadasxva moleku-

lebisgan Sekruli sferuli an sxva formiT. iaponelma mkvlevrebma daadgi-

nes, rom, naxSirbadisgan gansxvavebiT, siliciumis atomebs ar SeuZliaT Seq-

mnan Sekruli struqtura. isini mxolod volframis garSemo warmoSoben heq-

sagonalur Sekrul struqturas. aseTi struqturebi potenciurad gamosaye-

nebelia kvantur kompiuterebSi, qimiur katalizatorebSi da axal zegamta-

rebSi. molekuluri orbitalebis TeoriiT, nawinaswarmetyvelebia bevri sxva 

molekulisgan Semdgari Caketili stabiluri struqturis arseboba. magali-

Tad, orbitalebis funqcionaluri simkvrivis meTodma aCvena, rom N20 klas-

teri unda iyos Caketili, stabiluri da Tanamedrove etapze yvelaze ufro 

energomoculobiT feTqebad nivTierebaze TiTqmis samjer ufro Zlieri 

feTqebadi nivTiereba. 

mas-speqtroskopiT iqna damzerili, garda C60 da C70-isa, C20, C22, C36, C76, C80, 

C82, C84, C90, C92, C98, C100 fulereni. aseTi saxis fulerenebis arseboba saintere-

so da perspeqtiulia imiT, rom Sesabamisi legirebiT SesaZlebelia, maT 

hqondeT zegamtareblobaze gadasvlis maRali temperaturebi.  

9.3. naxSirbadis nanomilakebi 

sferoidul naxSirbadian struqturebTan erTad, formirdeba aseve ci-

lindruli, wagrZelebuli struqturac, e. w. nanomilaki, romelic gamoirCe-

va fiziko-qimiuri Tvisebebis mravalferovnebiT. es pirvelad miiRo 1991 
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wels s. ijimim (S. Iijima). misi arseboba da zogierTi Tvisebebi aRmoCenamde Te-

oriulad iyo nawinaswarmetyvelebi. is SeiZleba warmovidginoT, rogorc ci-

lindrad Sexveuli grafitis furceli, anu grafeni — eqvskuTxedis wveroeb-

Si moTavsebuli naxSiris atomebiT. erTSrian nanomilaks aqvs 2 nm sididis 

diametri da 100 mkm-mde sigrZe, romelic kvazierTganzomilebiania da kargi 

nanomavTulia. nanomilis boloebi SeiZleba iyos Ria an daxuruli. nanomila-

kis erT-erTi ganzomilebiTi parametria `hiraloba~, romelic miuTiTebs im 

eqvskuTxedis koordinatebs, romelic grafenis milad daxvevisas unda daem-

Txves sawyis eqvskuTxeds. termini `hiraloba~ SemoiRo 1884 wels ingliselma 

fizikosma uiliam tomsonma (lordi kelvini, Wiliam Thomson), magram es termi-

ni ufro gavrcelda 1966 wels Sveicarieli qimikosis vladimir prelogis mi-

er ( Vladimir Prelog).  

nanomili warmodgeba wyvili mTeli ricxvebiT (n,m), romelTa jami dia-

metrze wrewiris gaswvriv eqvskuTxedebis raodenobis tolia. grafenis ori-

entaciis kuTxe milis RerZis mimarT gansazRvravs nanomilis gamtareblobis 

xasiaTs — metaluria Tu naxevargamtaruli. naxevargamtaruli milakis ak-

rZaluli zonis sigane damokidebulia hiralobaze (Sexvevis kuTxe da milis 

diametri). meore mxriv, milis diametri da Sexvevis kuTxe, an Sexvevis biji, 

organzomilebiani grafenis kristalografiuli elementaluri ujredis 

analogiaa. misi translaciiT milis gaswvriv miiReba nanomili (nax.9.8).  

 
nax.9.8. grafenis organzomilebiani elementaluri ujredis bazisuri 
veqtorebi (a; a1 da a2) da heqsagonaluri badis cilindrad sxvadasxva 

 

hiralurad SexveviT nanomilakis formirebis modeli: T— milakis 

gaswvrivi RerZi; H — grafenis simetriis RerZi; φ — kuTxe maT Soris; θ — 

hiraluri kuTxe.  
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 `Sexvevis anu hiraluri veqtori~ C=na1+ma2, sadac a1 da a2 heqsagonaluri 

ujredis bazisuri veqtorebia. Sexveva ise unda moxdes, rom C veqtoris bo-

lo da saTave erTmaneTs daemTxves. Tu grafenis fenis Sexvevisas hiraluri 

veqtoris boloebze eqvskuTxedebis wyvili nanomilis RerZis mimarT θ kuTx-

iTaa, romelic icvleba 0-dan 900-mde, maSin aseT erTSrian nanomils ewodeba 

hiraluri. Tu yoveli eqvskuTxedis ori mxare milis RerZis paraleluria, 

aseT nanomils ewodeba ahiraluri `zigzagis~ tipis. ahiraluri `savarZlis~ 

tipis nanomils yoveli eqvskuTxedis ori mxare milis RerZis marTobad aqvs 

mimarTuli. ahiraluri `zigzagis~ mimarTulebaze Sexvevevisas m=0 an n=0, 

xolo `savarZelze~ — n=m da hiraluri mimarTulebiT Sexvevisas m≠n, rac 

Cans nax.9.8.-dan. T translaciis veqtori mimarTulia milis gaswvriv da C veq-

toris marTobia. C veqtoris sigrZe nanomilis zedapiris sigrZea, romlis 

momWimavia nanomilis diametric. T-sa da C-s Soris Sexvevis farTobi eTana-

deba nanomilakis erTeulovan ubans, romlis mravaljeradi translaciiT mi-

iReba nanomili.  

hiraluri indeqsebi (n, m) gansazRvraven nanomilis D diametrs, romelic 

ase moicema: D=0,36(m2+n2+mn)1/2, razedac damokidebulia nanomilakis eleq-

tro, meqanikuri da sxva Tvisebebi. 

grafenis Sexveva SesaZlebelia misi sxvadasxva RerZis garSemo, riTac mi-

iReba sxvadasxva tipis nanomilaki sxvadasxva maxasiaTeblebiT. nax.9.9-ze ga-

mosaxulia aseTi tipis sami SesaZlo varianti. nanomilis zrdis meqanizmi 

aqamde araa cnobili. radganac erTkedliani milis zrdisaTvis aucilebelia 

nikelis an kobaltis katalizatori, SeiZleba iTqvas, rom katalizatoris 

atomebi, nanomilis zrdisas, uerTdebian naxSirbadis atomebs gauwyvilebe-

li bmebiT da alageben maT milis kedlis garSemo.  
 

 

nax.9.9. grafenis Sexvevis meTodze damokidebuli naxSirbadis 

nanomilakis ramdenime SesaZlo struqtura: savarZeli (a), 

zigzagi (b) da hiraluri (g) 
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Zafiseburi wanazardebiT SesaZlebelia mdgradi or- da mravalSriani 

naxSirbadis nanomilakebis Camoyalibeba. am dros arsebobs struqturuli 

saxeobis ufro meti varianti, romelTagan sami gamosaxulia nax.910-ze.  

 

 
 

nax.9.10. mravalSriani nanomilakis ganivi kveTis modeli: 

Cadgmul-koncentrirebuli (a), Sexveuli mTliani 

grafeni (b), Sexveuli naWrebiani grafeni (g) 

 

idealuri (udefeqto) mravalSriani naxSirbadis nanomilakebi (mnnm) Sed-

gebian urTierTCadgmuli, sxvadasxva diametris mqone koaqsialuri cilin-

drebisgan, an arian sxvadasxva saxis xviarebi, aqvT xaxviseburi struqtura. 

yvela SemTxvevaSi, orSriani naxSirbadis nanomilakebSi (onnm) Sreebs Soris 

manZili (van-der-vaalsis RreCo) axlosaa grafitis mesris mudmivasTan (0,34 

nm), xolo defeqtur onnm-Si aRwevs 0,5 nm-s. mnnm-is gare diametri aRwevs 5 ÷ 

40 nm-s, Sinagani — 1 ÷ 4 nm-s, xolo sigrZe — 0,5 ÷ 7 mkm-s. magram mnnm, rogorc 

wesi, Seicavs defeqtebis did raodenobas, amitom misi ganivikveTi zusti 

koncentrirebuli wreebi araa, aramed `Sexveuli qaRaldis~ formisaa. mar-

Tlac, sinTezis pirobebis mixedviT, nanomilakebi SeiZleba Camoyalibdnen 

sxvadasxva an erTdroulad ramdenime formis. sxvadasxva formis nanomila-

kebi amJRavneben sruliad gansxvavebul eleqtrul, magnitur, optikur Tvi-

sebebs. grafinis furclis konkretuli sqemiT Sexvevisgan damokidebule-

biT, nanomilaki SeiZleba iyos metali an naxevargamtari. magaliTad, Tu |m-n| 

sxvaoba jeradia 3-is, aseTi nanomilakebi amJRavneben metalur Tvisebebs. me-

talebia yvela `savarZlis~ saxis ahiraluri nanomilakebi. agreTve iTvleba, 

rom onnm-is gare Sre, umetesad, naxevargamtaruli milakebia, xolo Sinagani 

Sreebi — metaluri an naxevargamtaruli.  

naxSirbadis molekulebis C3-C2 urTierTmoqmedebisas, romelTa Soris 

manZili 2,664 Ǻ-ia, formirdeba nanomilakis struqtura. C3-is garSemo lag-

debian C2 molekulebi, romelTa mier Sekruli jaWvi qmnis Sekruli struq-

turis sistemas. aseTi struqturis SigniT rCeba sicariele, romlis zomam 

SeiZleba Seadginos ramdenime aTeuli nm. C3-C2-s Soris eleqtrul-dopolu-

ri da dipolur-dipoluri urTierTqmedebis Sedegad, qimiuri bmis sidide 

2,226 ev-ia. 

fulereni da nanomilaki urTierTreagireben da formirdeba axali uni-

kaluri saxis struqtura — nanomilakebi, romelTa SigniT imyofeba fulere-
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ni. pirveli aseTi struqtura damzeril iqna 1998 wels, grafitis lazeriT 

aorTqlebiT miRebul struqturaze katalizatoris gamoyenebisas. maRal-

garCevisunariani eleqtronuli mikroskopiis meSveobiT SeamCnies, rom nano-

milakSi zogan fulereni ganlagebulia regularulad, xolo calkeul seq-

ciebSi aris maTi mcire dagroveba (ori, sami) an SeerTebuli arian, wagrZele-

bis saxiT, ramdenime erTad. aseT axal nanomilakebs uwodes naxSirbaduli pi-

podebi (np) da aRiniSneba C60@nm-iT (C60 fulereni nanomilis SigniT).  

pipodebis Seqmnis meqanizmi dRemde ucnobia. varaudoben, magaliTad, rom 

fulereni nanomilakis SigniT difundirebs misi gaxsnili bolodan an gadis 

misi kedlis defeqtidan, xolo Semdeg van-der-vaalsis ZaliT ukavSirdeba 

Sida kedels. gamoTvlebma aCvena, rom difuzia SesaZlebelia, radgan is ar 

moiTxovs aqtivaciis did energias. magram pipodebis miRebis albaToba ufro 

izrdeba kedlis defeqtSi fulerenis gasvliT. 

pipodebi araCveulebrivebi arian ara mxolod TavianTi formiT, aramed 

TvisebebiTac. gaxurebisas isini ganicdian araCveulebriv gardaqmnebs. maga-

liTad, 8000C temperaturamde gaxurebisas C60@nm struqtura ar icvleba, 

ufro maRla gaxurebisas ori mezobeli fulereni erTmaneTs ekvris, miiReba 

dimeri, trimeri da Semdeg gadaizrdeba nanomilakidan wagrZelebul nano-

niskartad, dabolos, cilindruli formis fragmentad. 12000C temperaturis 

Semdeg, calkeuli C60 fulerenebi praqtikulad mTlianad qrebian, xolo pi-

podi gardaiqmneba or erTmaneTSi Cadgmul onnm-ad. am dros fulerenisgan 

Seqmnili Sinagani milis diametri mTlianad kontroldeba gare miliT.  

es movlena miiReba pipodebis ara marto gaxurebiT, aramed maTi lazeru-

li dasxivebiT (milis fotopolimerizacia), eleqtronuli nakadis moqmede-

biT katalizatoris arsebobisas (magaliTad, kaliumis) da a. S. unda aRiniSos, 

rom pipodebSi fulerenis gardaqmnebi xorcieldeba mxolod milakis SigniT, 

romelic warmoadgens unikalur nanoreaqtors. sruliad SesaZlebelia, pi-

podebSi am procesebis Semdgomma kvlevebma gamoavlinos maTi gamoyenebis 

farTo perspeqtivebi. magaliTad, damzaddes koaqsialuri nanosadeni — izo-

lirebuli garsis SigniT gamtari. aseTi garsi SeiZleba iyos boris nitridi 

BN, romelic kargi izolatoria; masSi Sevides fulereni, e.i. Seiqmnas struq-

tura C60@BN, Semdeg gavaxuroT an davasxivoT. Sedagad Seiqmneba izolator 

BN-is milSi gazrdili meore — naxSirbadis gamtari mili. 

pipodebi — es perspeqtiuli masalebia mikro- da nanoteqnikaSi nanodio-

debis, tranzistorebis, maxsovrobis elementebis, logikuri sqemebis, wyal-

badis akumulatorebis da sxva xelsawyoTa dasamzadeblad. 

mecnierebma Seqmnes nanosruqturis axali saxe — nanokvirti, romelic 

erTfenian nanomilakze garedan mikrulia fulerenebiT, ise, rogorc xis 

totze ganlagebuli kvirtebi. am fulerenebis umetesobaa klasterebi C42 da 

C60, agreTve daregistrirda C20.  
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nanokvirtis sinTezis dadebiTi da gadamwyveti faqtorebia misi miReba 

oTaxis temperaturaze, atmosferuli wnevisas, nebismier qvesafenze da at-

mosferoSi wylis orTqlis — H2O-is da naxSirorJangis gazis — CO2-is arsebo-

ba. miRebis pirobebis optimizaciam SesaZlebeli gaxada nanomilze iseTi fu-

lerenis miReba, romlis simkvrive 1 fulereni/nm-ze metia. fulerenebi ek-

vrian nanomilaks Zalian myarad: ar wainacvleben eleqtromikroskopis nem-

sis da eleqronuli konis moqmedebiT, ar scildebian 70000C temperaturamde 

gaxurebisas da ar ixsnebian organul gamxsnelebSi, rac miuTiTebs nanomi-

lakTan maT kovalentur kavSirze.  

nanokvirtebs samjer naklebi Zabvisas aqvs aTjer meti emisiuri denebi, 

vidre sworzedapirian erTfenian nanomilaks. es iZleva saSualebas, nanok-

virtebi gamoyenebul iqnan emisiur kaTodebSi, damamaxsovrebel mowyobilo-

bebSi, dekoderebSi da a. S. 

2004 wels mecnierebma Seqmnes naxSirbadis kidev erTi axali forma — fo-

riani myari masa, Zalian msubuqi da magnitis mier kargad mimzidveli. es niv-

Tiereba miRebul iqna naxSirbadis samiznis lazeriT bombardirebis meTo-

diT. lazeris sixSire Seadgenda 10000 hc-s, riTac samizne gaxurda TiTqmis 

100000C temperaturamde. miRebuli masalis struqturas ewoda nanoqafi da 

mas miiCneven naxSirbadis mexuTe formad — grafitis, almasis, fulerenebisa 

da nanomilakebis Semdeg. nanoqafi hgavs Wvartls da aqvs Zalian mcire sim-

kvrive. 

nanoqafis erT-erTi gansakuTrebuli Tvisebaa magnitis mier mizidva, ro-

ca naxSirbadi aramagnituri masalaa. es Tviseba da is, rom kargad STanTqavs 

infrawiTel sxivebs, nanoqafs xdis farTod gamoyenebad nivTierebad medi-

cinaSi. kerZod, nanoqafis mikroskopuli raodenobiT sisxlsadenSi SeSvebiT 

SesaZlebelia wvril kapilarebSi sisxlis moZraobis Seswavla magnitur-re-

zonansuli tomografiiT. simsivneSi nanoqafis Seyvanisas mas SeuZlia mTlia-

nad mospos simsivne imis xarjze, rom infrawiTeli sxivis dasxivebiT nanoqa-

fi bevrad ufro metad gaxurdeba, vidre mezobeli janmrTeli qsovili.  

sakontrolo kiTxvebi: 

1. rogori bmebia grafitis, naxSiris da almasis molekulaTa Soris? 

2. ra aris fulereni da rogor aRmoaCines? 

3. rogoria fulerenis da mis saxesxvaobaTa zogadi struqtura? 

4. ra aris hilaroba da rogori saxis nanomilebi formirdebian? 

5. ra aris sabaziso veqtorebi da rogor arian ganlagebulni eqvskuTx-

edSi? 

6. rogor miiReba `zigzagis~ da `savarZelis~ struqturebi da rogoria 

maTi koordinatebi? 

7. sxvadasxva hilarobiT rogori gamtareblobis nanomilakebi miiReba? 
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9.4. fulerenis da nanomilakis miReba. 

nanoteqnologiis erT-erTi mTavari mimarTuleba da amocanaa naxSirba-

dis nanomilakebis sinTezi, maTi Tvisebebis kvleva da praqtikuli gamoyene-

ba. maT mimarT interesi ormxrivia: pirveli — fundameturi aspeqtiT, rom mi-

niatiuruli zomebis nanomilakebs aqvT unikaluri fiziko-qimiuri Tvisebe-

bi da meore — am Tvisebebis gamo aqvT farTo gamoyenebiTi SesaZleblobebi 

axali tipis masalebSi da mowyobilobebSi. nanomilakebis eleqtruli Tvise-

bebi, rogoricaa matareblebis koncentracia da Zvradoba, akrZaluli zonis 

sigane, gamtarebloba da a. S., ganisazRvreba misi geometriiT, romlis Ziri-

Tadi parametria hiraloba, anu grafinis furclis kuTxis orientacia nano-

milakis RerZis mimarT. maSasadame, nanomilaki warmoadgens miniatiuruli 

obieqtebis gansakuTrebul klass, eleqtruli Tvisebebis varirebis farTo 

diapazoniT da isini ganixilebian nanoeleqtronikis momaval elementebad. 

Tanamedrove etapze SemuSavebulia sxvadasxva Tvisebebis mqone fulere-

nebisa da naxSirbadis nanomilakebis miRebis mravali meTodi, magram maT aqvT 

saerTo is, rom fulereni da nanomilakebi miiRebian naxSirbadis Semcveli 

qimiuri agregatebisgan maRali temperaturis pirobebSi. cnobilia, rom fu-

lerenebis miReba grafitis orTqlidan SesaZlebelia maTTan naxSiris or-

Tqlis fragmentebis TandaTanobiTi mierTebiT, risTvisac saWiroa maRali 

temperatura.  

 naxSirbadis sxvadasxva alotropiuli mdgomareobis miRebisas naxSirba-

dis gazur garemoSi, maRali temperaturisa da sawyisi produqtebis didi 

koncentraciis pirobebSi, reaqcia mimdinareobs sakmaod intensiurad. nax-

Sirbadis atomebis maRali koncentraciis miReba SesaZlebelia grafitis 

sublimaciiT masze mZlavri siTburi an plazmuri nakadis, mzis sxivis an la-

zeris moqmedebiT. grafitis fenebs Soris bmis energia 0,29 ev-s Seadgens da 

mis gasawyvetad saWiroa ~3500K temperatura, romelic axlosaa grafitis 

sublimaciis temperaturasTan (~4000K). naxSirbadis sxvadasxva alotropiul 

mdgomareobaSi gadayvanis reaqciisTvis saWiroa sublimaciis temperatura-

ze meti temperatura da mxolod naxSirbadis atomebis garemo, raTa isini mi-

narevul atomebTan ar Sevidnen reaqciaSi da ar daefinon minarevuli saxiT 

qvesafenze. garda amisa, grafitis maRal temperaturaze gaxurebisas ar unda 

xdebodes am garemos ionizacia, anu temperaturis wyaros garemo ar unda ar-

Tmevdes damatebiT energias. aseT garemod aRebulia heliumi, romelsac aqvs 

maRali ionizaciis energia da maRal temperaturaze ar ionizirdeba. 

ganvixiloT fulerenebis da naxSirbadis nanomilakebis miRebis yvelaze 

gavrcelebuli meTodebi. 
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9.4.1. grafitis eleqtrorkaluri gafrqveva 

am meTodis arsi, romelic SeimuSava v. kreCmerma, aseTia: inertuli gaziT 

savse xufSi, grafitis eleqtrodebs Soris anTebulia gazis atomebis ioniza-

ciiT Seqmnili rkaluri ganmuxtva. xufis kedlebis da kaTodis gaciveba xde-

ba wyliT an Txieri azotiT.  

100a rkalis denis Zalaze, atmosferulis ufro dabal wnevaze da eleq-

trodebs Soris 25 ÷ 35 v Zabvaze eleqtrodebs Soris warmoqmnili plazma iZ-

leva 4000K temperaturas. aseT maRal temperaturaze anodis grafitis ze-

dapiri intensiurad orTqldeba. rkalis zonasa da gare atmosferos Soris 

temperaturis mkveTri dacemis Sedegad naxSirbadis atomebi plazmis maRali 

temperaturis aridan gadian ufro civ areSi da kondensirdebian xufis ked-

lebze, kaTodis zedapirsa an civ qvesafenze.  

kondensirebuli fenis eleqtromikroskopuli dakvirvebisas SeiZleba 

damzeril iqnas, WvartlTan erTad, struqturebi: fulereni da nanomilebi. 

fenis nawili, romelic Sedgeba grafitis, Wvartlisa da fulerenisagan, kon-

densirdeba xufis civ kedlebze, xolo nawili, Semdgari grafitisa da nano-

milisagan, — kaTodis zedapirze. amitom, Tu ra masalaa misaRebi, fulereni 

Tu nanomili, qvesafeni moTavsdeba Sesabamis adgilze.  

erTSriani nanomilis miRebisTvis dadebiTi eleqtrodis centralur na-

wilSi, katalizatoris saxiT, aTavseben damatebiT mcire raodenobis ko-

balts, nikels an rkinas. katalizatoris gareSe miiReba mravalSriani, anu 

erTmaneTSi Cadgmuli nanomilebi. rkaluri ganmuxtvis meTodiT SesaZlebe-

lia 1 ÷ 5 nm-isa da 1 mkm sigrZis erTSriani nanomilakis miReba.  

9.4.2. grafitis lazeruli aorTqleba 

 grafitis gaxureba rkaluri ganmuxtviT heliumis atmosferoSi srulad 

akmayofilebs naxSirbadis sxvadasxva alotropiuli mdgomareobebis miRebis 

moTxovnebs. magram es procesi xasiaTdeba miRebuli produqtis mcire gamo-

savlianobiT, amitom grafitis gasaxureblad gamoiyeneba lazeri, energiis 

nakadiT 1012 vt/m2 da 1,6mm fokusirebuli sxivis diametriT, romelic iZleva 

30000K temperaturas. am dros gamosavlianoba 90%-ia. aseTi danadgaris sqe-

ma mocemulia nax.9.11-ze, romelic pirvelad Seqmna r. smolim. 

maRalenergetikuli da didi intensivobis lazeris sxiviT xdeba grafi-

tis aorTqleba, gazuri heliumis nakadi waritacebs aorTqlebuli naxSirba-

dis mcire nawilakebs mcirenaxvretian areSi, sadac heliumi farTovdeba, 

civdeba nakadTan erTad da kondensirdeba mcireatomian klasterebad. Sem-

deg nakadi gadis kalorimetriT mass-speqtrometrSi, sadac izomeba moleku-

lis an klasteris masa. kondensirebuli fena, grafitis nanonawilakebTan er-

Tad, Seicavs fulerensa da 10 ÷ 20 nm diametris da 100 mkm sigrZis nanomi-
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laks. nax.9.12-ze gamosaxulia mass-speqtri, zemoT aRniSnuli eqsperimentiT 

miRebuli naxSirbadis sxvadasxva atomTa raodenobis klasterebisaTvis. 

 

 
nax.9.11. metalis zedapiridan lazeruli aorTqlebiT 

nanonawilakis miRebis danadgaris sqema 

 
nax.9.12. grafitis lazeruli aorTqlebiT miRebuli 

naxSirbadis klasteris mas-speqtri 

 

lazeruli meTodis dadebiT mxared unda CaiTvalos agreTve is, rom sin-

Tezirebuli nanomilakis maxasiaTeblebi mgrZnobiareni arian lazeruli ga-

mosxivebis parametrebis mimarT. kerZod, miRebuli nanomilakis diametri 

lazeruli gamosxivebis simZlavris pirdapirproporciulia.  

9.4.3. naxSirbadSemcveli orTqlisgan qimiuri dafena 

naxSirbadis nanomilakis miRebis yvelaze ufro praqtikul da farTod 

gavrcelebul meTods warmoadgens cxel metalur katalizatoris zedapir-
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ze naxSirbadSemcveli gazisgan Termoqimiuri dafenis meTodi. am meTods ag-

reTve uwodeben `naxSirwyalbadis gaSlis katalizur meTods~.  

naxSirbadSemcveli gazis narevi (Cveulebriv, narevi C2H2 acetilanisa an 

CH4 meTanisa azotTan) gaedineba 700 ÷ 1000 0C temperaturis mqone RumelSi 

moTavsebul kvarcis milSi. milSi moTavsebulia keramikis tigeli (retorta) 

metaluri fxvnilis katalizatoriT. naxSirwyalbadis gaSla, mimdinare ga-

zis atomebis da metalis atomebis qimiuri reaqciis Sedegad, iZleva katali-

zatoris zedapirze fulerenisa da nanomilakis warmoqmnas Sinagani diamet-

riT 10 nm-mde da sigrZiT ramdenime aTeul mkm-mde. nanomilakis geometriu-

li parametrebi mniSvnelovnadaa damokidebuli qimiuri procesebis mimdina-

reobis pirobebze (droze, temperaturaze, wnevasa da buferuli gazis saxeze 

da sxva), agreTve, katalizatoris saxesa da mis dispersiulobis xarisxze.  

9.5. fulerenis da nanomilakis Tvisebebi da gamoyeneba 

nanosistemebis bevri unikaluri Tviseba ganisazRvreba, erTi mimarTu-

lebiT mainc, maTi zomiTi SezRudvebiT. sxvadasxva TvisebebisTvis (eleq-

truli, meqanikuri, magnituri, kvanturi, qimiuri da sxva) kritikuli zomebi 

SeiZleba iyos sxvadasxva, rac ganisazRvreba am masalis geometriul zomasa 

da masSi Tavisufali ganarbenis saSualo manZilis TanafardobiT. 
grafenis gamoyenebis erT-erTi saintereso ubania misi gamoyeneba erTe-

leqtronian tranzistorSi (nax.9.13), sadac gamomdeni, arxi da Camdeni warmo-

adgens grafens. 

 

 
nax.9.13. erTeleqtroniani tranzistori 

 

naxSirbadis nanomilakebis erT-erTi saintereso Tvisebaa, rom, mis dia-

metrsa da hiralobaze damokidebulebiT, is SeiZleba iyos metali an naxevar-

gamtari. nanomilakis sinTezis procesSi SesaZlebelia, milakSi Serevis, ra-

Rac nawili iyos naxevargamtaruli Tvisebebis, xolo danarCeni — metaluris. 

Cveulebriv, metaluri Tvisebebi axasiaTebs savarZlian struqturebs. nax-

Sirbadis nanomilakis eleqtruli Tvisebebis Sesaswavlad iyeneben maskani-

rebel gvirabul mikroskops (mgm) lokaluri eleqtronuli speqtroskopiis 
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reJimSi. diferencialuri gamtareblobis Zabvaze damokidebulebiT dadgin-

da, rom metaluri gamtareblobisas sruldeba omis kanoni, xolo naxevargam-

tarulisas ganisazRvra akrZaluli zonis sigane, romelic Seadgenda 0,7 ev-s. 

dadginda, rom akrZaluli zonis sigane milakis diametris ukuproporciu-

lia da diametris gadidebiT miiswrafvis nulisken. empiriulad mocemulia: 

Eg=0,9/d, sadac Eg akrZaluli zonis siganea ev-Si da d – milis diametri nm-Si. 

iTvleba, rom Eg icvleba 0,4-1,0 ev intervalSi. naxSirbadis metalur nanomo-

laks aqvs Zalin didi eleqtruli gamtarebloba. dadgenilia, rom mas SeuZ-

lia gaataros kvadratul santimetrze miliardi amperi deni. Sesabamis piro-

bebSi spilenZis sadeni dneba gamoyofili siTbos xarjze. naxSirbadis nanomi-

lakebis aseTi didi gamtarebloba aixsneba maTSi Zalian mcire defeqtebis 

arsebobiT, razedac TiTqmis araa gabneva, anu eleqtronebi arian balistiku-

ri. amitom didi deni nanomilaks ar axurebs, rogorc es xdeba spilenZSi. ama-

ve mizeziT, isini arian kargi siTbogamtarebic. nanomilaki TiTqmis orjer 

metad siTbogamtaria, vidre almasi. yovelive es iZleva saSualebas, rom nax-

Sirbadis nanomilakebi gamoyenebuli iyos sqemeSi elementTaSoris mimyvane-

bad. naxevargamtareblobis tipis erTSrian naxSirbadis nanomilakebSi denis 

matareblebis Zvradoba aRwevs 15000 sm2/v.wm mniSvnelobas, rac miuRwevelia 

Cveulebriv naxevargamtarebSi. dabal temperaturaze naxSirbadis nanomila-

kebSi SeimCneva denis safexuriseburi zrda (gamtareblobis dakvantva) mode-

buli Zabvis mimarT. gamtareblobis kvantia G0=4e2/ħ, sadac e eleqtronis 

muxtia da ħ - plankis mudmiva. amitom kvanturi gamtareblobis koeficienti 

SeiZleba iyos mTeli an aramTeli, magaliTad, 0,5G0. es kvanturi movlena 

gamoiyeneba sainformacio sistemebis nanoeleqtronul xelsawyoebSi. IBM-is 

(aSS) TanamSromlebma aRmoaCines, rom defeqtiani naxSirbadiani nanomilakebi 

asxiveben iw-sxivebs ramdenime rigiT meti intensivobiT, vidre masiuri naxe-

vargamtarebi.  

pirvelive cdebma aCvena, rom nanomilaki xasiaTdeba unikaluri meqanikuri 

TvisebebiT. nanomilis gaswvriv drekadobis modulis mniSvneloba mdebareobs 

1,28-1,8 tpa intervalSi. SedarebisTvis unda aRiniSnos, rom foladisTvis iun-

gis moduli 0.21 tpa-ia, rac niSnavs, rom naxSirbadis nanomilakis iungis modu-

li aTjer metia, vidre foladisa. es niSnavs, rom naxSirbadis nanomili Znelad 

unda iRunebodes, magram radgan mili Zalian wvrilia da udefeqto, advilad 

iRuneba da ar tydeba. amis mizezi isicaa, rom naxSirbadis milis kedlebi Sed-

geba eqvskuTxedebisagan, gaRunvisas is icvlis Tavis formas, magram ar irRve-

va. esaa unikaluri Sedegi im faqtisa, rom C-C bmam SeiZleba Seicvalos hibri-

dizaciis saxe. agreTve, Secvlis xarisxi da s-p Serevis koeficienti 
damokidebulia gaRunvis sidideze. erTSriani naxSirbadis nanomilisTvis 

zRvruli Zabva meqanikur gaWimvaze Seadgens 45 gpa-s, maSin, roca foladi ir-

Rveva 2gpa-ze. meqanikuri maxasiaTeblebiT mravalSriani naxSirbadis nanomi-

lakebic ukeTesia foladze, magram iseTi araa, rogorc erTSrianis maxasia-

Teblebi. magaliTad, 200 nm diametris mqone mravalSriani nanomilakis zRvru-
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li Zabvaa 7 gpa da iungis moduli — 0,6 tpa. ukanasknel xans Caatares aseTi eq-

sperimenti: nanomilakis deformaciisas masSi gaatares deni, kerZod, 12 nm dia-

metris da 30 nm sigrZis nanomilSi, sxvadasxva deformaciisas, gaatares 

10mga/mm2 simkvrivis deni. amis Sedegad nanomili gaxurda 2000K temperaturam-

de da daiSala. darCenili nawilebis zomebi, narCeni deformaciis Semdeg, da-

axloebiT iyo: nanomilis diametri — 0.8 nm da sigrZe — 9 nm. 

naxSirbadis nanomilakis RerZis gaswvriv mcire Zabvis modebisas xdeba 

misgan eleqtronebis intensiuri emisia, rasac ewodeba veliTi emisia. es 

efeqti advilad daimzireba, roca or paralelur firfitas Soris, sadac er-

T-erTi nanomilakia, modebulia mcire Zabva. am efeqtis gamoyeneba SeiZleba 

Txeli sibrtyuli displeis gasaumjobeseblad da balistikuri emisiuri ka-

Todebis Sesaqmnelad.  

naxSirbadis nanomilakis didi eleqtruli gamtarebloba miuTiTebs ima-

ze, rom isini cudad atareben eleqtromagnitur talRebs. aseTi nanomasa-

lisgan Seqmnili kompoziciuri firfita eleqtromagnituri gamosxivebis 

kargi damcvelia, rac mniSvnelovania kompiuteruli da eleqtronuli xel-

sawyoebis warmoebaSi, samxedro saqmeSi. 

did wnevaze fulereni xdeba mkvrivi, rogorc almasi. misi molekula war-

moadgens idealurad sufTa waxnagcentrirebul kubur meserSi Tavisuflad 

moZrav birTvebs. am Tvisebis gamo fulereni SeiZleba iqnas gamoyenebuli, 

rogorc myari sapoxi da cveTamedegi nivTiereba. amitom naxSirbadis nanomi-

lakebi gamoiyeneba eleqtrul mikroskopebSi zondebad. 

naxSirbadis nanomilakebi SeiZleba gamoviyenoT liTiumiT muxtisgadam-

tanian batareebSi. gamoTvlebiT dadgenilia, rom milakSi naxSirbadis yovel 

eqvs atomze SesaZlebelia liTiumis erTi atomis moTavseba. erT-erTi sain-

tereso SesaZleblobaa naxSirbadis nanomilakis gamoyeneba wyalbadis Sesa-

naxad Tboelementebis konstruirebisas momavali avtomobilebis warmoebaSi 

eleqtroenergiis wyarod (akumulatorad). naxSiris nanomilakis wyalbadiT 

datumbvis martivi meTodi imaSi mdgomareobs, rom KOH-is xsnarSi erTSriani 

nanomilaki firfitis saxiT warmoadgens kaTods. anodia Ni(OH)2. eleqtroli-

tis disociaciisas miiReba H+, romelic miemerTeba kaTodisaken, anu avsebs 

nanomilaks, rac kargad Cans nax.9.14-ze. miRebuli maqsimaluri tevadoba Se-

adgens 1200 mla•sT/kg-s. Cveulebriv tyvia-mJavis akumuliatoris eleq-

trodSi naxSirbadis nanomilakis SeyvaniT izrdeba misi muSaobis dro. 

efeqturi gamoyeneba poves naxSirbadis nanomilakebma superkondensato-

rebSi, romelic warmoadgens eleqtrolitSi CaSvebul da erTmaneTisgan mem-

brana-separatoriT gamoyofil ori eleqtrodis sistemas. maTSi gamoiyeneba 

ormagi eleqtruli Sris efeqti. naxSiris nanomilakebian superkondensato-

rebSi eleqtrodebs Soris manZili mcirdeba mikronidan nanometramde, far-

Tobi aseuli m2/g-ia da amitom aqvs Zalian didi tevadoba ~200 f/g, simZlav-

ris simkvrive — 30 kvt/kg-mde da energia — 7 vt•sT/kg. 
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nax.9.14. naxSirbadis nanomilis speqtri, miRebuli wyalbadSi 

damuSavebamde (1) da masSi damuSavebis Semdeg (2) 

 

Seqmnilia oTaxis temperaturaze momuSave velis tranzistori, sadac 

Camketad gamoyenebulia naxSirbadis nanomili. masze Zabvis mcire cvlileba 

iwvevs nanomilis gamtareblobis 106-jer da ufro metad cvlilebas, rac uke-

Tesia, vidre siliciumiani velis tranzistorebisTvis. aseTi tranzistoris 

gadarTvis dro Seadgens terahercebs, romelic 1000-jer ufro swrafia ze-

moT aRniSnulTan SedarebiT. 
naxSirbadis nanomilakebis gamoyeneba SesaZlebelia biologiuri da same-

dicino teqnologiebis integraciisTvis. nanomilakis da biomolekulis mo-

dificirebis biologiuri SeTavsebis sakiTxi, romelic sawyis stadiaSia, 

swrafad viTardeba. modifikacia SesaZlebelia gaxsnili milakis SigniT, 

RruSi dezoqsiribonukleinis mJavis (dnm) SeyvaniT, romelsac SeuZlia C ci-

toqromis elementis biomolekulis adsorbciiT gadatana nanomilakis Ria 

boloebze an gverdebze. modificirebis sakiTxis gadawyvetis Semdeg SesaZ-

lebeli iqneba ama Tu im organos ujredTan naxSirbadis nanomilakiT wamlis 

saSualebis mitana janmrTeli ujredis dauzianeblad.  

mrewvelobis erT-erTi dargi, sadac warmatebiT gamoiyeneba naxSiris na-

nomilakebi, aris — mSenebloba. am mimarTulebiT yuradReba gadatanilia axa-

li, ufro gamZle, msubuqi da iafi samSeneblo masalis Seqmnaze. rogorc am 

Tematikaze sxvadasxva publikaciis analizi aCvenebs, didi miRwevebi ukve sa-

xezea. kargi meqanikuri Tvisebebis mqone naxSiris nanomilis moculobiT 5%-

is SeyvaniT aluminSi, misi simtkice izrdeba orjer, 10%-is SeyvaniT — eq-

vsjer, xolo foladis simtkice izrdeba Svidjer masSi nanomilakis 30% -is 

Seyvanisas. agreTve, Seqmnilia antimikrobuli Tvisebis mqone saRebavi, rome-
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lic usafrTxoa janmrTelobisTvis, gamZlea gare faqtorebis moqmedebis mi-

marT da antikoroziulia.  

naxSirbadis nanomilakebs aqvT unikaluri fiziko-qimiuri, optikuri, me-

qanikuri da siTburi Tvisebebi. bevri maTgani bolomde araa Seswavlili, bo-

lomde araa cnobili maTi zrdis meqanizmi. SesaZlebelia, bevri sxva Tvisebac 

araa aRmoCenili. 

sakontrolo kiTxvebi: 

1. aRwereT grafitis lazeruli aorTqlebis meTodi; 

2. daaxasiaTeT fulerenis miRebis xerxebi; 

3. CamoTvaleT fulerenis da nanomilakis ZiraTadi Tvisebebi da gamo-

yenebis sfero; 

4. CamoTvaleT fulerenis bunebrivi wyaroebi. 

10. eleqtronuli mikroskopiis gazomvis arsi da meTodebi 

mikro- da nanozomis obieqtebis SeqmnisTvis, cxadia, unda iyos masalebis 

atomuri Sedgenilobis, formis da struqturis nanodoneze gansazRvris Se-

saZlebloba. farTod gavrcelebuli optikuri mikroskopiis garCevisunari-

anoba, relies wesiT, ganisazRvreba dasxivebuli xiluli sinaTlis talRis 

sigrZiT. radganac yvelaze mokle talRis diapazoni eTanadeba daaxloebiT 

400nm-s da optikuri mikroskopis garCevisunarianoba Semofarglulia misi 

naxevriT, anu 200nm-iT, amitom aucilebelia Seiqmnas iseTi xelsawyo, sadac 

gamoyenebul iqneba ufro mokle talRis sigrZeebis gamosxiveba, anu ara si-

naTlis gamosxivebis bunebis wyaroebi. amitom, masTan SedarebiT, eleqtro-

nuli nakadi ufro efeqturia da garCevisunarianoba bevrad meti. nanonawi-

lakisTvis `mikroskopiis~ terminis gamoyeneba procesis arss srulad ar asa-

xavs, ufro moxerxebuli iqneboda termini `nanoskopia~. 

 Tanamedrove etapze arsebobs nanostruqturebis analizisa da diagnos-

tikis mravali meTodi. es meTodebi unda iyos nimuSisTvis aradamrRvevi da 

atomuri da eleqtronuli struqturis didi sizustiT ganmsazRvreli. es me-

Todebia: difraqciuli (rentgenosruqturuli, eleqtronografiuli); speq-

troskopiuli (oJe-eleqtronuli speqtroskopia, iw-speqtroskopia, meora-

di eleqtronebis mas-speqtroskopia) da rezonansuli (eleqtronuli para-

magnituri, birTvuli magnituri, birTvuli gama-rezonansuli). am meTode-

biT SesaZlebelia ganisazRvros nawilakTa struqturuli darRvevebis xa-

risxi, zedapiruli CanarTebis arseboba, eleqtronebis simkvriveTa ganawi-

leba da a.S. 
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 zogadad mikroskopis amocanaa — damkvirebels misces mcire obieqtebis 

im zomamde gadidebuli gamosaxuleba, rom SesaZlebeli iyos am detalebis 

fizikuri maxasiaTeblebis gansxvaveba. magaliTad, optikuri mikroskopi iye-

nebs sinaTlis nakads da obieqtis sxvadasxva ubnebs Soris STanTqmis, arek-

vlis da gardatexis koeficientebs Soris sxvaobas. misi garCevisunarianoba, 

rogorc zemoT iyo aRniSnuli, releis optikuri teqnikis safuZvelze, gani-

sazRvreba sinaTlis talRis sigrZis naxevriT. amitom, garCevisunarianoba, 

praqtikulad, SemosazRvrulia 200nm-iT. Seqmnili situaciidan gamosavalia 

is, rom Seiqmnas xelsawyo, sadac gamoyenebul iqneba talRuri gamosxiveba 

ufro mokle talRis sigrZiT, anu gamosxiveba aratalRuri bunebiT. 

zemoT aRniSnuli iyo, agreTve, rom eleqtrons aqvs dualizmis buneba, 

anu is nawilakTan erTad aris talRa da SeiZleba misi marTva eleqtruli da 

magnituri linzebiT ise, rogorc geometriul optikaSi sinaTlis marTva op-

tikuri linzebiT. am safuZvlebs eyrdnoba eleqtronuli mikroskopiis Ziri-

Tadi principebi. aq sinaTlis nacvlad gamoiyeneba eleqtronebi, romlebsac 

aqvT bevrad mokle talRis sigrZeebi da garCevisunarianobac bevrad gaz-

rdilia. eleqtronebis gabneva yovelTvis moxdeba, amitom eleqtronul mik-

roskopSi unda iyos maRali vakuumi eleqtronebis mTel gzaze. 

maskanirebeli zonduri mikroskopia (mzm) — zedapiris lokaluri Tvise-

bebisa da morfologiis Seswavlis yvelaze Tanamedrove meTodia, romelic 

gamoirCeva didi garCevisunarianobiT. Seqmnilia maskanirebeli zonduri 

mikroskopebis mTeli seria — xelsawyoebi, romlebSic gamosakvlevi zedapi-

ris skanireba xdeba specialuri nems-zondiT (mTel zedapirze nemsis gadaad-

gilebiT gansazRvruli bijiT), Sedegad registrirdeba gvirabuli deni (gvi-

rabuli mikroskopi). zonduri mikroskopebi ara marto gamzomi xelsawyoebia, 

aramed — instrumentebic, romelTa daxmarebiT SeiZleba formirdes da Seiq-

mnas nanosruqturebi.  

10.1. maskanirebeli gvirabuli mikroskopia 

 maskanirebeli gvirabuli mikroskopi (mgm) Seqmnes binigma da riorerma, 

risTvisac 1986 wels mieniWaT nobelis premia. am xelsawyos muSaoba emyareba 

metalur nemssa da masTan axlos myof gamtar nimuSs Soris gvirabuli denis 

aRricxvis princips. nemssa da zedapirs Soris manZili regulirdeba piezoe-

lementiT.  

Tu es manZili ~ 1nm-ia, maSin zondsa da nimuSs Soris aRiZvreba gvirabuli 

deni, romelic mkacradaa damokidebuli am manZilze. am manZilze xdeba nemsis 

boloze myofi eleqtronis da nimuSis eleqtronis talRuri funqciebis ur-

TerTgadafarva da zondze mcire (0,01 - 10 v) Zabvis modebisas aRiZvreba gvi-

rabuli deni (1-103 pa). cxadia, rom mgm unda muSaobdes maRali vibroizola-

ciisa da maRali vakuumis pirobebSi, radgan vibracia da haeris erTi moleku-

lac ki gamoiwvevs mokle CarTvas da deni ar gaizomeba.  
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gamoiyeneba mgm-is ori saxe: skanirebis mudmivi simaRliT, anu z = Const, 

rac mocemulia nax.10.1 a)-ze da gvirabuli mudmivi deniT, anu Igv = Const, 
romelic gamosaxulia nax.10.1 b)-ze. ganvixiloT maTi muSaobis principi. 

skanirebis mudmivi simaRlis mikroskopSi ZiriTadi signalia gvirabuli 

Igv denis sididis dafiqsireba. is damokidebulia zedapiris topografiaze —

 masze arsebuli `borcvebis~, nakawrebis, safexurebebis (maT Soris erTato-

mianis), adsorbirebuli atomebis da vakansiebis raodenobaze. zedapirze ar-

sebuli atomi, romelzedac gadadis zondi, gansazRvravs gvirabuli denis 

sidides. radganac Igv damokidebulia ∆z-ze, amitom zondidan signali Zlier-

deba da Caiwereba Igv-is cvlileba zedapiris cvlilebis mixedviT. 

 
                                                           a)                                                       b) 

 

nax.10.1. maskanirebeli gvirabuli mikroskopis ori saxe: 

skanirebis mudmivi simaRliT (a) 

da gvirabuli mudmivi deniT (b) 

 

am meTodis dadebiTi mxare isaa, rom skanirebis siCqarea didi, rac iZleva 

saSualebas, davukvirdeT gamosakvlevi zedapiris cvlilebis dinamikas. uar-

yofiT mxared iTvleba is, rom Igv dafiqsirebisTvis, zondidan zedapiramde 

manZili unda iyos mcire, anu zedapiri unda iyos rac SeiZleba mkacrad para-

leluri. 

am meTodis alternatiuli meTodia, rodesac zondis varirebiT zedapi-

ris mimarT (∆z yovelTvis mudmivia) SenarCunebulia gvirabuli Igv denis sidi-

dis mudmivoba. varireba xorcieldeba ukukavSiris wrediT da Sesabamisi me-

qanikuri meqanizmiT (piezoaktuatori). radgan saWiroa signalis damuSaveba 

ukukavSiris eleqtronikiT, gaZliereba da gadacema meqanikur meqanizmze, ami-

tom aucilebelia ukukavSiris awyoba yovel gadaadgilebaze. es amcirebs ska-

nirebis siCqares, magram iZleva saSualebas, zustad davicvaT manZili zondsa 

da zedapirs Soris da SeviswavloT sxvadasxva topologiis zedapirebi.  
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arsebobs mgm-is ramdenime modificirebuli meTodi, erT-erTi aseTia 

lokaluri speqtroskopia. zedapiris erT romelime wertilze zondis gaCe-

rebisas, masSi Zabvis varirebiT SeiZleba gadaRebul iqnas gadasasvlelis 

voltamperuli maxasiaTebeli (vam). es iZleva sakvlevi nimuSis zedapiris 

ubanSi eleqtronis energetikuli speqtris dadgenis SesaZleblobas. 

maskanirebeli gvirabuli mikroskopis mniSvnelovani naklia is, rom ga-

mokvlevisTvis gamodgeba mxolod eleqtrogamtari masalebi, radganac zon-

dsa da sakvlev zedapirs Soris unda gaiaros denma. amitom, is gamoiyeneba me-

talebis, nadnobebis, zegamtarebis da naxevargamtarebis zedapirebis Seswav-

lisTvis. 

10.2. atomur-Zaluri mikroskopia 

atomur-Zaluri mikroskopia (aZm) Seqmna biningma, TanaavtorebTan er-

Tad, gvirabuli mikroskopiis Seqmnidan ramdenime xanSi. yvela saxis aZm-is 

muSaobis principi mdgomareobs zondis da zedapiris mcire manZilze urTi-

erTmoqmedi e. w. dispersiuli Zalis gazomvaSi. es Zala TviTaRgznebadi, 

fluqtuaciuri Zalaa, romelic myisierad warmoiqmneba dipoluri momente-

bis SeqmniT. Seqmnili dipoli axdens mezobeli atomebis eleqtronuli gar-

sis polarizacias da mcire manZilze maTSi qmnis lokalur dipolur mo-

ments. inducirebuli momentebis moqmedeba mcire manZilze iwvevs atomebis 

mizidvas, romelic kidev ufro miaxloebisas icvleba ganzidviT, romelic 

gamowveulia eleqtruli garsebis moqmedebiT. aseTi TviTaRgznebis Zalebis 

Seqmnis meqanizmi daamuSava gasuli saukunis 30-ian wlebSi ingliselma fizi-

kosma londonma da mas ewoda dispersiuli urTierTqmedeba. 

rogorc wesi, zondi Tavsdeba drekadi firfitis erT boloze, romlis 

meore bolo xistadaa damagrebuli (nax.10.2). or molekuls Soris moqmedebis 

Zala mkveTradaa damokidebuli maT Siris manZilze. urTierTmoqmedi sxeu-

lebia zondi (nax.10.2-ze 1) da sakvlevi zedapiri (nax.4.12-ze 3). maTi daaxloe-

ba saWiro manZilamde da skanireba xorcieldeba piezoeleqtruli transla-

toriT (nax.10.2-ze 6). Zalebis aRZvrisas (mizidva an ganzidva) Seicvleba man-

Zili zondsa da zedapirs Soris, rac dafiqsirdeba an fotodiodiT (nax.10.2-

ze 5), an gvirabuli zondiT (nax.102-ze 8). zondad SeiZleba gamoiyenebodes 

5÷50 nm diametris siliciumis monokristali an volframi. 

ukukavSiris meqanizmi reagirebs optikuri sxivis svlis cvlilebaze da 

moqmedebs piezoeleqtrul gardamqmnelze, romelic aregulirebs zedapiri-

dan zondamde manZils. aZm-Si sakvlevi zedapiris skanireba xdeba `zedapirze 

mudmivi ZaliT~ (rogorc mgm-Si — `mudmivi deniT~). preciziuli marTvis 

principi, romelic damyarebulia ukukavSirze da sakvlevi zedapiris relie-

fis nanoskopuri gazomva aZm-sa da mgm-s aqvT erTnairi.  
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g 

 

nax.10.2. atomur-Zaluri mikroskopis muSaobis principi, signalis 

fotodiodiT (a), gvirabuli zondiT (b) da saerTo (g) 
fiqsaciiT: 1 — zondi (nemsi); 2 — drekadi firfita; 3 — sakvlevi 

zedapiri; 4 — sarke; 5 — fotodiodi; 6 — piezoeleqtruli 

transliatori; 7 — lazeris sxivi da 8 — gvirabuli zondi 

 

aZm-is gamoyeneba SeiZleba nebismieri masalis (gamtaris, dieleqtrikis 

da naxevargamtaris) zedapiris reliefis nanodoneze gansazRvisaTvis. misi 

saSualebiT daimzireba struqturuli lokaluri defeqtebi, minarevebi, 

sxvadasxva CarTvebis sazRvrebi, biologiuri obieqtebi da sxva fundametu-

ri Tu gamoyenebiTi xasiaTis amocanebi.  

10.3. maskanirebeli siTburi mikroskopia 

maskanirebeli siTburi mikroskopi (msm) aregistrirebs siTbos ganawile-

bas nimuSis zedapirze. misi mgrZnobiarobaa 50 nm, radganac ufro mcire man-

Zilze iseTi makroskopuli sidide, rogoric temperaturaa, SeuZlebelia. 

msm-is zondi aris, albaT, msoflioSi yvelaze mcire Termometri: mas SeuZ-

lia gazomos zedapiris temperaturis cvlileba gradusis 10-4 nawilis sizus-

tiT, ramdenime aTeul nm manZilze. zondi warmoadgens 30 nm diametris moni-



 166 

kelebul volframis mavTuls. W – Ni muSaobs, rogorc Termowyvili. roca 

gamTbari zondis wvero miuaxlovdeba sakvlev (myar) nimuSs, romelic siTbos 

ufro kargi gamtaria, vidre haeri, wveros siTbodanakargebi gaizrdeba. is 

gacivdeba da Termowyvilis TermoeleqtromamoZravebeli Zala (TemZ) Sem-

cirdeba RreCos zomis Secvlis proporciulad. da piriqiT, zondis zedapi-

ridan dacilebisas TemZ izrdeba. maSasadame, siTbos cvlileba adgens zeda-

piris topologias, ise, rogorc gvirabul mikroskopSi — denis cvlileba. 

msm ufro xSirad gamoiyeneba cocxal ujredSi temperaturis kartografi-

rebisas. 

sakontrolo kiTxvebi: 

1. ra principze muSaobs maskanirebeli gvirabuli mikroskopi? 

2. ra dadebiTi da uaryofiTi mxareebi aqvs maskanirebel gvirabul mik-

roskops? 

3. ra principze muSaobs atomur-Zaluri mikroskopi? 

4. ra principze muSaobs maskanirebeli siTburi mikroskopi? 
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IV.zogierTi kvanturi efeqtebi  

da maTze Seqmnili xelsawyoebi 

11. erTeleqtroniani gvirabgasvla.  

erTeleqtroniani tranzistori  

ganvixiloT gvirabgasvla or metalur gamtareblobis firfitas Soris 

moTavsebul Txel dieleqtrikul fenaSi. rogorc cnobilia, gamtarSi deni 

ganpirobebulia uZravi mesris ionebs Soris eleqtronebis moZraobiT, ro-

melSic yovel eleqtrons gadaaqvs diskretuli, erTeulovani muxti da ga-

datanili saerTo muxti icvleba monotonurad, uwyvetad. or gamtars Soris 

moTavsebul Txeldieleqtrikian struqturaSi deni icvleba kombinirebu-

lad — uwyvetad gamtarSi da diskretulad dieleqtrikis gavliT. es proce-

sebi sqematurad gamosaxulia nax.11.1-ze. gvirabgavlis es procesebi 1986 

wels a. lixariovma Seadara arasrulad daketil wylis onkans. 

  

 
nax.11.1. erTeleqtroniani gvirabgasvla 

 

dasawyisSi, procesis pirvel stadiaSi, metal-dieleqtrikis gamyofi 

sazRvari eleqtrulad neitraluria. dieleqtrikis orive mxares metalebSi 

fermis doneebi erT zRvarzea (a). meore stadiaSi metalis Semonafenebs edeba 

mcire mudmivi eleqtruli potenciali, rac iwvevs metalebSi denis uwyvet 

gavlas dieleqtrikis sazRvramde, metalebSi fermis doneebis urTierTwa-

nacvlebas da gamyof sazRvarze muxtis dagrovebas (nax.11.1 - 1-is da 2-is b), 

rasac mohyveba onkanze wveTis dagroveba (nax.11.1 — 3-is b). mesame procesSi 
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xdeba muxtis dagroveba im mniSvnelobamde, rom adgili aqvs erTi eleqtro-

nis gvirabgasvlas dieleqtrikSi, wveTis mowyvetas (nax.11.1 g). meoTxe pro-

cesSi, gvirabgasvlis aqtis Semdeg, sistema ubrundeba sawyis mdgomareobas 

(nax.11.1 d). gare velis modebisas procesi meordeba. dieleqtrikis gavliT 

eleqtrons SeuZlia gvirabgasvla raRac zRurbluri Zabvis Semdeg. am Zabvis 

SigniT, anu am Zabvamde, gvirabgasvla SeuZlebelia am eleqtronze gamtarSi 

sxva moZravi an uZravi muxtis kulonuri moqmedebiT. am movlenas ewodeba ku-

lonuri blokada. gvirabgasvlis moments Tan axlavs struqturis winaRobis 

Semcireba.  

11.1. erTgvirabuli gasvlis struqtura 

 aseTi sistema warmoadgens brtyel kondensators C tevadobiT, romel-

zedac SeiZleba moTavsdes Q muxti. aseT kondensatorSi dagrovili energia 

tolia E=Q2/2C-is. kondensatoris energia icvleba diskretulad da is mini-

maluri dagrovili energia, romelic mas erTi eleqtroniT eqneba, aris: 

ΔE=e2/2C, sadac e eleqtronis elementaruli muxtia. gare Zabvis modebisas, 

erTi eleqtronis gvirabgasvlis procesisas eleqtrostatikuri energiis 

cvlileba warmoadgens kondensatorSi erTi eleqtronis energiisa da wya-

ros mier Sesrulebeli muSaobis sxvaobas: ΔE=e2/2C – eV. gvirabgasvla SesaZ-

lebelia mxolod maSin, roca es energia minimaluria. aqedan, gvirabgasvlis 

zRvruli Zabva orive mxares ׀VzR׀=e/2C-is. sidides e2/2C ewodeba kulonuri 

RreCo. nax.11.2.-ze mocemulia erTgvirabuli struqturis ekvivalenturi 

sqema (nax.11.2 a) da misi voltamperuli maxasiaTebeli (vam) (nax.11.2b).  

 

 
 

nax.11.2. erTgvirabuli struqturis ekvivalenturi sqema (a)  

da misi volt-amperuli maxasiaTebeli (b) 

  

misi ZiriTadi elmentia dieleqtrikiT Seqmnili Cd tevadoba da gvirabu-

li, anu dieleqtrikis Rd winaRoba, romelic mas aqvs gare Zabvis modebis ga-

reSe. Ce — efeqturi tevadoba iTvaliswinebs nimuSTan kontaqtebis da denis 

wyaros tevadobebs. cxadia, saerTo C tevadoba, SeerTebis Semdeg, tolia ma-
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Ti jamisa: C=Cd+Ce. aseT struqturaSi deni gaivlis masze VzR-ze meti Zabvis 

modebisas, romelic aisaxeba mis vam-ze (nax.11.2 b). pirdapiri Zabvisas deni 

ganisazRvreba Rd-iT. erTeleqtroniani gvirabgasvlisas gare Zabvis sididis 

oscilaciis saxe iqneba: ±e/2C. 
zemoT aRniSnuli procesebis eqsperimentuli SesrulebisTvis saWiroa, 

rom siTburi energiis fluqtuaciebi iyos minimaluri, anu kT«e2/2C, saidanac: 

 C«
kT

e

2

2

             (11.1)  

aseve, meore mxriv, kulonuri blokadisTvis haizenbergis ganuzRvrelo-

bis principiT ΔEΔτ≥h, an e2/2C ≥ h/RdC da saWiroa, rom struqturis gvirabuli 

winaRoba meti iyos winaRobis kvantur erTeulze:  

 Rd>
2e

h
=25,  813  komi            (11.2) 

 (11.1) da (11.2) pirobebis Sesruleba SesaZlebelia dabal temperaturaze 

nanozomis struqturebSi. magaliTad, T=4,2K temperaturaze saWiroa Seiq-

mnas tevadoba C « 2٠10-16 faradi, T=77K — C « 2٠10-17 faradi, xolo T=300K — 

3٠10-18 faradi, anu 0,1 — 1,0 atofaradi. erTgvirabuli gasvlis sistemaSi er-

Teleqtroniani gvirabgasvlis procesis ganxorcieleba SeuZlebelia, rad-

gan muxtis cvlilebisTvis fluqtuacia unda iyos Zalian mcire misi kvantur 

wertilSi mdgradad lokalizaciisTvis. 

11.2. orgvirabuli gasvlis struqtura 

axali swrafqmedi xelsawyos muSaobis principi damyarebulia kvanturi 

ganzomilebebis SreebSi eleqtronis gavlaze. cxadia, aseTi Sreebis sisqe un-

da iyos iseTi mcire, rom eleqtronma gamoavlinos talRuri buneba. aseTi 

Sreebis Seqmna SesaZlebelia mxolod Tanamedrove teqnologiiT, kerZod, mo-

lekulur-sxivuri epitaqsiiT. am meTodiT SesaZlebeli gaxda mravalSriani 

Txelfirovani strqturebis miReba — TiToeuli ramdenime aTeuli da erTe-

uli nanometris rigis. amitom, aseTi Tanamedrove xelsawyos SeqmnisTvis sa-

interesoa ara erTgvirabuli, aramed orgvirabuli struqturis gamoyeneba. 

topologiurad is Sedgeba ori mimdevrobiT SeerTebuli erTgvirabuli 

struqturisgan, romlis ekvivalenturi sqema mocemulia nax.11.3-ze. es SeiZ-

leba iyos metalis gamtari naxevargamtaris an metalis nanonawilakebTan 

(kunZulTan) ormxriv kontaqtSi. kunZuli, Tavis zomiT da TvisebebiT, war-

moadgens kvantur wertils, sadac moTavsebulia gansazRvruli raodenobis 

muxti. mas aqvs tevadobiTi kavSiri marjvena da marcxena eleqtrodebTan, 

Sesabamisi Cj da Cc tevadobebiT. TviT kunZulis tevadoba C tolia Cj da Cc 

tevadobebis jamisa. rogorc erTgvirabulisTvis, aqac, orgvirabuli 

struqturisTvisac arsebobs Zabvis diapazoni, sadac eleqtronis gadatanis 
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kulonuri blokadis gamo eleqtruli deni ar iqneba. kunZulSi — eleqtro-

debTan da kunZulis SigniT dasaSvebi eleqtruli doneebis sxvaobis gamo, 

vam-is simetriuloba, rogorc es iyo ergvarabulisTvis, iqneba darRveuli. 

es efeqti SeiZleba aixsnas kunZulis da eleqtrodebis eleqtroqimiuri po-

tencialis terminebiT. marTlac, kunZulis mcire zomebisas fermis energia 

SigniT da eleqtrodebze iqneba gansxvavebuli. es iZleva gansxvavebas eleq-

tropotencialebs Soris Δμ=μk-μj=μk-μc=eΔV0, rogorc nax.11.4-dan Cans, sadac 

gamosaxulia orgvirabuli struqturis energetikuli ekvivalenturi sqema 

(nax.11.4 a) da Sesabamisi vam (nax.11.4 b). gansxvavebis mizezi isaa, rom kunZulSi 

muxtis gadanawileba damaxasiaTebelia mxolod μk-sTvis, romelic e/C-is je-

radia, xolo makroskopuli nimuSisaTvis C didia, fardoba e/C Zalian mcirea 

da gansxvaveba fermis donees Soris araa. 

 

 
nax.11.3. orgvirabuli struqturis ekvivalenturi sqema kunZulis (a) 

da ori erTgvirabulis SeerTebisas (b) 

 

 
nax.11.4. orgvirabuli struqturis energetikuli 

ekvivalenturi sqema (a) da Sesabamisi vam (b) 

 

nanonawilakebSi wonasworobas mivyavarT iqamde, rom fermis doneebi, ro-

gorc SesaZlebelia, iyos erTmaneTTan axlos, magram ΔV0 mainc iqneba raRac 

sididis diapazonSi ΔV0< e/2C. es iwvevs or gvirabs Soris gaJonvis koeficien-

tebs Soris gansxvavebas da vam-ze asimetrias.  

eleqtronis energetikuli doneebis diskretuleba kunZulSi ganisazR-

vreba imiT, rom misi muxtis cvlileba SeiZleba mxolod erTi eleqtronis 

ulufebiT mosvliT an wasvliT. am diskretulobis sididea e2/2C. T=0K tempe-
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raturaze mdgomareobebi fermis donemde mTlianad Sevsebulia. amitom rCe-

ba ΔV0 sxvaoba im doneTa Soris, romlisganac xdeba eleqtronebis inJeqcia da 

kunZulze uaxloes im dones Soris, romelzec is unda dajdes. erTi eleq-

tronis mosvliT sistemis eleqtrostatikuri energia Seicvleba sididiT: 

ΔE=1/2[(e/C+ ΔV0)
2C- ΔV0

2C].  
kunZulze marcxena eleqtrodidan misuli eleqtroni polarizaciiT in-

ducirebs marjvena eleqtrodSi muxts sididiT eCj/C. mis gadasalaxavad da 

kulonuri blokadis dasaZlevad saWiroa gare Zabva VoV(e/2C+ ΔV0)/Cj. es iZ-

leva vam-is asimetrias (nax.11.4. b). 

11.3. erTeleqtroniani tranzistoris 

muSaobis principi da parametrebi 

kargad aixsneba orgvirabgasvlis struqturis magaliTze. erTeleqtro-

niani tranzistori — esaa samgamosavliani xelsawyo, sadac gamomdenidan Cam-

denisaken, maTi gamyofi kvanturi wertilis gavliT, eleqtronebi saTiTaod 

gadian da romelSic kvanturi wertilis eleqtruli mdgomareobebi eleq-

trostatikurad CamketiT kontroldeba. misi formirebis struqtura, ekvi-

valenturi sqema da Sesabamisi vam mocemulia nax11.5-ze.  

 
nax.11.5. erTeleqtroniani tranzistoris struqtura (a), 

ekvivalenturi sqema (b) da Sesabamisi vam (g) 

 

erTeleqtroniani tranzistoris muSaoba SeiZleba aRiweros, Tu mis 

struqturaSi gamovyofT or erTeleqtronian ujreds: erTi dakavSirebulia 

gamomdenTan, meore — CamdenTan. vam miiReba ise, rogorc eleqtronis orgvi-

rabiani gavlisas, roca VCk=0 (nax.11g-ze a-mrudi). roca VCk=e/2CCk, maSin 

kulonuri blokada moxsnilia da denis gavla xdeba uwyvetad (nax.11.5. g-ze, 

b-mrudi). 

 erTeleqtroniani tranzistoris Camketze Zabvis cvlilebiT 0-dan e/2CCk-

mde kulonuri blokadaa da eleqtroni gadis gamomdenidan kvantur wertil-
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Si, ver gadis CamdenSi. Camketze e/2CCk-is jeradi Zabvis modebisas kulonuri 

blokada ixsneba, gamomden-Camdenis deni xdeba SesamCnevi da safexuriani. 

aseT maxasiaTebels ewodeba kulonuri kibe (nax.11.6.a). amis msgavsad daimzi-

reba oscilacia IgC(VCk) damokidebulebaze, roca Camketze Zabva icvleba ne/CCk 

— e/2CCk, rac gamosaxulia nax. 11.6.b-ze. 

erTeleqtronian tranzistorSi gamomden-Camdeni (IgC) denis gamoTvla Se-

saZlebelia kvantur wertilSi eleqtronis gvirabiT Semosvlis siCqarisa da 

misgan gasvlis albaTobis gamoyenebiT.  

erTeleqtronian tranzistorSi kvantur wertilad Au55-is ligandur 

jaWvs aqvs perspeqtiva stabilizaciisa da temperaturaSi mogebis Tvalsaz-

risiT. mcire raodenobis oqros atomebi ifareba bunebrivi, izolirebuli 

e.w. ligandis ~ 0,7 nm sisqis garsiT. gvirabgasvla xdeba or mezobel ligand-

stabilizebul ares Soris, sadac garsi gamodis jebiris rolSi. eqsperimen-

tma aCvena, rom eleqtronis gasvla jaWvur ligandaSi xdeba solitonis 

msgavsad. gamoTvlebma aCvena, rom am dros nawilakTa Soris tevadoba 10-18 fa-

radia, xolo winaRoba — 100 mom. 

 

 
nax.11.6. erTeleqtroniani tranzistoris 

gamosavliTi (a) da gardamavali vam (b) 

 

erTeleqtroniani tranzistoris upiratesobaa is, rom mas aqvs Zalian 

mcire zomebi (ramdenime angstremi) da masTan dakavSirebuli didi integra-

cia, agreTve, Zalian mcire moTxovnis simZlavre da didi funqcionaluri Se-

saZleblobebi. magram, unda miviRoT mxedvelobaSi misi uaryofiTi mxaree-

bic. es, upirveles yovlisa, gamoixateba SemdegSi: 1) erTeleqtroniani tran-

zistoris muSaobis SesaZlebloba Semoifargleba mxolod dabali tempera-

turebiT. maTi oTaxis temperaturaze muSaobisTvis saWiroa, kvanturi wer-

tilis zomebi iyos bevrad naklebi 10 nm-ze; 2) erTeleqtronian tranzisto-

rebs, didi gvirabuli gadasvlis winaaRmdegobis gamo, romelic bevrad metia 

h/e2 (25,8kom)-ze, aqvT gamosavali — didi impedansi; 3) erTeleqtroniani tran-

zistorisTvis gamomden-Camdenis Zabva unda iyos ufro mcire, vidre Camketi 

Zabvis amplituda. es saWiroa imisTvis, rom gadamrTvel xelsawyoebSi, kvan-
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turi wertilis potencialis gamomden-Camdeni ZabviT advilad mmarTvisas, 

erTeleqtroniani tranzistori gamoyenebul iqnas rogorc Camketi da 4) er-

Teleqtroniani xelsawyos maxasiaTeblebis ganmeoradobisa da gansazRvris 

siZnele dakavSirebulia kunZulTan axlos arakontrolirebad muxtis gaCe-

nasTan. es muxti aRiZvreba kunZulis garSemo myofi dieleqtrikis mier mina-

revuli nivTierebis Tugind erTi atomiT. minarevis muxti kunZuls ukeTebs 

polarizacias da masSi amiT cvlis kulonuri blokadis pirobebs. 

aRniSnuli Seferxebebis daZlevis Semdeg erTeleqtroniani xelsawyoebi 

laboratoriuli nimuSebidan gadavlen produqciul warmoebaSi.  

 sakontrolo kiTxvebi: 

1. raSi mdgomareobs erT- da oreleqtroniani gvirabgasvlis efeqti da 

rogoria misi volt-amperuli efeqti? 

2. rogoria erTeleqtroniani tranzistoris sqematuri gamosaxuleba? 

3. rogoria erTeleqtroniani tranzistoris muSaobis principi? 

4. rogoria erTeleqtroniani tranzistoris volt-amperuli 

5.  maxasiaTebeli da axseniT misi svla. 

12. rezonansuli gvirabgasvla 

mcirezomian struqturebSi eleqtronebis gvirabgasvla, potencialuri 

jebiris maxasiaTlebebis garda, ganisazRvreba TviT struqturis SigniT 

eleqtronebisTvis dasaSvebi energetikuli mdgomareobebiT. ori potencia-

luri jebiriT SezRudul mcirezomian struqturaSi inJeqtirebul eleq-

trodSi fermis donesa da mcirezomian struqturaSi diskretul dones So-

ris urTierTTanxvedrisas mkveTrad izrdeba masSi gamavali gvirabuli deni. 

es movlena cnobilia rezonansuli gvirabgavlis movleniT. es iwvevs volt-

amperul maxasiaTebelze uaryofiTi diferencialuri winaaRmdegobis gamov-

lenas, rac mniSvnelovania myarsxeulovan maRalsixSiruli generatorebis 

SeqmnisTvis.  

arsebobs rezonansuli gvirabgasvlis ori saxe: koherentuli da mimdev-

robiTi. koherentuli meqanizmiT gvirabgasvla xorcieldeba, roca eleq-

tronuli talRa ise eTanadeba WaSi kvanturi doneebis zomebs, rom eleqtro-

nis talRuri funqcia inarCunebs koherentulobas orgvirabian sistemaSi. am 

SemTxvevaSi, ise rogorc optikaSi, WaSi tlRis amplituda unda gaizardos da 

mTel struqturaSi unda moxdes rezonansuli gvirabgasvla. mimdevrobiTi 

rezonansuli gvirabgasvlis meqanizmi gulisxmobs, rom orbarierian struq-

turaze potencialis modebisas eleqtroni, romlis energia emTxveva WaSi 
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kvantur dones, emiteridan gvirabulad gadis WaSi am doneze da Semdeg meore 

jebiris gavliT gadis koleqtorSi.  

am efeqtis damzeris tipur struqturas warmoadgens kvanturi Wa. rezo-

nansuli gvirabgasvlis movlena iwinaswarmetyvela d. bomma, magram misi eq-

sperimentuli ganxorcieleba moxda oci wlis Semdeg, mas Semdeg, rac zes-

truqturis formirebis bazaze Seiqmna maRalxarisriani kvanturi Wa. aseTi 

struqturis energetikuli diagrama da misi volt-amperuli maxasiaTebeli 

mocemulia nax.12.1.-ze.  

orjebirian rezonansul-gvirabul struqturebs amzadeben GaAs-AlGaAs 
zemesrul struqturebis bazaze. eleqtrodebis `viwrozonian~ masalad da 

TviT Wad gamoiyeneba GaAs. rezonansul-gvirabul struqturad SeiZleba ga-

moyenebul iqnas Si-SiO2 sistemac.  

 

 
 

nax.12.1. kvanturWiani orjebiriani struqturis 

energetikuli diagrama da misi vam 

 

kvanturi SezRudvebi iwvevs WaSi energetikuli doneebis dakvantvas. or-

ganzomilebian stuqturaSi — kvanturi firfita a sisqiT — warmoiqmneba qve-

zona E1=ħ
2π2/(2m*a2). iTvleba, rom gare Zabvis modebis gareSe is mdebareobs 

TiToeuli jebiris gareT myof fermis (EF) doneze maRla. eleqtrods, saida-

nac xdeba eleqtronebis inJeqcia, ewodeba emiteri, xolo Semkreb eleq-

trods — koleqtori.  

sruqturaze mcire gare V Zabvis modebisas Zabvis didi nawili ecema jebi-

ris ubanze, radganac maTi eleqtruli winaRoba bevrad metia, vidre Wis wina-

Roba. maTSi xdeba energetikuli doneebis didad daxra, magram struqturis 

gavliT gvirabuli deni mainc mcirea. gare modebuli Zabvis gazrdisas WaSi E1 
done dabla iwevs, rac iwvevs emiterul jebirSi gvirabuli denis gazrdas. 
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Widan eleqtronebis gvirabgasvla araa SezRuduli, radganac fermis done 

koleqtorSi ufro dablaa, vidre WaSi da gvirabgasvla midis maRlidan da-

bal doneze. gvirabuli denis sidide maqsimaluri xdeba maSin, roca emiterSi 

fermis EF done emTxveva WaSi E1 dones. am SemTxvevaSi WaSi gvirabulad gasuli 

eleqtronebi inarCuneben TavianT energias da impulss. amis gamo isini iq ar 

Cerdebian da swrafad gadian koleqtorSi. xdeba Wis gavliT eleqtronebis 

rezonansuli gasvla, rac emiteris da koleqtoris simetriuli jebirebis 

SemTxvevaSi eTanadeba V= 2E1/e Zabvas.  

 E1 donis Semdgomi Zirs daSvebisas eleqtronebs aRar SeuZliaT gvirab-

gasvla energiisa da impulsis SenarCunebiT. isini yovndebian WaSi, rac iwvevs 

denis Semcirebas da volt-amperul maxasiaTebelze uaryofiTi diferencia-

luri winaRobis ubnis Seqmnas. gare Zabvis Semdgomi zrda iwvevs eleqtrone-

bis mzard, Termulad aqtivirebul jebiriszeda emisias da struqturaSi de-

nis Sesabamis zrdas.  

aRsaniSnavia is, rom Zabvis zrdiT deni ecema, anu volt-amperul maxasia-

Tebelze miiReba uaryofiTi diferencialuri winaaRmdegoba. es miuTiTebs 

imas, rom densa da Zabvas Soris faza wanacvlebulia 1800-iT da ToTqos maTi 

cvladi mdgenelebi mimarTuli arian urTierTSemxvedri mimarTulebiT. Se-

sabamisad, cvladi signalis simZlavre, romelic tolia denisa da Zabvis nam-

ravlisa, unda iyos uaryofiTi niSniT. es tolfasia imisa, rom uaryofiTi wi-

naaRmdegoba ki ar moixmars cvladi signalis simZlavres, aramed gare wreds 

aZlevs mas. uaryofiTi diferencialuri winaaRmdegobiT kompensirdeba sqe-

maSi dadebiTi winaaRmdegobiT Seqmnili danakargebi da amrigad SesaZlebe-

lia Zabvis gaZlierebis, generaciis da gardamqmnelis sqemis Seqmna.  

organzomilebian, orjebirian struqturaSi gare modebuli ZabviT Seq-

mnili gvirabuli deni gamoiTvleba Semdegi daSvebebiT. iTvleba, rom Wa, emi-

teri da koleqtori gamoyofilni arian potencialuri jebirebiT z mimarTu-

lebiT. maTSi eleqtronebi arian m*-masiani Tavisufali nawilakebi. emiterSi 

k talRurveqtoriani eleqtroni gabnevis gareSe gvirabulad gadis koleq-

torSi, anu xy sibrtyeSi sruli energiis SenarCunebiT da talRuri veqtoris 

Seucvlelad. talRuri veqtoris z mdgeneli icvleba, radgan am mimarTule-

biT struqtura araerTgvarovania. ugulelyofilia kulonuri moqmedeba 

eleqtronsa da misgan Seqmnil potenciur arekvlas Soris. ugulelyofilia 

agreTve jebirsa da emiteris da koleqtoris sazRvrebze gare ZabviT gamow-

veuli zonis gaRunvebi. yvela es daSveba iZleva saSualebas, ganisazRvros EZ 

energiis eleqtronebisTvis potencialuri jebiris ganmsWvalvis D(Ez) koe-

ficienti Sredingeris erTganzomilebiani gantolebis amoxsniT. amasTan er-

Tad, x- da y- mimarTulebiT amoxsnisas miiReba brtyeli talRa, energiis sa-

kuTari mniSvnelobebiT Ex,y=( ħ2/(2m*)(kx
2+ky

2). gvirabuli eleqtronis sruli 

energia ki tolia E=Ex,y+Ez.  
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 mocemul struqturaSi saerTo gvirabuli denis gansazRvrisas unda gamo-

iTvalos gvirabul albaTobaTa jamebi emiterSi da koleqtorSi eleqtrone-

bis energetikuli ganawilebis funqciis, jebiris ganmsWvalvis koeficientis 

da koleqtorSi Tavisufali adgilebis gaTvaliswinebiT. roca ar xdeba eleq-

tronis energiis gabneva koleqtorSi Ek energia ukavSirdeba emiterSi Ee ener-

gias TanafardobiT: Ek= Ee+eV, sadac V struqturaze modebuli gare Zabvaa. 

rezonansul-gvirabgasul movlenebze ZiriTadi samuSaoebi Caatara nobe-

lis premiis laureatma leo esakiam. misi gamoTvlebi xarisxobrivad kargad 

TanxvedraSia eqsperimentTan. raodenobrivi TanxvedrisTvis unda iqnes gaT-

valiswinebuli yvela is daSvebebi, romlebic zemoT iqna CamoTvlili. 

rezonansuli gvirabgasvlis movlena teraherc sixSireze momuSave dio-

debisa da tranzistorebis Seqmnis saSualebas iZleva. 

12.1. rezonansul gvirabgasvlaze Seqmnili diodi. 

zogadad, rezonansul-gvirabuli diodi warmoadgens mimdevrobiT Seer-

Tebul kvanturi Webis periodul struqturas, gamoyofils potencialuri 

jebirebiT da or mopirdapire mxares Seqmnili eleqtruli kontaqtebiT. uf-

ro xSirad gamoiyeneba orjebiriani struqtura, simetriuli maxasiaTeble-

biT da erTi kvanturi WiT, radganac Wis ricxvis gazrdiT Zneldeba rezonan-

suli gvirabgasvla. nax.12.2-ze gamosaxulia aseTi diodis pirobiTi aRniSvna, 

ekvivalenturi sqema da misi ZiriTadi eleqtruli maxasiaTeblebi.  

 
               a)                           b)                                                         g) 

  

nax.12.2. rezonansul-gvirabuli diodis pirobiTi 

aRniSvna (a), misi ekvivalenturi sqema (b), 

volt-amperuli da volt-faraduli maxasiaTleblebi (g) 

 

 rezonansul-gvirabuli diodis ekvivqlenturi sqema Seicavs I(V) denis 

wyaros da tevadobas C(V), romlebic imarTebian ZabviT da mimdevrobiT 

SeerTebuli Rs winaaRmdegobisgan. aq paraleluri I(V) da C(V) wredi warmo-
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adgens diods, xolo mimdevrobiT SeerTebuli Rs winaaRmdegoba aris sakon-

taqto winaaRmdegobebis jami. C(V) tevadoba mniSvnelovania xelsawyos 

swrafqmedebis gansazRvrisTvis. deniTi rezonansuli Zabvis aris garda, is 

TiTqmis gaRaribebuli ubnis tevadobis tolia. uaryofiT diferencirebul 

winaRobis ubanSi tevadobis piki ganpirobebulia ormoSi dagrovili rezo-

nansuli eleqtronebiT. es unda iqnes miRebuli mxedvelobaSi diodis swraf-

qmedebis ganxilvisas. 

rezonansul-gvirabuli diodis ZiriTadi Taviseburebaa mis voltampe-

rul maxasiaTebelze uaryofiTi diferencialuri winaRobis aris arseboba, 

romelicaa misi farTo praqtikuli gamoyenebis safuZveli. misi ZiriTadi 

eleqtruli parametrebia: denis simkvrivisa da Zabvis mniSvnelobebi pikis 

wertilis ubanSi, `dolinis~ denis simkvrive minimumSi da denis am simkvrivee-

bis Sefardeba. 

 jebiris sisqis gazrdiT pikuri denis simkvrive eqsponencialurad mcir-

deba. realur xelsawyoebSi, oTaxis temperaturaze — maqsimumSi da minimumSi 

denis simkvriveTa fardoba meryeobs erTidan aTamde, xolo dabal tempera-

turaze es fardoba ufro metia. gabnevis efeqti rezonans afarToebs, magram 

amavdroulad asustebs mas. denis pikuri simkvrive TiTqmis ar grZnobs ga-

fantvis efeqtebs, magram minimumSi denis simkvrive da, Sesabamisad, maTi far-

doba sagrZnobladaa damokidebuli Wis sazRvrebze gabnevis xarisxze.  

maRali samuSao denis simkvrivis miRebisTvis saWiroa jebiri iyos Txeli 

(ramdenime monoatomuri Sre), xolo gamyofi sazRvari — mkveTri da Tanabari. 

eqsperimentulad damtkicebulia, rom gamyofi sazRvrebi arasdros arian qi-

miurad mkveTri da absoluturad brtyeli, Tundac optimalur pirobebSi ma-

Ti formirebisas. magaliTad, zemeseris Seqmnis yvelaze perspeqtiul GaAs 

da AlAs masalebSi mainc arsebobs 1-4 gardamavali monoSre. amitom sazRvarze 

potenciuri jebiri araa mkacrad safexuriani, aramed ganrTxmulia da damo-

kidebulia sazRvris zedapiris reliefze. es amcirebs diodis volt-ampe-

rul maxasiaTebelze uaryofiTi diferencialuri winaRobis ubanSi maqsi-

mumsa da minimumSi denis fardobis sidides da xsnis gansxvavebas rezonan-

sul-gvirabul diodis Teoriasa da eqsperiments Soris. 

rezonansul-gvirabuli diodis praqtikuli gamoyenebisTvis mniSvnelo-

vania is, rom mas gaaCnia gadarTvis didi siCqare. aseTi diodis swrafqmedebis 

ganxilvisas mxedvelobaSi unda miiRebodes masSi mimdinare procesebis ori 

dro: dro gvirabgasvlaze, dakavSirebuli kvantur meqanizmebTan da dro, 

romelic saWiroa diodis tevadobis damuxtvisTvis, gansazRvruli wredis 

parametrebiT. 

ganvixiloT aRniSnuli `gvirabgasvlis dro~ da `RC-dro~. CavTvaloT, 

rom gansazRvrul droSi rezonansul-gvirabul struqturaSi eleqtruli 

veli gadadis ararezonansuli mdgomareobidan rezonansulSi. am cvlilebis 

pasuxad kvantur WaSi talRuri funqciis amplituda icvleba mis saboloo 

stacionarul mniSvnelobamde. gvirabgasvlis dro — swored am cvlilebis 
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droa, anu sistemis mdgrad mdgomareobaSi gadasvlis droa. es sidide kvan-

tur ormoSi stabileri rezonansuli mdgomareobis tr sicocxlis xangrZli-

vobis rigisaa, romelic kvanturi ormos eleqtronis mier gavlis drois to-

lia. gamartivebis SemTxvevaSi, es dro moicema energetikuli donis E0 siga-

niT, rogorc: 

tr=h/E0,             (12.1) 

sadac, h plankis mudmivaa.  

 jebiris sisqis da simaRlis SemcirebiT E0 eqsponencialurad mcirdeba, 

rac (12.1)-iT iwvevs gvirabgasvlis drois gazrdas. more mxriv, jebiris am pa-

rametrebis Semcireba amcirebs vam-ze maqsimumsa da minimumSi denebis far-

dobas, amitom saWiroa optimaluri parametrebis SerCeva. idealuri rezo-

nansul-gvirabuli diodis swrafqmedebis Teoriuli zRvari fasdeba 0,1 pwm-

iT. realur xelsawyoebSi gamyofi sazRvris ganrTxmisa da muxtis matare-

belTa gabnevis gamo gvirabgasvlis dro izrdeba. 

rezonansul-gvirabul diodebSi swrafqmedeba ganisazRvreba ara marto 

gvirabis gavlis droiT, aramed kondensatoris damuxtvis droiTac, anu 

RsC(V) mudmiviTac (nax.12.2-is b). 

rezonansul-gvirabuli diodebis erT-erTi upiratesoba sxva gvirabul 

diodebTan SedarebiT isaa, rom SedarebiT mcire tevadobisas mas SeuZlia mi-

iRos maqsimaluri denis didi simkvrive. magaliTad, 2•10-7 pf tevadobisas 

miRweulia denis simkvrive 7•105a/sm2. es sidideebi aCveneben, rom siCqaris maC-

venebeli, romelic ganisazRvreba xvedriTi tevadobis fardobiT denis sim-

kvrivis maqsimalur mniSvnelobasTan (C/Jm), naklebia 0,3 pwm/v-ze sxva saxis 

gvirabuli diodebisTvis es maCvenebeli metia 10 pwm/v-ze. es gansxvaveba Se-

saZlebelia aixsnas rezonansul-gvirabul diodebSi jebiris da kvanturi Wis 

optimaluri parametrebis miRebiT. 

12.2. rezonansul gvirabgasvlaze Seqmnili tranzistori 

rezonansul-gvirabul diodze mmarTveli eleqtrodis damatebas gadah-

yavs is rezonansul-gvirabul tranzistorSi. nax.12.3-ze gamosaxulia rezo-

nansul-gvirabuli tranzistoris eleqtrul sqemaSi pirobiTi aRniSvna da 

misi Seqmnis struqturuli saxe. damatebiT eleqtrodze potencialis mode-

ba iwvevs diodis volt-amperuli maxasiaTeblis wanacvlebas denis RerZis 

gaswvriv (nax.12.2-is g).  

SesaZlebelia rezonansul-gvirabuli diodis gaerTianeba Cveulebriv 

tranzistorTan, ris Sedegadac miviRebT kombinirebul xelsawyos. es vari-

anti gamoiyeneba rezonansul-gvirabuli bipoliaruli tranzistorisa da 

cxel eleqtronebze Seqmnili rezonansul-gvirabuli tranzistoris misaRe-

bad. rezonansul-gvirabul bipoliarul tranzistoris bazaSi an emiter-ba-
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zis gadasasvlelis ubanSi CaSenebulia rezonansul-gvirabuli struqtura. 

es ukanaskneli — cxel eleqtronebze Seqmnil rezonansul-gvirabuli tran-

zistoris emiterSia CaSenebuli. am xelsawyoebis sqemaSi saerTo emiteris 

CarTvisas maT maxasiaTeblebze Cndeba uaryofiTi daxriloba, rac saintere-

soa maTi farTo gamoyenebisTvis. 

 nax.12.3-is b-ze gamosaxul rezonansul-gvirabul tranzistorSi denis 

marTva xdeba CamketebiT. masSi emiteris denis modulacia SesaZlebelia Cam-

ketze potencialis cvlilebiT, romelic Tavis mxriv cvlis emiteris garSe-

mo myof p-n gadasasvlelis ubans. emiteris denis aseTi marTva saSualebas iZ-

leva, imarTos struqturaSi gamavali maqsimaluri deni. 

 

 
  

nax.12.3. rezonansul-gvirabuli tranzistoris eleqtrul 

sqemaSi pirobiTi aRniSvna (a) da misi Seqmnis struqturuli 

saxe GaAs-AlAs-is bazaze: 1 — Camketi 1; 2 — Camketi 2; 3 — n+-InGaAs; 

4 – n--InGaAs; 5 — 1,5 nm sisqis i-AlAs; 6-5 nm sisqis i-GaAs; 

7 - n--GaAs; 8 - n+-GaAs da 9 naxevrad izolirebuli GaAs-is safeni 

 

gvirabul efeqtze Seqmnil nanoeleqtronul xelsawyoebs aqvT rigi upi-

ratesobani tradiciul xelsawyoebTan SedarebiT, romlebic damyarebulia 

maT swrafqmedebaze da volt-amperuli maxasiaTeblis unikalurobaze. amis 

gamo es xelsawyoebi TamaSoben mTavar rols zemaRali sixSirisa da zedidi 

integraciis sqemebis SeqmnaSi.  

sakontrolo kiTxvebi: 

1. raSi mdgomareobs rezonansuli gvirabgasvlis efeqti da ramdeni sa-

xisaa? 

2. rogor muSaobs rezonansuli gvirabgasvlis diodi da rogoria misi 

volt-amperuli maxasiaTebeli? 

3. rogoria sqematurad rezonansuli gvirabgasvlis tranzistori? 

4. rogor muSaobs rezonansuli gvirabgasvlis tranzistori? 
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13. kvanturi holis efeqti 

Cveulebrivi holis efeqti aRmoaCina 1879 wels baltimoris universite-

tis aspirantma edvin holma, romelic mdgomareobs magnitur velSi moTavse-

bul denian gamtarSi ganivi eleqtruli velis aRZvraSi. holis efeqtis ga-

zomvis sqema mocemulia nax.13.1 a-ze. aq 1 gamtaria (naxevargamtari), romlis 

gaswvriv gadis I eleqtruli deni; 2, 3, 4 — Zabvis 

 
 

nax.13.1. a) holis efeqtis gazomvis sqema: 1 — nimuSi; 2; 3 da 4 — eleqtruli 

kontaqtebi; b) magnitur velSi eleqtronis traeqtoria; g) magnitur velSi 

xvrelis traeqtoria; d) holis Zabvasa da magnitur vels Soris wrfivi 

damokidebuleba; e) Zlier magnitur velSi eleqtronis cikluri moZraoba 

 

gamzomi eleqtrodebi; B — nimuSis sibrtyis marTobulad mimarTuli mag-

nituri velis induqcia; Uჰ - 3 da 4 kontaqtebs Soris aRZruli holis Zabvaa. 

am Zabvis aRZvra aixsneba lorencis Zalis F ლ υeB=  moqmedebiT magnitur 

velSi moZrav eleqtrul muxtze, romelic aiZulebs mas, imoZraos wreze ra-

diusiT:  

Be

m
r

υ=              (13.1)  

sadac, e  eleqtruli muxtia, m – muxtis matarebelTa efeqturi masa, υ – 

maTi siCqare. nimuSSi denia ,SeI υ=  sadac n  eleqtronebis koncentraciaa, 

−S dengamtaris ganivkveTi ,bdS =  sadac −b misi siganea da −d sisqe.  
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lorencis da holis veliT gamowveuli Zalebis wonasworobis pirobidan ga-

modis, rom eE ჰ eV= ჰ/b = .Beυ  aqedan miiReba, rom V ჰ IRdneBIBb === υυυ / ჰ, 

sadac R ჰ holis winaaRmdegobaa. organzomilebian sistemaSi R ჰ ,/ SenB=  

sadac
 Sn eleqtronebis zedapiruli koncentraciaa. aRsaniSnavia, rom R ჰ 

aRZrul ganiv potencialTa sxvaobis fardobaa gaswvriv denTan, 

R ჰ ./ XYXY IVR ==
 
am dros gaswvrivi winaaRmdegoba XYXXI IVRR /==  susta-

daa damokidebuli magnituri velis induqciaze, sididiT axlos rCeba Tavis 

mniSvnelobasTan, roca .0=B  
nax.13.1 b)—ze naCvenebia magnitur velSi gamtareblobis eleqtronis moZ-

raobis traeqtoria. rodesac eletronuli deni miedineba marcxnidan mar-

jvniv, eleqtronebi moZraoben Semxvedri mimarTulebiT (marjvnidan mar-

cxniv) da ixrebian qveviT. amitom gamtaris qveda kidis axlos iqmneba uaryo-

fiTi eleqtruli muxtis siWarbe, xolo zeda kidis axlos — dadebiTis siWar-

be. nax.13.1 g)-ze gamosaxulia dadebiTi muxtis — `xvrelis~ moZraobis traeq-

toria. isini moZraoben eleqtruli denis mimarTulebiT da isinic gadaixre-

bian qveviT. amitom gamtaris kidis axlos iqneba dadebiTi eleqtruli muxtis 

siWarbe, xolo zeda kidis axlos — uaryofiTebis siWarbe.  

 holis U ჰ Zabvas aqvs sawinaaRmdego niSani. am Zabvis sidide proporciu-

lia magnituri induqciisa da denis Zalisa: 

U ჰ
dne

BI=              (13.2)  

sadac, n  denis matarebelTa koncentraciaa; e – muxti; d — (nax.13.1 a 1) gamta-

ris sisqe. aqedan Cans, rom holis Zabvis analogiurad, 3 da 4 eleqtrodebs 

Soris gazomili holis winaaRmdegoba ( )XYρ  magnitur velze damokidebulia 

wrfivad (nax.13.1. d). garda amisa, (13.2) formulaSi arc eleqtronis maxasia-

Teblebi (masa, Zvradoba) Sedis, arc masalis maxasiaTeblebi da arc misi for-

ma. amitom cxadia, holis Zabvis gazomviT SesaZlebelia gare magnituri velis 

induqciis gansazRvra. B, d, I sidideebis codna iZleva saSualebas, ganisazR-

vros naxevargamtarSi eleqtruli muxtis matarebelTa niSani da koncentra-

cia. amitom, holis miniatiuruli sensorebi farTod gamoiyeneba magnituri 

velis sididis gazomvisTvis, xolo holis efeqti — naxevatgamtarSi eleq-

trogamtareblobis maxasiaTeblebis Sesaswavlad. 
nax.13.1 a)-ze gamosaxuli sqemiT xSirad zomaven 2 da 3 eleqtrodebze da-

cemul U Zabvas, rac iZleva saSualebas, gamoiTvalos 1 gamtaris gaswvriv 

eleqtruli winaRoba da gamokvleul iqnas misi damokidebuleba magnituri 

velis sidideze (magnetorezistuli efeqti).  

yoveli zemoT ganxiluli movlena 1879 wlidan samarTliani iyo 3D gan-

zomilebian sivrceSi, sadac eleqtronis lokalizacia nulia, anu is Tavisu-

falia da holis Rh winaaRmdegoba wrfivadaa damokidebuli magnituri velis 
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B sidideze. erTi saukunis Semdeg, 1980 wels, klaus fon klitcingma aCvena, 

rom organzomilebiani eleqtruli sistemisTvis (2DEG)-s damokidebulebas 

aqvs sruliad sxva saxe.  

formula (13.1)-dan Cans, rom sakmaod didi magnituri velisas r radiusi 

SeiZleba gaxdes (nax.13.1 1) gamtaris geometriul naxevarsiganeze naklebi. 

garda amisa, rπ2 sidide gaxdeba muxtis matareblis Tavisufali ganarbenis 

sigrZeze naklebi, maSin isini movlen moZraobaSi wriul orbitaze, wriuli 

sixSiriT ω=Bq/mb (nax.13 e). (13.1) formulaSi υ  sruli siCqarea (dreifuls 

+siTburi), denis sxvadasxva matareblebs gaaCniaT sxvadasxva siTburi siCqa-

reebi da, Sesabamisad, isini brunaven sxvadasxva radiusis orbitebze. es mxo-

lod — `klasikuri~ Sexedulebaa. faqtobrivad, rodesac denis matarebelTa 

de broilis talRis sigrZe gaxdeba rπ2 -is rigis, maSin maTi moZraoba am mxri-

dan SezRudulia, anu lokalizebulia da danarCeni ori mxridan sibrtyeSi 

Tavisufalia, anu delokalizebulia. aseT struqturebs uwodeben dabalgan-

zomilebian nanostruqturebs. es ki gviCvenebs, rom am SemTxvevaSi impulsis 

momentica da isini denis matarebelTa moZraobis energiac orTogonaluria 

magnituri velis induqciis veqtoris mimarT da ikvantebian. am SemTxvevaSi 

muxtis matareblis moZraoba unda aRiweros kvanturi meqanikis kanonebiT.  

13.1. dabalganzomilebiani myarsxeulovani nanostruqturebi 

kvanturi meqanikis erT-erTi ZiriTadi cnebaa de broilis talRa, rome-

lic gamoxatavs nebismieri kvanturi obieqtis dualizms, rac imas niSnavs, 

rom obieqti erTdroulad talRacaa da korpuskularuli bunebis nawila-

kic. de broilma wamoayena idea, rom nebismieri impulsis mqone nawilaki SeiZ-

leba daxasiaTdes talRis sigrZiT: 

υυ
πλ ∗→==

m

h

m

h

kd

2
            (13.3) 

sadac, h plankis mudmivaa, υ  — siCqare da 
∗m — efeqturi masa. magaliTad, Tu 

eleqtroni moZraobs oTaxis temperaturaze ≈5•107sm/wm siCqariT, mas eqneba 

1,4 nm (14Å) talRis sigrZe. 

Tu obieqts koordinatis RerZis mimarT Tugind erTi mxriv eqneba de 

broilis talRis sigrZis saTanado zoma, maSin aseT obieqtSi eleqtroni war-

moadgens kvantur nawilaks da kvantur ormoSi eleqtronis energias eqneba, 

am mxris gaswvriv, diskretuli mniSvnelobebi da erTi energetikuli mdgoma-

reobidan meoreze gadasvlisTvis saWiro iqneba gansazRvruli energia. es 

movlena kvanturi SezRudvaa da fizikuri TvisebebiT gansxvavebuli iqneba 

mikronawilakis masStabis obieqtisgan.  

klasikurisgan gansxvavebiT, kvanturi holis efeqti daimzireba iseT gam-

tarebSi, romelTa sisqe eTanadeba de broilis talRis sigrZes. aseT gamtareb-
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Si, romelTac agreTve uwodeben orgamzomilebian sistemebs, nawilakis moZra-

oba SezRudulia z RerZis gaswvriv da eleqtronis moZraobas aqvs organzomi-

lebiani xasiaTi (x,y) sibrtyeSi. am dros Z RerZis marTobul sibrtyeSi moZra-

oba Tavisufalia da eleqtronis energetikuli speqtri ase gamoisaxeba:  

( ) ,
2

22
2

nyx Ekk
m

E ++= 

          
(13.4)

 

sadac, n= 0, 1, 2, . . , m eleqtronis efeqturi masaa.  

Tanamedrove teqnologiiT SesaZlebelia ramdenime nm zomis obieqtis 

(kvanturi Sre, kvanturi milaki, kvanturi wertili) Seqmna, romelSic eleq-

troni amJRavnebs kvantur Tvisebebs.  

organzomilebiani eleqtruli gazis (2DEG) Seqmnis erT-erTi meTodi 

mdgomareobs imaSi, rom eleqtronebi CaiWirebian myari sxeulis SigniT naxe-

vargamtarisa da dieleqtrikis gamyof sazRvarze an ori sxvadasxva saxis na-

xevargamtaris gamyof zedapirze.  

organzomilebiani sistemis klasikur magaliTs, romelSic daimzireba 

kvanturi holis efeqti, warmoadgens metal-dieleqtrik-naxevargamtaris 

(mdn) sistema, romelSic 2DEG warmoiqmneba naxevargamtarisa da dieleqtri-

kis gamyof sazRvarze inversiuli ubnis Seqmnisas. es gamosaxulia nax.13.2-ze.  

 
nax. 13.2. mdn-velis tranzistorSi Camketze Zabvis modebis Semdeg 

organzomilebiani eleqtruli gazis formireba 

 

mdn-tranzistorSi Camketi naxevargamtarisgan gancalkevebulia dieleq-

trikiT. Camketze dadebiTi Zabvis modebisas eleqtronebi miizidebian naxe-

vargamtaridan gamyof sazRvarTan axlos. amiT iqmneba gamyof sazRvarTan 

eleqtronebis koncentraciis da, Sesabamisad, gamomdensa da Camdens Soris 

eleqtruli winaaRmdegobis Secvlis saSualeba. velis mdn-tranzistorSi 

eleqtronebs SeuZliaT imoZraon gamyofi sazRvris gaswvriv (arxSi) (x,y) sib-

rtyeSi da maTi moZraoba arxis marTebuli z mimarTulebiT SezRudulia. 
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aseT SemTxvevaSi, kvanturi meqanikis Tanaxmad, am mimarTulebiT arsebobs 

energiis mxolod diskretuli doneebi. 

dabal temperaturaze, romlis Sesabamisi energia gacilebiT naklebia 

doneebs Soris arsebul energetikul RreCoebze da sakmarisad mcire sim-

kvrivis dros yvela eleqtroni Tavmoyrilia umcires dabal doneze. magram, 

miuxedavad imisa, rom velis mdn-tranzistori warmoadgens 2DEG-is TiTqmis 

idealur marealizebels, mas aqvs ramdenime xarvezi. kerZod, eleqtronebi, 

romlebic Tavmoyrilia kristaluri naxevargamtarisa da amorfuli dieleq-

trikis fenis gamyof sazRvarze, gaibnevian qaosurad araswor gamyof zeda-

pirze. garda amisa, naxevargamtaris sasurveli tipis miRebisTvis, tradiciu-

lad, masSi xdeba an donoruli, an aqceptoruli minarevebis legireba. abso-

lutur nulze ufro maRal temperaturaze minarevul atomebs scildebian 

ra eleqtronebi an xvrelebi, isini toveben atomebs ionizebul mdgomareoba-

Si. Tavisufali matareblebis koncentraciis gazrdasTan erTad, izrdeba ma-

Ti gabneva ionizebul minarevebze. orive am efeqtiT mcirdeba Zvradoba, ro-

melic, Tavisufali matareblebis maRal koncentraciasTan erTad, aucile-

belia 2DEG-is formirebisTvis. am mxriv upiratesoba aqvs modulirebad-le-

girebul struqturas, sadac naxevargamtarSi muxtis matarebelTa generire-

bisa da maTi gadatanis ubnebi sivrculad gancalkevebulni arian. amisTvis 

gamoiyenebian sxvadasxva sifarTis akrZaluli zonis mqone heterostruqtu-

rebi, romelTa energetikuli diagramebi, GaAs/AlGaAs-is SemTxvevaSi, ilus-

trirebulia nax.13.3-ze.  

 

 

 

nax. 13.3. modulirebad-legirebuli  

GaAs/AlGaAs heterostruqtura 

 

modulirebad-legirebul struqturaSi didi akrZluli zonis mqone na-

xevargamtarSi Seyvanilia donoruli minarevi. eleqtronebi, toveben ra 

donorul atomebs (siTburi aqtivaciiT T˃0K), gadakveTen gamyof sazRvars 

da gadadian mcire akrZluli zonis mqone naxevargamtarSi. iq eleqtronebi 

kargaven energias, CaiWirebian gamyof zedapirul ubanSi da ekvrian AlGaAs-is 
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zedapiriswina dadebiT fenas. eleqtronebs ar SeuZliaT gadalaxon EΔ jebi-

ri da aRmoCndebian lokalizebulni samkuTxa potencialur ormoSi. misi si-

gane ramdenime nanometria. es eleqtronebi sivrculad gamoyofilni arian 

Zlier legirebuli n-tipis naxevargamtarisgan, saidanac isini wamovidnen. 

energetikuli doneebi eleqtronebis gaswvrivi (x-RerZis gaswvriv) moZrao-

bisTvis dakvantulia. dakavebulia mxolod qveda energetikuli doneebi. mag-

ram am doneebze eleqtronebs SeuZliaT moZraoba ori sxva mimarTulebiT he-

terogadasvlis paralelur sibrtyeSi. yoveli aseTi done warmoadgens zomi-

Ti dakvantvis organzomilebian qvezonas. amrigad, dabal-legirebul viwro-

zonian naxevargamtarSi heterogadasvlis sazRvarTan warmoiqmneba organ-

zomilebiani eleqtruli gazi (2DEG). masSi moTavsebulia ormxrivi mimarTu-

lebis delokalizebuli eleqtronebi. 

modulirebad-legirebuli struqtura imiTac gamoirCeva mdn-struqtu-

risgan, rom Rrma vakuumis pirobebSi miRebuli zedapirebi gamoirCevian ma-

Rali sisufTaviT da maTi gamyofi zedapiri uaRresad sworia atomur done-

ze. struqturebis dafenebi mimdinareobs Rrma vakuumSi, molekulur-sxivu-

ri epitaqsiis teqnologiiT, romelic ganxiluli iyo §1.8-Si.  

amrigad, SesaZlebelia samganzomilebian naxevargamtarebSi miviRoT or-

ganzomilebiani eleqtruli gazi, Tu moZrav eleqtronebsa da maT warmom-

qmnel minarevebs ganvacalkevebT da ganvaTavsebT sxvadasxva, magram  

mezoblad myof erTmaneTTan Zalian axlo sibrtyeSi, rom minarevebma SeZ-

lon TavianTi eleqtronebis gadacema. swored molekulur sxivuri epitaqsia 

(mse) iZleva amis saSualebas.  

sakontrolo kiTxvebi:  

1. raSi mdgomareobs holis efeqti? 

2. ra fizikur sidideebzea damokidebuli holis winaRoba? 

3. naxevargamtaris romeli parametrebis gansazRvra SeiZleba holis 

winaRobidan? 

4. ratom SeiZleba holis winaRobis gamoyeneba winaRobis gazomvis eta-

lonad? 

5. rogor ganimarteba obieqtis dabalganzomilebianobis cneba? 

6. romel nanoxelsawyoebSi daimzireba kvanturi holis efeqti? 

7. rogoria modulirebulad-legirebuli heterostruqtura?  

13.2. eleqtronuli sistema magnitur velSi 

klasikuri eleqtrodinamikidan cnobilia, rom B magnituri induqciis 

velSi eleqtronebi moZraoben wriul traeqtoriebze, romlebsac ewodebaT 
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ciklotronuli orbitebi. maTze moZraobis sixSire, anu ciklotronuli 

sixSire, m masis, e-muxtiT, B magnitur velSi wriul orbitaze periodulad 

moZravi eleqtronis Cω sixSirea. moZraobis klasikur gantolebas aqvs saxe: 

B
c

e

R
m υυ =

2

             (13.5) 

sadac, υ  eleqtronis siCqarea wreze, R - wris radiusi. aqedan miiReba, rom  

eB

cm
R

υ=               (13.6) 

saidanac martivad miiReba ciklotronuli sixSiris gamosaxuleba: 

 

mc

eB

RC == υω              (13.7) 

bor-zomerfeldis wesiT, ciklotronuli moZraobisas: 

nhldP =


             (13.8) 

sadac, P


eleqtronis impulsis veqtoria magnitur velSi, rac iZleva: 

PP → A
c

e− , sadac A - cirkulaciis potenciali gamosaxavs kavSirs mag-

nitur nakadTan, maSin:  

2222 22 rmrmrmrB
c

e
rPnh CCC ωπωπωπππ =−=−=        (13.9) 

qedan −n uri kvanturi orbitalebi: 

 
eB

c
n

m

nh
r

C
n


2==

ωπ
        (13.10) 

xolo kvanturi energiebi: 

C
nC

n n
rm

m

P
E ωω

===
22

22

        (13.11) 

sadac, ,...3,2,1,0=n . (13.11)-dan Cans, rom am dros aRiZvreba eqvidistanciuri 

diskretuli doneebi. `daikarga~ kvanturi energiis nawili, romelic eTana-

deba 0=n -s. zusti gamoTvlebiT dadginda, rom: 







 +=

2

1νωCnE           (13.12) 

miRebul kvantur doneebs ewodeba landaus doneebi da ν -s ki — landaus 

donis Sevsebis xarisxi.  

naxaz 13.4-ze gamosaxulia landaus doneebis ganawileba (a) da dakvantvis 

sqematuri warmodgena (b).  
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nax.13.4. landaus doneebis ganawileba (a) da dakvantvis 

sqematuri warmodgena (b) 

 

m  masis Tavisufali eleqtronisTvis, 10=B tl magnituri velisas (rac 

eqsperimentebze Cveulebrivia), 280=Cω ghc-ze miRebul dakvantvisas lan-

daus doneebs Soris energia Seesatyviseba 10K temperaturul energias. 

maSasadame, magnitur velSi 2DEG-Si kvanturi efeqtebis damzerisTvis saWi-

roa cdebi Catardes 10K-ze ufro dabal temperaturebze.  

 landaus doneze eleqtronuli mdgomareobis simkvrivis xarisxobrivi 

gansazRvrisTvis davuSvaT, rom paulis akrZalvis principi SeiZleba gav-

rceldes erTi ciklotronuli orbitalisTvis. paulis principis moTxov-

niT,orbitalebis gadaukveTelobis gamo, erT kvantur mdgomareobaze unda 

movides farTi ;. 2

eB

c
ldS B

ππ =≅  sadac, 
eB

c
lB

=  - magnituri sigrZea. misi fi-

zikuri azri mdgomareobs imaSi, rom Tu 2DEG-is geometriuli zoma gaxdeba 

masze naklebi, maSin magnitur velSi amocana dadis erTganzomilebian amocana-

ze, ciklotronuli orbita masSi ver Tavsdeba da is azrs kargavs. dazustebu-

li TeoriiT dadginda, rom Bl  radiusis farTSi eleqtronis koncentracia  

0
0 22 Ф

B

c

eB
n =≅

π
         (13.13) 

sadac, 0Ф  – magnituri nakadis kvantia. is Bl -radiusian wreSi gamavali 

magnituri nakadis tolia: 

==== 0
2. Ф

e

c
BlФ B

ππ 2,05·10-7ers·sm2      (13.14)  

(13.13) fomulidan gamodis, rom landaus donis yovel eleqtronze modis 

magnituri nakadis ori kvanti.  
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13.3. mTelricxviani kvanturi holis efeqti 

rogorc SemCneuli iyo 1980 wels klitcingis mier, siliciumis metal-

Jangi-naxevargamtar (mJn) tranzistoris inversiul SreSi dabal temperatu-

rasa (T~1K) da Zlier magnitur velSi (B~10 tl) holis efeqtis gazomvisas, 

holis winaRobis magnitur velze wrfivi damokidebulebis nacvlad, rogorc 

miiRo holma (nax.13.1 d), damokidebulebis mrudze daimzira `safexurebi~ 

(nax.13.5). yovel am safexurze winaRobis sidide fundamenturi fizikuri si-

dideebis kombinaciis mTel ricxv ν -ze ganayofis toli iyo: 

 

 
nax.13.5. holis winaaRmdegobis (a) da kuTri winaRobis (b) 

damokidebuleba magnitur velze 

R ჰ
2e

h

ν
=            (13.15) 

sadac, ν  naturaluri ricxvia, h  - plankis mudmiva.  
naxaz 13.5-dan Cans, rom rodesac holis winaRobis damokidebulebaze 

(nax.13.5 a) SeimCneva safexuri, gaswvrivi eleqtruli winaRoba (nax.13.5 b) Za-

lin mcire sididea da, zusti eqsperimentuli gazomviT, TiTqmis nulis to-

lia. es imas niSnavs, rom safexuris dros, dabal temperaturaze nimuSSi deni 

gadis gabnevis gareSe. 

eqsperimentulma gazomvebma aCvena, rom holis winaRobis dakvantvis si-

zusteze ar axdens gavlenas iseTi mniSvnelovani parametrebi, rogoricaa ni-

muSis zomebi, sazRvris gavlena da Cveulebriv holis efeqtSi mniSvnelovani 

holis Camokleba omuri kontaqtebiT, aseve, struqturuli srulyofa, anu 

defeqtebis da minarevebis arseboba, 2D-eleqtruli gazis damWeri masalis 

saxe, temperatura da gamzomi denis Zala. dakvantvis gazomvis sizuste TiT-
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qmis cTomilebis gareSea da amitom 1990 wels winaaRmdegobis 2/ eh kvantis 

sidide, roca ν =1 R ჰ≈25812,807557(18), omi miiRes winaaRmdegobis saerTaSo-

riso etalonad. 

mTelricxviani kvanturi holis efeqtis (mkhe) arsis da misi klasikuri 

efeqtisgan gansxvavebis gagebisTvis unda gaviTvaliswinoT 2DEG-is Tavise-

burebani da magnitur velze damokidebuli diskretuli, ekvidistanciuri 

landaus energetikuli doneebis aRZvra. aseve, aRsaniSnavia, rom 2DEG-Si 

landaus doneebis Semavsebel eleqtronTa ricxvi  

(e.w. gadagvareba heBd /= ) da holis klasikuri da kvanturi efeqtis gan-

masxvavebeli sxva sidideebic, gamosaxuli (13.7), (13.10), (13.12), (13.14) da 

(13.15) formulebiT, damokidebuli arian mxolod universalur mudmivebze, 

magnitur B velze da ar arian damokidebuli nimuSis parametrebze.  

nimuSSi, 2DEG-is n eleqtronebiT, Zlier magnitur velSi, dabal tempera-

turaze yvela eleqtroni imyofeba landaus umdables energetikul doneze.-

magnituri velis SemcirebasTan erTad, landaus doneze eleqtronTa teva-

doba (gadagvareba) mcirdeba heB /ν -iT, eleqtronebi gadadian zeda, uaxloes 

doneze landaus donis ( )mhB πν 2/  energetikuli RreCos gadalaxviT (nax.13.4 a). 

aseTi procesi qmnis velis Tanmimdevrobas νν enhB /= , romelTa dros eleq-

tronebi srulad avseben landaus doneebis zust ricxvs, toveben ra zemoT 

ganlagebul doneebs cariels.holis winaRobis klasikur gamosaxulebaSi 

Rჰ=B/ne miRebuli Bv velis mniSvnelobebis Tanmimdevruli CasmiT miiReba 

dakvantuli holis winaRoba ....3,2,1,/ 2 == ννν ehR
 

landaus donis Sevsebis process Tan axlavs am doneze eleqtronTa loka-

lizacia, romlebic aRar monawileoben gamtareblobaSi, amitom donis Sevse-

bisTanave magnetowinaRoba myisve xdeba nulis toli (nax.13.5 b), xolo holis 

winaRoba gansazRvruli mniSvnelobisaa da mudmivi (nax.13.5 a).  
mkhe-is zusti dakvantvis arsebobis Teoriuli gamyareba, maRali donis 

virtualur eqsperimentul Sedegebze dayrdnobiT, sxarti gaazrebiT mogvca 

bobi laflinma. is gamovida martivi mosazrebidan, rom holis winaRobis 

Rh ( ) ( )eeheh νν /// 2 ==  warmodgena SeiZleba, rogorc magnituri nakadis kvan-

tis ehФ /0 = -s fardoba eleqtronis e muxtTan, gamravlebuli landaus do-

nis Sevsebis ν  xarisxze. magnituri nakadis kvanti — raRac virtualuri ele-

mentaruli erTeulia, romlis meSveobiT SesaZlebelia magnituri velis moq-

medebis aRwera eleqtrul sisitemasTan. Tavis mxriv, magnituri veli ar ik-

vanteba, rac ganasxvavebs mas muxtisgan, romelic e -s jeradia.  

zemoT aRniSnulidan gamomdinare, mkhe-is axsna ganixileba erTeulovani 

organzomilebiani eleqtronebis kvanturi moZraobiT magnitur velSi, mkac-

rad gansazRvruli eleqtronebis mier, maRal doneze gadasasvlelad 

mxolod landaus doneTa RreCos Sesabamisi energiebis miRebiT da gamyof 
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zedapirze lokaluri, eleqtronebisTvis CamWeri mdgomareobebis gaCeniT. 

danarCen sxva eleqtronebTan urTierToba ar 

ganixileba, garda mxolod landaus donis Sevsebasa an daclaSi monawile-

obisa. amitom, mkhe-s uwodeben erTnawilakian efeqts.  

13.4. wiladobrivi kvanturi holis efeqti 

ans Stiormerma da den cuim 1981 wels SeamCnies, rom holis winaRobaze 

safexuri ara mxolod landaus donis Sevsebis ν  xarisxis mTel mniSvneloba-

zea, aramed arsebiTad-Zlier magnitur velebzec, roca ν =1/3. SemdegSi aR-

moCenil iqna safexurebi eleqtronul winaRobaze ν -s sxva wilad mniSvnelo-

bebzec, magaliTad, roca ν =2/5; 3/7 da a.S. zogadad, es efeqti daimzireba, 

roca 2DEG-Si landaus doneebis nawilobriv Sevsebisas holis winaRobis 

magnituri induqciis sidideze damokidebulebis grafikze daimzireba ganivi 

winaRobis mudmivoba — `safexuris~ swori ubani.  

Tu gaviziarebT b. laflinis virtualur mosazrebas mkhe-is SemTxvevaSi 

da mis axsnas gamoviyenebT aq miRebuli SedegebisTvis, sadac safexuri gaCnda 

pirveli donis Sevsebis samjer ufro maRla, gamova, rom muxtia 

( ) 3//3/ 2
0 eehФq == , rac im droisTvis auxsneli iyo. is, rom eqsperimentze 

daimzira raRac nawilaki wiladuri muxtiT, iyo namdvili. yovelive es gvai-

Zulebs, rom organzomilebiani eleqtruli gazis (2DEG) nacvlad vixel-

mZRvaneloT CvenTvis jer kidev ucnobi terminiT — organzomilebiani eleq-

truli sistemiT (2DES).  

 

nax.13.6. holis winaaRmdegobis  

(a wyvetili), mTelricxviani da  

wiladobrivi kvanturi holis winaRobebis  

(a) da gaswvrivi winaRobis  

(b) damokidebuleba magnitur velze 
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naxaz 13.6 - ze mocemulia holis winaaRmdegobis, mTelricxviani da wila-

dobrivi kvanturi holis winaRobebis da gaswvrivi winaRobis damokidebule-

ba magnitur velze. masze SeimCneva „safexurebi~, landaus donis Sevsebis ro-

gorc mTelricxviani, aseve wiladobrivi mniSvnelobebis SemTxvevaSi.  

wiladobrivi kvanturi holis efeqtis (wkhe) aRZvris mizezi mdgomareobs 

magnitur velSi eleqtronTa Soris urTierTqmedebis TaviseburebebiT. ami-

tom wkhe ar SeiZleba ganixilebodes, rogorc erTeleqtroniani efeqti da 

aixsnas mxolod mkhe-is TeoriiT. Tumca, rogorc mkhe-isas aucilebelia 

landaus doneebSi energetikuli RreCos arseboba, aseve aucilebelia misi 

arseboba wkhe-is aRZvrisas. 

sakontrolo kiTxvebi:  

1. rogori donea ladaus done? 

2. ras niSnavs landaus donis Sevsebis xarisxi? 

3. ra aris magnituri sigrZe da ra fizikuri azri aqvs mas? 

4. ra aris magnituri nakadis kvanti da ra kavSirSia magnitur sigrZes-

Tan? 

5. ras niSnavs mTelricxviani kvanturi holis efeqti? 

6. axseniT, ratomaa kvanturi holis efeqtis dros holis winaRobis mag-

nituri velis damokidebulebaze `safexurebi~ da razea damokidebuli 

misi platforma? 

7. axseniT kvanturi holis efeqtisas gaswvrivi winaRobis nulTan tolo-

ba; 

8. raSi mdgomareobs leflinis warmodgena magnituri velis dakvantvis 

Sesaxeb? 

9. rodis daimzireba organzomilebian eleqtrul gazSi wiladobrivi 

kvanturi holis efeqti?  

13.5. kvanturi holis efeqtebis xarisxobrivi interpretacia 

wiladobrivi kvanturi holis efeqti warmoadgens mravalnawilakian 

efeqts, romelic Seicavs Zlier magnitur velSi eleqtronebs Soris rTul 

urTierTqmedebas, korelacias. amitom wkhe-is asaxsnelad saWiroa axali Te-

oriuli midgomebi, axali ideebi da Taviseburebani. swored aseTi axali da 

swori Teoriuli midgoma wamoayena 1983 wels bobi liflinma. am Teoriis Zi-

riTadi qvakuTxedia magnituri nakadis kvantisa da organzomilebiani eleq-

tronis urTierTqmedeba.  

klasikuri meqanikis Tanaxmad, organzomilebiani eleqtronebi damuxtu-

li burTulebia da SesaZlebelia calkeul maTganze dakvirveba (naxazi 13.7 

a). maT Soris ganzidvaa, rogorc es gamosaxulia nax.13.7 b-ze, magram ikaveben 
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sxva gansazRvrul adgils. kvantur-meqanikuri gagebiT, eleqtronebi mTel 

sibrtyeSi arian ganfenili (nax.13.7 g), rogorc talRa da arian ganurCevelni. 

mniSvnelovani konceptualuri win gadadgmuli nabijia is, rom gamWoli mag-

nituri B veli `eleqtronTa siTxeSi~ qmnis magnitur `kenWebs~ (e.w. grigali), 

TiTo cals magnituri velis yovel Ф0=h/e kvantze (nax.13.7 d). grigalis Sig-

niT eleqtroni iqceva Semdegnairad: is centridan miiswrafvis grigalis ze-

dapirisken. grigalis zoma magnituri nakadis erTi kvantis farTobis tolia, 

anu farTobi (S)•B=Ф0. amitom SeiZleba warmovidginoT, rom yoveli grigali 

Tavis TavSi inaxavs nakadis erT kvants. grigali, ise rogorc eleqtroni, gan-

fenilia mTel zedapirze da misi moZebnac SesaZlebelia Tanabari albaTobiT 

(nax.13.7 e).  

 
nax.13.7. 2DES-is sxvadasxva miaxloebaSi sqematuri gamosaxva. 

Savi wertili — eleqtroni; TeTri rgolebi — grigali da 

isari — magnituri B velis nakadis Ф0 kvanti 

 

sayuradReboa, rom magnitur velSi eleqtronis da grigalis intuiciuri 

urTierTkavSiri gadamwyvetia da qmnis axal SesaZleblobebs bevri movlenis 

axsnaSi, roca TviT isini sawinaaRmdego tipis obieqtebia — pirvels gaaCnia 

muxti, meores ar gaaCnia. yoveli eleqtroni grigalis centrSia da, amavdro-

ulad, mis garSemo myofi eleqtronebis nawilia. aseve cxadia, rom maTi Sekav-

Sireba energetikulad momgebiania.  

aucilebelia, rom yoveli eleqtroni garSemortymuli iyos erTi griga-

liT, romelic samarTliania paulis principiTac. landaus qveda donis sru-

li Sevsebisas, roca eleqtronebis ricxvi nakadis kvantis ricxvis tolia, 

eleqtronebis da grigalebis ganawileba srulad ganisazRvreba paulis prin-

cipiT — erTi grigali erT eleqtronze (nax.13.8). es mkhe-is aRZvris pirobaa.  
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nax.13.8. 2DES - Si eleqtrul-grigaluri mizidvis (a) Seqmnis sqematuri 

gamosaxva, landaus donis sruli Sevseba (b), roca 1=ν  

 

es SeiZleba gavrceldes, roca 4,3,2=ν . . . maSasadame, mkhe-is aRZvrisas 

marTebulia eleqtronebisTvis paulis principi, anu eleqtronebi avseben 

cariel mdgomareobebs. 

rodesac magnituri veli gadaaWarbebs mkhe-is sidides 1=ν -dan, ufro 

Zlieri magnituri veli warmoSobs met nakadis kvants da aWarbebs eleqtron-

Ta raodenobas.paulis principi sruldeba erT eleqtronze erTi grigalis 

moTavsebisas (nax.13.9 a), magram am dros gamouyenebeli rCeba grigalebi. erT 

eleqtronze erTze meti grigalis moTavsebis SemTxvevaSi, eleqtruli sis-

temis eleqtrostatikuri kulonuri energia mcirdeba (nax.13.9 b), rac iwvevs 

ganzidvis energiis Semcirebas.am SemTxvevaSi aRZruli eleqtronebis far-

dobiTi moZraoba paulis principiT ki ara, aramed kulonuri ganzidvis ener-

giis SemcirebiT imarTeba.  

 

nax.13.9. eleqtrul-grigaluri mizidvis Seqmnis sqematuri gamosaxva, 

paulis principis daculoba (a), erT eleqtronze sami grigalis 

moTavseba(b) da eleqtronis gadaqceva kompozitur nawilakebad (g) 
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gamodis, rom nakadis kvantma Seqmna grigali da SesaZlebelia grigalis 

Secvla nakadis kvantiT. maSin marTebulia azri, rom eleqtroni `iWers~ mag-

nituri nakadis kvants da xdeba misi Semadgeneli nawili (nax.13.9 b, g). Teori-

is TvalsazrisiT, aseTi `Semadgeneli nawilakebis~ aRwera bevrad martivia, 

vidre `Tavisufali~ eleqtronebis. eleqtrons plus nakadis kvanti axali 

obieqtia, romelsac ewodeba kompozituri nawilaki (kn). kn-is garsSi eleq-

tronebTan erTad, gare magnituri veli „Sevida“ nawilakis SemadgenlobaSi, 

magnituri veli „gaqra“ da eleqtronebi aRar ganicdian misgan araviTar moq-

medebas. metic, CaWerili nakadis kvanti cvlis nawilakis bunebas gardaqmnis 

fermionebs bozonebad da piriqiT. magram kvanturi meqanikiT ar SeiZleba Se-

iqmnas kvazifermioni bozonebis gaerTianebiT, maTi spinebisgan gamomdinare. 

aseve, fermionebs da bozonebs aqvT sxvadasxva statistika (nax.13.10). fermi-

onTa sistemis amsaxveli talRuri funqcia antisimetriulia da nawilakTa 

gadasmiT is niSans icvlis, anu mravldeba -1-ze, xolo bozonebis SemTxvevaSi 

simetriulia da niSans ar icvlis, mravldeba +1-ze. kn-is SemTxvevaSi es ase 

araa. am dros saWiroa CaWerili nakadis kvantis gaTvaliswineba da misi arse-

boba cvlis nawilakis statistikas. kerZod, eleqtroni + luwi raodenobis 

nakadis kvanti kompozituri fermionia (kf), xolo eleqtroni + kenti raode-

nobis nakadis kvanti kompozituri bozonia (kb) (nax.13.11).  

 

nax.13.10. energiis mixedviT ganawileba bozonebis (boze-ainStainis 

statistika) da fermionebis (fermi-dirakis statistika) 

 

 dabali landaus donis 1/3-iT Sevsebisas yoveli eleqtroni Rebulobs 

mgnituri nakadis sam kvants. maSasadame, miiReba (kb). is imyofeba nulovan 

magnitur velis pirobebSi (is ukve axali nawilakia), axali energetikuli 

mdgomareobiT boze-kondensaciis mdgomareobaSi. SeiZleba eqsperimentu-

lad ganisazRvros is energetikuli RreCo, romelic saWiroa holis winaRo-

bis dakvantvis aRZvirsTvis da Cveulebrivi winaRobis nulTan gatolebis-

Tvis.  
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 rodesac magnituri velis sidide aWarbebs landaus donis Sevsebis 

faqtoris sruli gajerebis Sesabamis magnitur vels, maSin magnituri nakadis 

kvantebis nawili ar CaiWireba da yovel grigalSi aRiZvreba muxtis 

wiladobrivi deficiti. maT akliaT eleqtronebi da isini TiTqos 

warmoadgenen efeqtur xvrelebs — efeqturi dadebiTi muxtis matareblebs. am kva-

zinawikalebs SeuZliaT Tavisuflad moZraoba 2DES-Si da xdeba denis  gatareba. 

 

nax.13.11. eleqtronebis da  

kompozituri nawilakebis statistika 

 

es ki aris wiladobrivi kvanturi holis efeqti, romelic eqsperimentze da-

imzireba sxvadasxva meTodebiT. wkhe-ze, ise rogorc mkhe-ze, miRebuli pla-

to (safexuri) potencialis fluqtuaciis Sedegia, romelic Tavis mxriv Seq-

mnilia matarebelTa lokalizaciiT kristalis defeqtebze. gansxvaveba ima-

Sia, rom eleqtruli denis matareblebi — ara eleqtronebi, aramed wiladob-

rivi muxtis matarebeli nawilakebia. wkhe Teoriulad kargad ixsneba yoveli 

eleqtronis mier magnituri nakadis kvantis kenti ricxvis CaWerisas, anu ro-

ca wiladis mniSvneli kenti ricxvia, magaliTad, ν =1/3, 1/5, 1/7, . . 

kvazinawilaki, muxtiT e/3, e/5, e/7 da a.S., ν =2/3, 4/5, 6/7 da a.S. ase rom, wila-

dobrivi kf, romlebic akmayofileben landaus Sevsebis faqtoris saxes 

( )12/ ±= ppν , (pirveladi wiladi) eqvemdebarebian racionalur axsnas.  

nanoeleqtronikaSi, kvanturi meqanikis gamoyenebis bevri saintereso, 

uaxlesi, Tanamedrove Teoriis da principis gacnobis Semdeg, darCa kidev 

bevri eqsperimentuli Sedegi pasuxgaucemeli, maT Sorisaa wkhe-Si eleqtro-

nis mier magnituri nakadis kvantis luwi ricxvis CaWeris bolomde axsna; ro-

gor icvleba kf-is masa energiaze damokidebulebiT? spinebis gaTvaliswine-

biT, spinuri kvanturi holis efeqti; ra rols TamaSobs eleqtronis mier 

grigalis CaWeril kompozitur nawilakze meore kvantis CaWeris Semdeg Seq-

mnili dipoli kf-is Semdgom Seqmnaze da Tvisebebze? da mravali sxva, romle-

bic aseve lamazad da sainteresod iqnebian axsnili.  
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13.6. spinuri holis efeqti 

wina paragrafebSi ganxilul iyo holis klasikuri da kvanturi efeqtebi. 

1971 wels m. diakovma da v. perelemma Teoriulad aCvenes, rom analogiurad 

denis matarebelTa gancaleba SesaZlebelia erTi tipis matareblebisTvis, 

spinebis orientaciis mixedviT, magnituri velis gareSec. Semdeg am movlenas 

ewoda spinuri holis efeqti, romelic 2004 wels eqsperimentulad iqna da-

dasturebuli. es gamowveulia imiT, rom arapolarizebuli minarevuli atom-

samiznisgan eleqtronebis arekvlis mimarTuleba damokidebulia maT spinur 

orientaciaze, romelic spinur-orbitaluri urTierTqmedebis Sedegia. es 

ukanaskneli ki Seqmnilia atomur orbitaze eleqtruli muxtis moZraobis 

magnituri momentisa da mis sakuTar magnitur momentebs Soris urTierTqme-

debiT. aseTi arekvlis procesSi spin-orbitaluri urTierTqmedebiT sxva-

dasxva spinuri orientaciis eleqtronebi minarevebisgan aireklebian sxva-

dasxva mxares spinebiT zeviT, umetesad moZraobis mimarTulebisgan mar-

cxniv, xolo eleqtronebi — spinebiT qveviT, marjvniv. es imitom xdeba, rom 

gansazRvruli orientaciiT sakuTar magnitur moments — spins, emateba gab-

neuli eleqtronebis moZraobis raodenobis impulsi da maTi jamuri veqto-

ris mimarTuleba damokidebulia spinis orientaciaze. praqtikulad efeqtis 

damzera SesaZlebelia feromagnetikidan aramagnitur metalSi spin-orbita-

luri matareblebis inJeqciiT.  

spinuri holis efeqtis moqmedeba ilustrirebulia nax.13.12-ze. misi ga-

movlenis aucilebeli pirobaa denis gamtar arxSi minarevuli atomis an 

defeqtis saxiT gambnevi centris arseboba. gamtaris gaswvriv denis gav-

lisas denis matarebelTa mravaljeradi arekvliT gaCndeba mimarTulebis 

marTobi da gverdiTi zedapirisken mimarTuli spin-polarizebuli eleq-

tronebis nakadi. es gamoiwvevs gamtaris mopirdapire zedapirze gansazR-

vruli spinuri orientaciis kontrolirebadi spinuri relaqsaciiT eleq-

tronebis dagrovebas, romlis Sris sisqe damokidebulia maTi difuziis sa-

Sualo sigrZeze.  

klasikuri spinuri holis efeqtis aRmoCenisTanave daisva sakiTxi — aqvs Tu 

ara mas analogia cnobil kvantur holis efeqtTan. ukanasknelis SemTxvevaSi, 

roca landaus ramdenime qvezona mTlianad Sevsebulia da holis denze SeimCne-

va safexurebi, struqturis napirebis gaswvriv SeimCneva aramilevadi muxturi 

deni. milevis ararsebobisTvis eleqtronebi unda gadavidnen landaus zeda zo-

naSi, risTvisac maT unda gadalaxon energetikuli RreCo. radganac muxti war-

moadgens kvantur sidides, xolo spinis proeqcia uwyveti sididea, amitom ana-

logias adgili ar unda hqondes. magram Teoretikosebma SemogvTavazes infor-

macia materiis axali mdgomareobis — spinuri izolatoris gamoyenebis Sesaxeb. 

es mdgomareoba SeiZleba aRiZras spin-orbitaluri urTierTqmedebis Sedegad 

akrZaluli zonis warmoqmniT. aseTi mdgomareobis Seqmna SeiZleba viwrozonia-

ni naxevargamtarebis heterostruqturebisas, magaliTad, CdTe/HgTe/CdTe. 
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nax.13.12. eleqtronuli nakadis sivrculi gancaleba maTi 

spinebis mixedviT dengamtarSi defeqtze arekvlisas 
 
spinuri izolatoris qveda zona Sevsebul iqneba erTi orientaciis eleq-

tronebiT, xolo meore zonamde iqneba energetikuli RreCo. muxtiT dens ar 

SeuZlia gavla, mxolod gaivlis miuleveli spinuri deni.  

klasikur spinur holis efeqts, jerjerobiT, cnobil kvantur holis 

efeqtTan analogia ar gaaCnia. es imiT aixsneba, rom spiniT gancalebuli 

eleqtronebis raodenoba erTmaneTis tolia. am SemTxvevaSi spinuri polari-

zaciis dakvirveba SesaZlebelia optikuri meTodebiT. ganiv potencialTa 

sxvaoba aRiZvreba mxolod gamtarSi spin-polarizaciuri denis gavlisas.  

eqsperimentze spinuri holis efeqti registrirdeba mxolod gamtarSi 

denis gatarebisas damyarebul reJimis procesSi. zogadad, swrafmoqmed 

spintronul mowyobilobebSi mniSvnelovania spinuri polarizaciis dinamika 

denis CarTvisa da depolarizacias Soris, anu misi gamorTvisas. eqsperimen-

tulad daimzira, rom dabal temperaturebze (4,2-30)K eleqtruli velis ga-

morTvisas spin-polarizebuli eleqtronebis nakadis SeqmnisTvis ufro nak-

lebi droa saWiro (eleqtronebis spin-orbitaluri gabnevis dro), vidre Car-

Tvisas. am SemTxvevaSi dominirebs arxSi spin-polarizebuli eleqtronebis di-

fuzia, romlebic gadamwyvetad zemoqmedeben spinebis depolarizaciaze.  

zogadad, spinuri holis efeqtis praqtikuli gamoyeneba mimarTulia 

myarsxeulovan struqturebSi eleqtruli velis moqmedebiT spin-polarize-

buli denis matareblebis nakadis marTvisas, magnituri velis gamoyenebis ga-

reSe.  

sakontrolo kiTxvebi:  

1. ra aris magnituri grigali da ra kavSirSia magnituri nakadis kvan-

tTan? 

2. ra kavSirSia magnituri grigali da paulis principi erTmaneTTan? 

3. ra aris kompozituri nawilaki da ra TvisebebiT gamoirCeva is? 
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4. rogoria kompozituri fermioni, kompozituri bozoni da rodis mii-

Rebian?  

5. axseniT, rogor xdeba kompozituri fermionis gardaqmna kompozi-

tur bozonad da piriqiT? 

6. raSi mdgomareobs spinuri holis efeqti? 

7. ra aris spinuri holis efeqtis aRmZvreli? 

8. ra kavSiria spinur da kvantur holis efeqtTTa Soris? 

14. aaronov-bomis efeqti da masze Seqmnili xelsawyo 

dabalzomian struqturebSi muxtis matareblebis gadatanis sruliad 

axali, aratradiciuli efeqti, makroskopul sistemasTan SedarebiT, iZleva 

bevr saintereso movlenas. cxadi saxiT isini warmoCindebian maSin, roca 

struqturis zomebi ufro mcirea, vidre eleqtronis talRis fazuri kohe-

rentulobis sigrZe. es manZilebia or axlo wertils Soris, sadac xdeba 

eleqtronebis gabneva minarevul atomze, fononze da nivTierebaSi sxva dar-

Rvevebze, ris gamoc eleqtronis talRis faza icvleba. aseT struqturaSi 

gamavali urTierTdamoukidebeli eleqtronebis talRis fazebi ar icvlebi-

an mTeli gzis ganmavlobaSi. cxadia, interferenciuli efeqtebis gamovlena 

mosalodnelia maSin, roca sxvadasxvafaziani talRebi Sexvdebian erTmaneTs. 

aseTi pirobebiT, fazuri interferencia Cveulebriv SesaZlebelia myarsxe-

ulovan struqturebSi maTi nanometruli zomebis dros. am pirobebSi struq-

turis gamtarebloba ganisazRvreba fazur interfereciasTan dakavSirebu-

li efeqtebiT. es xdeba denis matareblebis gadatanis balistikuri an kvazi-

balistikuri reJimis dros, anu denis matareblebis umniSvnelo gabnevisas.  

ganvixiloT ori talRis interferencia, romelTa talRur funqcias 

aqvs, zogadad, aseTi saxe ψ=Aexp(іφ). roca gvaqvs ori aseTi talRa, axali 

talRis warmoqmnis albaToba: W=│ψ1+ψ2 │
2=│A1│

2+│A2│
2+4│A1*A2│cos(φ1- -φ2). 

maTi ψ1 da ψ2 fazaTa ( 1ϕ  da 2ϕ ) urTierTdamokidebulebis mixedviT, es alba-

Toba SeiZleba Seicvalos amplitudebis jamis an sxvaobis kvadratis inter-

valSi. nanozomebisgan gansxvavebiT, makrosistemaSi ara aqvs mniSvneloba fa-

zaTa mimarT informaciis Senaxvas, radgan misi zoma bevrad metia fazuri ko-

herentulobis da saSualo ganarbenis sigrZeebze da, agreTve, xdeba didi ra-

odenobis wyvili talRis gasaSualeba, raSic calkeuli talRis efeqti ar 

Cans. nanostruqturebSi gasaSualeba dayvanilia minimumamde da kvanturi in-

terferenciis efeqti kargad daimzireba.  

dabalganzomilebian struqturebSi fazaTa kvanturi interferenciis 

ilustracias warmoadgens aaronov-bomis efeqti. es efeqti mdgomareobs 

imaSi, rom gare eleqtromagnituri veli, romelic moTavsebulia eleqtro-

nebisagan miuwvdomel areSi, moqmedebs am eleqtronebis kvantur mdgomareo-
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bebze. am efeqtis damzerisTvis ganvixiloT nax.14.1. a-a sibrtyis wreSi Sesu-

li erTnairfaziani eleqtronuli talRa iyofa or erTnair jgufad, romle-

bic gadian erTnair gzebs da erTdebian b-b gasasvlelis sibrtyeSi. maT aqvT 

erTnairi fazebi, sawyisi A1(0) da A2(0) da saboloo A1(L) da A2(L) (sadac L a-

dan b-mde maT mier gavlili manZilia), da amplitudebi. wris centrSi moTav-

sebuli miniatiuruli solenoidis CarTvis Semdeg, wris sibrtyis marTobu-

li Ф magnituri nakadis mier Seqmnili velis A veqtoruli potenciali aiZu-

lebs eleqtronebs, wris calkeul StoebSi imoZraon paralelurad an antipa-

ralelurad (nax.14.1). gamosaval kontaqtze warmoiqmnili eleqtronuli 

talRebis fazaTa sxvaoba toli iqneba ( )0/2 ФФπϕ =Δ , sadac ehФ /0 =  magni-

turi nakadis kvantia. 

 
nax.14.1. aaronov-bomis magnituri efeqtis sqematuri warmosaxva 

 

 eleqtruli talRebis interferencia aRiZvreba fazaTa sxvaobis magni-

tur velze perioduli damokidebulebis gamo, rac dakavSirebulia magnitu-

ri nakadis kvantebis ricxvis ( )0/ФФ  cvlilebasTan. interferenciisas eleq-

truli talRis amplitudis gazrda xdeba konstruqciulad, roca Ф jeradia 

Ф0 -is da Semcireba (destruqcia), roca fardoba Ф|Ф0 mTel-naxevari ricxvia.  

 wriul interferometrSi erTnairi sawyisi fazis eleqtruli talRis-

Tvis ganmsWvalvis koeficienti ase gamoisaxeba: 

 ( ) 



=

h

e
ED

2
cos2 φ

            (14.1) 

sadac, Ф=BSefq magnituri nakadia; Sefq= 4/2dπ  ekvivalenturi farTobia, xolo 

d — interferometris diametri.  

 am SemTxvevaSi magnituri Ф nakadis cvlilebiT iqneba arxis gamtareblo-

bis da, Sesabamisad, eleqtruli nakadis oscilacia h/e periodiT. 
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14.1. wriuli interferenciuli tranzistori 

eleqtronebs SeuZliaT naxevargamtarebSi fazuri koherentuloba Sei-

narCunon, metalebTan SedarebiT did, ramdenime mikrometr manZilze, rac 

iZleva saSualebas, eqsperimentulad ufro advilad vmarToT maTSi eleq-

tronTa talRebis interferenciuli urTierTqmedeba. am SemTxvevaSi aaro-

nov-bomis efeqts adgili aqvs eleqtrostatikuri velis drosac, roca eleq-

tronebis nakadze moqmedebs gare eleqtruli veli, magaliTad, mmarTveli 

eleqtrodi — CamketiT.  

wriuli interferenciuli tranzistori 1984 wels SemoTavazebuli da 

dapatentebul iqna fauleris mier [A.B.Fowler, “Semiconductor interferometer”, US 

Patent 4 550 330 (1984)].  
am tranzistorSi aris wriuli konstruqcia, sadac wris erT naxevars kve-

Tavs Camketi, romelsac aqvs, L naxevarwresTan SedarebiT, mcire ΔL zoma, ro-

gorc gamosaxulia nax.14.2-ze. Camketis saSualebiT SesaZlebelia eleqtru-

li nakadis cvlileba, ris Sedagadac naxevarwreebze miiReba sxvadasxva fer-

mis energiebi da, Sesabamisad, Camketis qveS eleqtronis talRisTvis gansxva-

vebuli fermis talRis sigrZeebi ( )FF λλ ′ . es iZleva konstruqciis sxvadas-

xva StoSi gamavali eleqtronuli talRis svlaTa sxvaobas. konstruqciis 

ganStoebis wertils eleqtronebi erTdroulad toveben da Tu fazaTa sxva-

oba 2π-is tolia, aditiurad interferireben da wris gamtarebloba iqneba 

maqsimaluri. arxis (wris) gamtareblobam SeiZleba daiwyos oscilacia fer-

mis talRuri veqtoris periodiT, Tu Sesruldeba piroba ( ) ,2 nLkk FF π=Δ′−  

sadac FFk λπ ′=′ /2  fermis talRuri veqtoria CamketqveS ΔL sigrZeze; Fk - 

fermis talRuri veqtori Camketis gareT da n – mTeli ricxvebi. 

 

nax.14.2. wriuli interferenciuli tranzistoris sqema 
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am dros erTnairi sawyisi fazis eleqtruli talRisTvis ganmsWvalvis 

koeficientia: 

 D=cos2[eτΔV/2 ћ],           (14.2) 

sadac τ eleqtronis mier arxis sigrZis gavlis droa. fazis cvlileba xdeba 

eleqtronis talRis sigrZis cvlilebiT da ganisazRvreba eleqtronis mier 

arxis gavlis droiT. maSasadame, aaronov-bomis magnitur efeqtSi fazis 

cvlileba proporciulia magnituri nakadiT Semofargluli farTisa, xolo 

eleqtrulSi ki — im arxis sigrZisa, romelzec eleqtruli veli moqmedebs.  

 fordma, TanamSromlebTan erTad [C.J.Ford et al., “Electrically defined heterojunc-

tion rings and the Aharonov-Bohm effect”, Appl.Phys.Lett. 54(1), p.21 (1989)], gamoiyena 

aseTive wriuli konstruqcia, magram masSi wris mxareebi iyo saxvadasxva sig-

rZis da struqtura imarTeboda mTlianad CamketiT. interferenciis pirobas 

hqonda Semdegi saxe: nLkF π2=Δ . am dros Fk  moicemoda Camketis Zabvis sidi-

dis cvlilebiT.  

aseve SesaZlebelia wriuli interferenciuli tranzistoris miReba wri-

uli simetriuli konstruqciis gamoyenebiT, Tu wris erT mxareSi winaswar, 

raRac gziT moxdeba masalaSi fermis energiis sididis Secvla ise, rom fer-

mis energiebi Camketze gare Zabvis modebis gareSec iyos gansxvavebuli. ase-

Ti Secvla ganaxorciela naxevargamtarul masalaSi avTo TavxeliZem, Tanam-

SromlebTan erTad [A.Tavkhelidze et al., “Observation of Quantum Interference Effect in 

Solid”, J.Vac.Sci.Technology, B, v.1, 24, #3, p.1413 (2006); A.Tavkhelidze et al., “Fermi-

Level Tuning G-Doped Layers”, Nanomaterials/11, 505 (2021)]. perioduli nanozomis 

`xnulebis~ Seqmnam naxevargamtaris zedapirze gamoiwvia fermis energiis 

gazrda. Camketis mopirdapire mxarze aseTi xnulebis ΔL sigrZis SeqmniT mii-

Reba eleqtronuli talRis svlaTa sxvaoba da gamosasvlelze formirdeba 

interferenciuli talRa. Camketze gare Zabvis polarobis da sididis cvli-

lebiT regulirdeba wris mxaris gamtarebloba da, Sesabamisad, talRaTa in-

terferireba [A.Bibilashvili, A.Tavkhelidze, “Quantum Interference Device”, US Patent 

US7 566 897 B2, (Jul.28, 2009, Prior Mar.20,2008)]. am SemTxvevaSi samarTliania (14.2) 

formula.  

 aaronov-bomis efeqti SesaZlebelia daimziros gare velebis moqmedebis 

gareSec tradiciul dabalganzomilebian kvantur milakebSic. am milakebSi 

myofi minarevi an sxva defeqti arRvevs eleqtronebis koherentul ganawile-

bas da iZleva arasimetriul potencialur jebirs, romelic eleqtronma un-

da gadalaxos. amis Sedegad moxdeba fermis zedapiris odnav wanacvleba, rac 

gamoiwvevs defeqtis erT mxares mimavali denis matareblebis nawilis traeq-

toriis Secvlas da aaronov-bomis saxis maryuJis kvlav Sekvras. eleqtronis 

mier defeqtis an minarevis Semovlisas Seicvleba misi talRis fazebi da mii-

Reba interferencia. Sedegad miiReba masalis am areSi eleqtruli gamtareb-

lobis rxeva saSualo kvadratuli gadaxriT he /2 , damoukideblad misi zomi-
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sa da saxisa da ewodeba gamtareblobis universaluri fluqtuacia (gamta-

reblobis minimaluri ulufa). 

maSasadame, gamtareblobis kvanturi cvlilebis miRebisTvis, romelic 

dakavSirebulia eleqtronuli talRis fazur interferenciasTan, saWiroa 

nimuSis zoma iyos iseTive rigis, rogorc fazuri koherentulobis sigrZe. 

rogorc ki nimuSis zoma `meti~ gaxdeba, gamtareblobis kvanturi rxevebi ga-

nirTxmebian interferenciuli procesebis didi raodenobis gasaSualoebis 

gamo da interferenciac SeumCneveli gaxdeba. 

sakontrolo kiTxvebi: 

1. rogor struqturebSia SesaZlebeli eleqtronuli talRebis fazu-

ri interferencia? 

2. raSi mdgomareobs aaronov-bomis efeqti da romel fizikur 

3. movlenazea is damyarebuli? 

4. rogoria sqematurad aaronov-bomis xelsawyo? 

5. rogor muSaoben magnituri da eleqtruli wriuli tranzistorebi? 

6. ra aris da risi tolia gamtareblobis universaluri fluqtuacia? 

15. kondos efeqti 

klasikuri warmodgenis Tanaxmad, metalebis eleqtruli winaRoba mcir-

deba temperaturis SemcirebasTan erTad, radganac eleqtronebi sul ufro 

mcired da mcired gaibnevian kristaluri mesris siTbur rxevebze. magram da-

bali temperaturis areSi temperaturis SemcirebiT SeimCneva winaaRmdego-

bis sami saxiT svla, romelic mocemulia nax.15.1-ze. 

 

nax.15.1. metalebis winaaRmdegobis cvlilebis tipebi (0—10)K 
temperaturis intervalSi: zegamtari (1), gajerebulgamtariani 

(2) da kondosefeqtiani gamtari (3) 
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 zogierTi metalis (magaliTad, Pb, Nb) winaaRmdegoba, temperaturis Tz 
temperaturamde Semcirebisas, mcirdeba da Semdeg ecema nulamde, anu xdeba 

zegamtari (nax.15.1-is 1), xolo bevri sufTa metalis (magaliTad, Cu, Au, Al) 
winaaRmdegoba mcirdeba raRac narCen sididemde (nax.15.1-is 2) da temperatu-

ris Semdgomi SemcirebiT aRar icvleba. magram metalebis winaaRmdegoba, 

mcire magnituri SenaerTebiT, rogoricaa Fe, Co, Ni, Zalian mcire temperatu-

raze izrdeba (nax.15.1-is 3), rasac ewodeba kondos efeqti da es dakavSirebu-

lia nimuSSi yvela eleqtronis sruli spinis aranulovan mniSvnelobasTan. es 

efeqti daimzireba ara marto magniturminarevebian metalebSi, aramed kvan-

tur wertilebSic. Tk temperaturas, romlis Semdeg winaaRmdegoba kvlav iz-

rdeba, ewodeba kondos temperatura. 

15.1. magniturminarevebian metalebSi kondos efeqti 

kondos efeqti magniturminarevebian metalebSi SeiZleba aixsnas ander-

sonis modeliT, romlis energetikuli ilustracia mocemulia nax.15.2-ze. 

aramagnitur metalSi magnituri minarevis atomi warmoadgens kvantur Was, 

romelsac matriculi metalis E0 fermis donis dabla aqvs mxolod erTi 

energetikuli done. es done dakavebulia erTi eleqtroniT, individualuri 

spiniT, magaliTad, eleqtronis spini mimarTulia maRla, rogorc es diagra-

maze isriTaa naCvenebi (nax.15.2-is a). minarevuli atomi garSemortymulia 

matriculi metalis atomebis mravali eleqtroniT, romelTaTvisac fermis 

donis qvemoT yvela energetikuli mdgomareobebi dakavebulia, xolo maRla 

— carielia. roca nimuSze edeba eleqtruli wanacvleba, maSin eleqtrul 

RrubelSi dakavebuli doneebi advilad wainacvleben Wis orive mxares.  

 ormoSi, romelic xasiaTdeba U energiis jebiriT, kidev erTi eleqtro-

nis damateba kulonuri urTierTqmedebiT akrZalulia. minarevis atomidan 

erTi eleqtronis moSorebisTvis saWiroa sistemisTvis, sul mcire, E0 ener-

giis damateba (nax.15.2-is a). magram, haizenbergis ganuzRvrelobis principis 

Tanaxmad, eleqtrons SeuZlia datovos ormoSi done mcire droiT rigiT h/E0, 
gavides gvirabulad da daikavos ormos gareT klasikurad akrZaluli vir-

tualuri mdgomareoba (nax.15.2-is b) da Semdeg mis adgilze ormoSi Cajdes 

metalis matricis mravali eleqtronidan erT-erTi (nax.15.2-is g). axlad mo-

sul eleqtrons SeiZleba hqondes sawinaaRmdego mimarTulebis spini, rac 

Secvlis minarevis spinis jamur mimarTulebas. amis Sedegad nimuSis am ad-

gilze gaCndeba minarevis spinis sawyis da saboloo mimarTulebebs Soris 

gansxvaveba. 
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nax.15.2. metalSi magnituri minarevis arsebobisas,  

nimuSze eleqtruli wanacvlebisas kondos efeqtis axsnis  

andersoniseuli modeli: sawyisi (a), virtualuri (b) da  

saboloo (g) mdgomareobebi; (d) — energiis simkvrive 

 

spinebiT gacvla xarisxobrivad cvlis sistemis mdgomareobaTa simkvri-

vis energetikul maxasiaTebels. erTad mimdinare mraval aseT process ewo-

deba kondo-rezonansuli procesebi. aseTi rezonansi qmnis axal eleqtro-

nul mdgomareobas, rasac ewodeba kondo — mdgomareoba fermis energiis 

toli energiiT. es mdgomareoba yovelTvis `rezonansSia~ fermis donesTan. 

radganac kondo-mdgomareoba iqmneba minarevul magnitur atomTan axlos 

lokalizebul da metal-matricul Tavisufal eleqtronTa Soris gacvliTi 

procesebiT, amitom kondos efeqti warmoadgens mravali sxeulis tipur 

efeqts. eleqtronebi, romlebmac imoqmedes magnitur minarevTan da mis ax-

los lokalizdnen, qmnian kondo-Rrubels. amaTgan yoveli eleqtroni mina-

revsa da sxva eleqtronebze flobs informacias. ase rom, RrubelSi eleq-

tronebi urTierTkavSirSia.  

dabaltemperaturul diapazonSi temperaturis SemcirebiT winaRobis 

zrdis faqti aris kondo-mdgomareobis arsebobis damadasturebeli. es 

mdgomareoba zrdis fermis donesTan axlo myof eleqtronTa gabnevas. dabal 

temperaturaze, gamtareblobis eleqtronebis hibridizacia metalSi magni-

turi minarevis atomis lokalizebul eleqtronebis spinebTan iwvevs xvedri-

Ti winaRobis zrdas. sruli xvedriTi winaRoba, rogorc temperaturis fun-

qcia, ase gamoisaxeba:  

 ρ=AT5 – BlnT + C           (15.1) 

sadac A, B, C mudmivebi damokidebulia magnituri ionebis koncentraciaze, 

gacvliT energiasa da gabnevis Zalaze.  

kondos temperatura:  

Tk =
( )

EU

UEEEU

Δ
+Δ 00exp

2

π
          (15.2) 
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sadac ΔE minarevis energetikuli donis sifarTea, gadidebuli eleqtronu-

li gvirabgasvliT (nax.14.2-is d). 

 kondo-sistemisTvis fardoba mis aqtiur R winaRobasa da absolutur 

nul temperaturaze R0 winaRobas Soris damokidebulia mxolod temperatu-

rebze, rogorc R/R0 = ƒ(T/Tk). yvela masala, romelic Seicavs minarevs spine-

biT 1/2, SeiZleba aRiweros imave temperaturuli damokidebulebiT — fun-

qciiT ƒ(T/Tk). sistema SeiZleba mTlianad davaxasiaToT kondos temperatu-

riT, masSi Semavali ΔE, E0 da Ư parametrebiT. 

15.2. kvantur wertilebSi kondos efeqti 

kvanturi wertili (kw) sistemaTa meore klasia, sadac informaciis gada-

tanis transportis Tvisebaze damzerili iqna kondos efeqti. am SemTxvevaSi 

sistemis parametrebze kontroli ufro maRal donezea SesaZlebeli, vidre 

es iyo magniturminarevebian moculobiT metalSi. kvanturi wertili Seicavs 

mkacrad gansazRvruli raodenobis eleqtronebs da SeiZleba imoqmedon, ro-

gorc magnituri minarevi. luwi raodenobis eleqtronebisTvis sruli spini 

SeiZleba iyos nuli an mTeli ricxvi da kenti raodenobisTvis — mTelis naxe-

vari. bolo SemTxveva kondos efeqtis klasikuri magaliTia. yvelaze maRali 

energiis mqone erTi eleqtronis garda, SeiZleba sxva eleqtronebi ugule-

belvyoT, anu es SemTxveva ekvivalenturia erTi eleqtronis arsebobisa spi-

niT s=1/2. 
  

 
                              a)                                                                             b) 

nax.15.3. marTvadi kw (a) da misi gamtareblobis cvlileba 

ZabviT (b): T= ——— 0,25K da — — — 1K 

 

Camketiani kvanturi wertili SeiZleba eleqtrulad gadaerTos `kondo-

sistemis~ mdgomareobidan ~ara kondo-sistemis~ mdgomareobaSi, maTSi eleq-

tronebis kenti ricxvis raodenobis luwiT SecvliT (nax. 15.3 a). kvanturi 

wertili SeerTebulia ori eleqtronis gvirabgamsvlel arxTan, romelTagan 

eleqtronebis gaSvebis SesaZlebloba imarTeba Sesaval da gamosaval Camke-
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tebze Zabvis cvlilebiT. kw-is kavSiri eleqtronebis gamomdenTan da Camden-

Tan gansazRvravs kw-is mdgomareobis ΔE energias. kw-Si eleqtronebis ricx-

vi da maTi energiis done regulirdeba centralur Camketze modebuli ZabviT. 

kondos temperatura SeiZleba Seicvalos Camketze Zabvis cvlilebiT, radga-

nac erTeleqtroniani mdgomareobis energia uaxlovdeba fermis dones.  

erT-erTi mTavari gansxvaveba kvantur wertilsa da magniturminarevebi-

an moculobiT metals Soris mdgomareobs maTSi eleqtronul mdgomareoba-

Ta bunebis saxesxvaobaSi. metalSi eleqtronuli mdgomareoba — brtyeli 

talRebia. minarevul atomebze maTi gabneva iwvevs eleqtruli talRebis Se-

revas nimuSis sxvadasxva areebTan, rac masalis winaRobis gazrdis mizezia.  

kw-Si yvela eleqtroni unda movides mxolod erTi wertilis gavliT, 

radgan mis garSemo sxva eleqtruli gza ar arsebobs. eleqtrodebze sawina-

aRmdego Zabvebisas kondo-rezonansi aadvilebs mdgomareobisTvis Serevis 

xarisxs, rac zrdis gamtareblobas, anu winaRoba mcirdeba. maSasadame, kw-Si 

kondos efeqts aqvs sawinaaRmdego saxe, vidre moculobiT metalSi. nax.15.3-

is b)-ze mocemulia kw-is gamtareblobis cvlileba sxvadasxva temperatura-

ze, Camketze Zabvis cvlilebisas, romliTac regulirdeba wertilSi eleq-

tronTa ricxvi. rodesac kvantur wertilSi moTavsebulia eleqtronTa wyvi-

li raodenoba, misi gamtarebloba izrdeba temperaturis SemcirebiT. es miu-

TiTebs imaze, rom am SemTxvevaSi kondos efeqts adgili ara aqvs. kvantur 

wertilSi eleqtronTa kenti raodenobisas daimzireba gamtareblobis tem-

peraturaze sawinaaRmdego damokidebuleba, rac gamosaxavs kondos efeqtis 

arsebobas.  

kondo-reJimSi masiuri nimuSis winaRobis msgavsad, kvanturi wertilis 

gamtareblobac damokidebulia mxolod temperaturaTa fardobaze T/Tk. um-

dables temperaturaze gamtarebloba uaxlovdeba gamtareblobis kvantur 

zRvars 2e2/h. is faqti, rom gamtareblobam miaRwia am mniSvnelobas, niSnavs, 

rom eleqtronebma gaiares wertili srulad da kondos efeqtma wertili ga-

xada eleqtronebisaTvis mTlianad gamWirvaled.  

kondos efeqti SeiZleba damzeril iqnas kvantur wertilSi eleqtrone-

bis luwi ricxvis raodenobis SemTxvevaSic, magram amisaTvis nimuSi unda mo-

Tavsdes magnitur velSi, eleqtruli mdgomareobebis spinebis mixedviT gax-

leCisaTvis da Sesabamisi energetikuli doneebis SevsebisaTvis.  

sakontrolo kiTxvebi:  

1. raSi mdgomareobs kondos efeqti? 

2. ra aris kondos Rrubeli? 

3. ra aris kondos rezonansi? 

4. rogoria kondos efeqti kvantur wertilebSi? 

5. rogor muSaobs kondos xelsawyo? 
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16. memristoris muSaobis principi da parametrebi 

gardamavali metalis oqsidebma didi gamoyeneba poves e.w. memristoris 

SeqmnaSi. memristori SeiZleba ganixilebodes, rogorc eleqtruli wredis 

pasiuri elementi, romlis winaaRmdegoba raRac saxiT damokidebulia masSi 

gamaval muxtis sidideze. wredSi Zabvis gamorTvis Semdeg memristori ar ic-

vlis Tavis mdgomareobas, anu inarCunebs winaaRmdegobis bolo mniSvnelobas 

da swored aqedan warmodgeba misi dasaxeleba — (memori resistir) maxsovrobiTi 

rezistori. 

eleqtroobaSi oTxi ZiriTadi sididea: muxti (Q), deni (denis Zala, I), Zab-

va (potencialTa sxvaoba, U) da magnituri nakadi (Ф). yvela es sidide wyvil-

wyvilad ukavSirdeba erTmaneTs. magaliTad, deni drois erTeulSi muxtis 

nakadia, Zabva da deni erTmaneTs ukavSirdeba omis kanoniT da a.S. agreTve, 

arsebobs sami materialuri obieqti, e.w. wredis pasiuri elementebi, sadac 

realizdeba am sam sidides Soris Tanafardoba: rezistori akavSirebs denis 

Zalas da Zabvas, kondensatori — Zabvas da muxts, induqtivoba — magnitur na-

kads da denis Zalas. nebismieri sirTulis eleqtruli wredi da misi ekviva-

lenturi sqema SeiZleba aigos am pasiuri elementebis da aqtiuri (tranzis-

torebi) elementebis kombinaciiT.  

 

nax.16.1. eleqtruli sqemis bazuri elementebi 

 

gasuli saukunis 70-ian wlebSi amerikelma fizikosma leon Cuam gamoTqva 

hipoTeza, romlis Tanaxmad, unda arsebobdes eleqtrosqemis meoTxe bazuri 

elementi, romelic aRwerda kavSirs magnitur nakadsa da muxts Soris. aseTi 

elementi ar SeiZleboda Semdgariyo ukve cnobili sxva danarCeni sami pasiu-

ri elementis raime kombinaciiT. man am elements uwoda memristori, anu `da-

mamaxsovrebeli~ rezistori (nax. 16.1). misi winaRoba damokidebulia masSi ga-

maval muxtis sidideze, anu masSi gamaval denis xangrZlivobaze. memristo-

ris maxasiTebelia M memristoroba (rogorc rezistorisTvis R winaaRmde-

goba), romlis sididea magnituri nakadis cvlilebis fardoba muxtis 

cvlilebasTan. Cua gamovida im mosazrebidan, rom eleqtruli wredis oTxi 

ZiriTadi sidide (I,V,Q da Ф) erTmaneTs unda ukavSirdebodes eqvsi 

TanafardobiT da cnobili iyo mxolod xuTi: dV=RdI; dQ=Idt; dQ=CdV; dФ=LdI 
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da dФ=Vdt, aklia kavSiri magnitur nakadsa da muxts Soris. amitom man Semoi-

Ro dФ=MdQ (nax.16.2). Tu gaviTvaliswinebT bolo formulas da mxedvelobaSi 

miviRebT wina me-2 da me-5-s, maSin gamova, rom:  

 
nax.16.2. kavSiri eleqtruli wredis oTx sidides Soris 

V=M(Q)I             (16.1) 

Tu M=Const, maSin (16.1) omis kanonia wredis ubnisTvis. zogadad, M≠ Const da 

damokidebulia misi mdgomareobis wina istoriaze, Tu masSi ra raodenobis 

muxti gadioda. 

ramdenime wlis win (2008 w.) amerikel eqsperimentatorTa jgufma stenli 

viliamsis xelmZRvanelobiT Seqmna memristori. is warmoadgens platinis 

eleqtrodebs Soris moTavsebul nanosisqis (<70nm) titanis sruli (TiO2) da 

arasruli (TiO) oqsiduri fenebis erTobliobas.  

 
nax.16.3. memristoris muSaobis modeli 
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memristoris Tviseba SeiZleba ganxilul iqnas Semdegi modeliT. misi 

sruli winaRoba Sedgeba ori cvladi rezistoris winaRobaTa mimdevrobiT 

SeerTebisgan (nax.16.3). erT-erTi rezistori (TiO2-iT) dabali winaRobiTaa, 

anu Riaa (RR=R1), xolo meore — didi winaRobiT, Caketilia (TiO-Ti), anu (RC=R2). 

TiO2-is mxridan eleqtrodze dadebiTi Zabvis modebisas icvleba misi 

kristaluri struqtura. Jangbadis dadebiTi ionebi miemarTebian TiO-Si, 

moxdeba winaRobaTa gadanawileba maT Soris da sazRvari TiO2- TiO gadaiwevs, 

romlis sidide da siCqare damokidebulia muxtis gavlis xangrZlivobaze. am 

dros Zabvasa da dens Soris Tanafardoba ase gamoisaxeba: 

)(1)( 21 tI
D

W
R

D

W
RtV 














 −+=           (16.2) 

sadac, W  didi gamtareblobis fenis sisqea, D - eleqtrodebs Soris manZili, 

anu orive sisqeTa fenebis jami. am dros didi gamtareblobis mxridan sazRva-

ri wainacvlebs kanoniT:  

)(
)( 1 tI

D

R

dt

tdW μ=             (16.3) 

sadac, μ  ionebis Zvradobaa. (16.3)-is integrebiT miiReba: 

)()( 1 tQ
D

R
tW μ=             (16.4) 

(16.4) formulis CasmiT (16.2) formulaSi, aseve, 1R « 2R  da (16.1)-is gaTva-

liswinebiT, miiReba, rom:  

)(1)(
2
1

2 tQ
D

R
RQM 






 −=

μ
           (16.5) 

(16.5) formulidan Cans: 1) memristoroba damokidebulia muxtze, anu mas-

Si gamavali sruli muxtis funqciaa; 2) memristoroba mkveTrad izrdeba na-

nofenebis sisqeebis SemcirebiT; 3) memristoroba damokidebulia, erTi da 

imave sisqeebis SemTxvevaSi, gardamavali metalis oqsidebis gvarobaze 

( 21; RR ) da 4) memristoroba damokidebulia ionebis Zvradobaze. 

tradiciuli bazuri pasiuri elementebis ZiriTadi parametrebi (R,C,L) 

mudmivebia, damokidebulni masalis gvarobaze, sisufTaveze, zomaze, tempe-

raturaze da a.S. memristorisTvis sidide M, misi ganmartebis Tanaxmad, mux-

tis funqciaa, rac moicema (16.5) formuliT. aqedan Cans, rom roca deni 

nulia, maSin M mudmivia, magram TviT am mudmivis mniSvneloba damokidebu-

lia imaze, Tu ramden xans gadioda deni masSi, anu mis elementSi muxtis rao-

denoba. imisda mixedviT, Tu rogor reJimSi muSaobs memristori, miiReba an 

rezistori: 

               (16.6) 

 

an kondensatori:  

R
I

V

dq

dt

dt

d

dq

d
M ==⋅== ϕϕ
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                (16.7) 

 

an induqtivoba:  

               (16.8) 

 

viliamsma memristori Seadara wylis mils, romelic icvlis diametrs 

masSi wylis Wavlis gasvlis mimarTulebis mixedviT. Tu erTi mxriv wylis di-

nebisas mili mudmivad viwrovdeba, maSin meore mxridan moZraobisas — far-

Tovdeba. Tu Wavli gaCerda raRac momentSi, milis diametric SenarCundeba 

im sididis, rogoric iyo wylis Wavlis gaCerebisas. raRac drois Semdeg Wav-

lis CarTvisas milis diametric myisve, inerciis gareSe daiwyebs cvlilebas.  

nax.16.4-ze gamosaxulia memristorze denis damokidebuleba sxvadasxva 

sixSiris cvlad Zabvaze. zeda kuTxeSi mocemulia memristoris sqematuri aR-

niSvna. 

grafikidan Cans, rom sixSiris gazrdiT mcirdeba histerezisis efeqti da 

zRvarSi miiReba daxrili wrfe: memristori gadavida Cveulebriv rezistorSi. 

es fizikurad gasagebia, radgan winaaRmdegobis cvlileba damokidebu-

lia gavlil muxtze da, sixSiris gazrdiT, erT naxevarperiodSi gaivlis mux-

ti, meoreSi ki veRar moaswrebs gavlas. mili ver aswrebs gafarToebas, is uk-

ve viwrovdeba da, Sesabamisad, naklebi muxti gaivlis da bolos gajerdeba. 

rezistoris winaaRmdegoba ganisazRvreba denis Zabvaze damokidebulebis 

grafikis daxrilobidan. nax.16.4-dan Cans, rom denis da Zabvis nul mniSvne-

lobaze, dabal 1f  sixSireze, ikveTeba ori mrudi — aRmavali, didi daxriT 

(mcire winaRoba) da daRmavali, SedarebiT mcire daxriT (didi winaRoba). es 

niSnavs, rom uZraobaSi memristoris winaRoba sxvadasxvaa da damokidebulia 

wina istoriaze. 

 

 

nax.16.4. memristorze denis damokidebuleba 

sxvadasxva sixSiris cvlad Zabvaze 

CCdV

dVdt

dq

d
M

1
== ϕ

L
dIdt

LdI

dq

d
M == ϕ
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sakontrolo kiTxvebi: 

1. rogor SeuZlia memristorma Secvalos sqemis elementebi? 

2. rogoraa mowyobili memristori? 

3. rogor SeiZleba miRebul iqnas memristorisgan sqemis sxva elemente-

bi?  

4. rogoria memristoris volt-amperuli maxasiaTebeli? 

17. ionistori (superkondensatori), 

misi muSaobis principi da parametrebi 

Tanamedrove etapze msoflio mecnierebis, ekonomikis da cxovrebis do-

nis ganuxreli amaRleba moiTxovs energiis moxmarebis zrdas, romelic Semo-

farglulia energoresursebis raodenobrivi maragis sasrulobiT. amitom 

mecnierebis winaSe dgas aratrivialuri amocana — moiZebnos axali, alterna-

tiuli energiis wyaroebi da SemuSavdes axali energogadamuSavebis teqno-

logiebi. energoresursebiT uzrunvelyofis erT-erTi meTodia moxmarebu-

li energiis utilizacia. magram zogierTi energies utilizacia, magaliTad, 

siTburisa, mouxerxebelia da, garda amisa, zogjer moiTxoveba mciregabari-

tiani energiis wyaroebi, rac gamoixateba imaSi, rom Tanamedrove mikroeleq-

tronuli xelsawyoebis da mowyobilobebis proeqtirebisas xSirad dgas maTi 

saTadarigo an avtonomiuri kvebis sakiTxi. amitom, maTi eleqtroenergiis 

moTxovnis xasiaTisa da amocanis Sesrulebis mixedviT, gamoiyeneba eleq-

trolituri kondensatorebi, akumulatorebi an kvebis batareebi. magram ze-

moT CamoTvlili mowyobilobebi an maTi kombinaciebi, maTi specifikis gamo, 

xSirad gamousadegaria dasmuli amocanebis gadasawyvetad.  
ionistorSi, anu superkondensatorSi (sk) formirdeba ormagi eleqtru-

li Sre (oeS), gayofili Txieri eleqtrolitiT, xolo muxti grovdeba hete-

rogadasasvlelze. eleqtroliti/eleqtrodi, anu sxvadasxva niSnis muxti 

sivrculad gancalkevebulia. oeS-is erT-erT eleqtrodze grovdeba Warbi 

eleqtronebi, romlebic izidaven eleqtrolitidan kaTionebs, xolo meore-

ze grovdeba eleqtrolitis anionebi. orive oeS mimdevrobiTaa SeerTebuli 

eleqtrolitiT da masSi koncentrirdeba muxti, Zabva da energia.  

amerikelma qimikosma robert raitmaerma 1962 wels misca sapatentoSi ga-

nacxadi, sadac dawvrilebiT iyo aRwerili `ormagi eleqtruli Sris~ konden-

satorSi eleqtruli energiis Senaxvis procesi. nax.17.1-ze gamosaxulia sami 

kondensatoruli konstruqciuli sqemis Sedareba. Tu Cveulebriv kondensa-

torebSi aluminis Semonafenebi izolirebulia, tradiciulad, dieleqtri-

kis feniT, man aqcenti gaakeTa uSualod Semonafenebis masalaze — eleqtro-

debs unda hqondeT sxvadasxva gamtarebloba: erTi eleqtrodi unda iyos io-
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nuri gamtareblobis, xolo meore — eleqtronuli. maSasadame, kondensato-

ris damuxtvisas eleqtronul gamtarSi unda xdebodes eleqtronebis da da-

debiTi centrebis gancalkeveba, xolo ionur gamtarSi — kaTionebis da anio-

nebis. eleqtronuli gamtari sasurvelia damzaddes foriani naxSirisgan, xo-

lo ionuri gamtari — gogirdmJavas wyalxsnarisgan. am SemTxvevaSi muxti 

(ormagi fenis saxiT) inaxeba aseTi gamtarebis gamyof sazRvarze, romelTagan 

erTi siTxea. sistemis zedapiruli energiis minimumis gamo xdeba gamyofi fa-

zis zedapirze nawilakebis ise orientireba, rom fazis sakontaqto areSi 

warmoiqmneba niSniT sawinaaRmdego da sididiT toli muxtebi, rac uzrun-

velyofs oeS-is Seqmnas. misi Seqmnis ZiriTadi meqanizmi SeiZleba iyos: 1) fa-

zis SreSi erT-erTi niSnis ionebis upiratesi adsorbcia an 2) zedapirul 

SreSi poliaronuli molekulebis iseTnairi orientacia, rom poliaroni ar 

iSleba, anu ar xdeba muxtiTi gacvla. am dros zedapiruli muxtis gansazR-

vrisTvis gamoiyeneba wesi, romlis Tanaxmad, SexebaSi myofi ori fazidan da-

debiTad imuxteba is, romelsac aqvs meti dieleqtrikuli mudmiva. 

 
nax.17.1. sami kondensatoruli konstruqciuli sqemis Sedareba: 

a) — eleqtrostatikuri; b) — eleqtrolituri da g) — ionistori 

 

rogorc aRniSnuli iyo, dadebiTi da uaryofiTi muxtebi eleqtrodis ze-

dapirze formirdebian, qmnian maTze muxtian oeS-s. gamyofi sazRvari iqneba 

oeS (nax.17.2 a). es ubani da muxti izrdeba maRali Zabvis modebisas (nax.17.2 b). 

am dros oeS-is sisqe Zalian mcirea da molekulis rigisaa, anu ~5÷10nm. xSi-

rad, eleqtrodebad gamoiyeneba aqtivirebuli naxSiri (wvrildispersirebu-

li fraqciiT), damzadebuli specialuri teqnologiiT, da organuli eleq-

troliti. eleqtroliti aRwevs naxSiris nawilakebs Soris da amiT eleqtro-

di `gaJRenTilia~ eleqtrolitiT. SeiZleba warmovidginoT, rom ionistoris 

saerTo tevadoba didi raodenobis mcire tevadobebis naerTia, sadac aqtivi-

rebuli naxSiris yoveli Taviseburi eleqtrodi aRmZvreliა oeS-is. SeiZleba 

iTqvas, rom ultrakondensatoris eleqtrodebi CaSvebulia Txier eleqtro-

litSi da erTmaneTisgan gancalkevebulia separatoriT (nax.17.3). Zabvis mo-

debisas eleqtrolitis Tavisufali ionebi gadaadgildebian    sawinaaRmdego 
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nax.17.2. ionistorSi ormagi eleqtruli Sris aRZvra (a) 

da Zabvis modebisas muxtis zrda (b) 
 

 
nax.17.3. ionistoris (ultrakondensatoris) struqtura 

 

niSnis eleqtrodis mxares. ionebi masSi ver Sedian da ar moqmedeben eleq-

trodis zedapirTan dafaruli naxSiris eleqtroqimiuri neitralobis gamo. 

Sedegad Seqmnili oeS warmoadgens Senaxuli energiis wyaros. aqtiuri eleq-

trodebi Sedian eleqtrolitTan Jangva-aRdgeniT reaqciaSi da, saerTod, 

ionistorSi energiis dagroveba xdeba rogorc oeS-iT, aseve, Seqcevadi qimi-

uri reaqciiT. am procesebSi aqtiurad monawileoben patara nawilakis yvela 

kondensatorebi. amitom, ionistorisTvis SeiZleba gamoyenebul iqnas ekviva-

lenturi sqema, romelic gamosaxulia naxaz 17.4-ze. aqtivirebuli naxSiris 

nawilaki/eleqtrolitiT agebul yvela patara kondensators oeS-iT eqneba 

tevadoba Cn da arakompensirebuli ionebis winaRoba RIn SeiZleba Seicvalos 

ionebis siCqariT, eleqtrodebs Soris manZiliT da a.S. ionistori Sedgeba 

ori eleqtrodisgan, gamoyofili eleqtrolitiT masSi moTavsebuli ion gam-

tari membraniT (separatori) da eleqtruli CarTviT. energiis akumulacia 

xdeba orive eleqtrodis ormagi SriT, rogorc orSriani tevadobebis er-

Toblioba.  
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nax.17.4. ionistoris aqtiuri Sris aqtivirebuli naxSiri/ 

eleqtroliti struqturis sqematuri gamosaxva 

 

ionistoris ekvivalenturi sqema winaRobaTa da mcire kondensatorebis 

paraleluri SeerTebiT mocemulia nax.17.5.a-ze. R1, R2 da Rn aqtiuri naxSiris 

nawilakTa Siga winaaRmdegobaa, C1, C2 da Cn – oeS tevadobebi Sesabamisi wina-

aRmdegobebisTvis. naxaz 17.5 b-ze mocemul ekvivalentur sqemaze, romelic 

iTvaliswinebs eleqtrodebis da separatoris winaRobebs, VZabvis modebis 

Semdeg damuxtvis deni )(i aRiwereba: 

 
nax.17.5. ionistoris eqvivalenturi sqema (a) da masSi eleqtrodebis 

da separatoris gaTvaliswinebiT (b) 

 







 −=

RC

t

R

V
i exp              (17.1) 

aRsaniSnavia, rom damuxtvis denis sididis SemcirebiT, damuxtvis dro iz-

rdeba. rac Seexeba akumulatorebs, isini inaxaven did energias, magram da-

muxtva/ganmuxtvis procesi sakmaod didia. superkondensatorebisTvis es 

dro ramdenime wamia, magram maTTvis eleqtroenergiis maragi Zalian mcirea, 

rac aferxebs mis farTo gamoyenebas.  
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kondensatoris tevadoba ganisazRvreba formuliT:  

 
d

S
C 0εε=              (17.2)  

sadac, C  kondensatoris tevadobaa, ε  — dieleqtrikis dieleqtrikuli mud-

miva, 0ε  — vakuumis dieleqtrikuli mudmiva, −S eleqtrodebis farTi da d  — 

eleqtrodebs Soris manZili. 

(17.2)-dan Cans, rom Cveulebriv kondensatorebSi tevadobis gazrda Se-

saZlebelia ε -is an −S is gazrdiT, an d -s SemcirebiT.  

 bolo dros eleqtruli akumulatorebis nacvlad gamoiyeneba kondensa-

torebis gansakuTrebuli saxe — superkondensatorebi (ionistorebi). ionis-

torebi eleqtruli mowyobilobebia, romlebsac aqvT, rogorc akumuliato-

rebis maxasiaTeblebi — eleqtruli energiis didi maragi, aseve, eleqtruli 

energiis didi tevadoba, ise, rogorc kondensatorebs — damuxtva/ganmux-

tvis mcire dro. mis dadebiT mxareebad SeiZleba CaiTvalos: 

• mcire xvedriTi energia, vidre akumulatorebs; 

• mokle CarTvisas Siga kontaqtebis uvnebelyofa; 

• TviTdamuxtvis meti sidide, vidre akumulatorebs; 

• damuxtvisa da ganmuxtvis denis didi mniSvneloba; 

• eleqtrolitis mcire degradacia; 

• muSaobis didi dro; 

• komponentebis aratoqsikuroba.  
 oeS-s aqvs iseTi agebuleba, rogorc brtyel kondensators. gansxvavebiT 

idealurisgan, realurad oeS-s aqvs difuziuri (ganrTxmuli) agebuleba. Ta-

namedrove TeoriiT, oeS Sedgeba ori fenisgan: 1) helmholcis fena, anu ad-

sorbirebuli Sre, romelic uSualod ekvris fazaTaSoris zedapirs δ sisqiT 

(nax.17.6 a da b). masSi ( )xϕ  potenciali zedapiridan wrfivad ecema δϕ -mde da 

2) difuziis, amu guis Sre )( δλ −  sisqiT (nax. 17.6 b), romelSicaa zedapiruli 
muxtis mopirdapire bmuli ionebi.  

difuziuri Sris sisqe ganisazRvreba tolobiT: 

IF

RT
2

0

2

1 εελ ==


            (17.3) 

sadac,   debais sigrZis Sebrunebuli sididea; R – ridbergis mudmiva; T – ab-

soluturi temperatura da F — faradis mudmiva. 
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                                              a)                                                                                       b)  

nax.17.6. ionistorSi ormagi eleqtruli Sris potencialis (a) da 

ionebis ganawilebis (b) agebuleba 

 

oSe-s eleqtruli maxasiaTebelia potenciali, romelic difuziis Sris 

SigniT gamoiTvleba formuliT: 

( ) ( )xx −= expδϕϕ             (17.4) 

difuziis Sre Seicavs `bmul~ ares, sadac ionebi mizidulni arian eleq-

trostatikuri ZaliT da nawildebian ( δ−Δ ) sisqeSi (nax.17.6 b).  

 oeS-is eleqtruli maxasiaTebeli ϕ  potenciali damokidebulia siste-

mis Tvisebebze da is Sedgeba ramdenime Semadgeneli nawilisgan: 1) 0ϕ - uSua-

lod fazaTa gamyof zedapirze; 2) δϕ - difuziuri Sris potenciali, romeli-

caa adsorbciulis da difuziuris sazRvarze, 3) eleqtrokinetikuri poten-

ciali, anu Zeta-potenciali, romelic srialis zedapirs warmoadgens da di-

fuziis Sris potencialis nawilia. srialis zedapiri warmoiqmneba imis Sede-

gad, rom dispersiuli nawilakebis moZraobisas difuziis SreSi ufro daSo-

riSorebulni ver monawileoben difuziur moZraobaSi. amitom, Cndeba nawi-

lakTa arakompensirebuli zedapiruli muxti da SesaZlo eleqtrokinetiku-

ri movlena. da 4) λϕ =x  potenciali, e -jer (2,7) naklebi, vidre δϕ da difu-

ziuri Sris sisqis maxasiaTebeli.  

 simetriul ionistorSi potenciali mcirdeba simetriulad orive ormag 

SreSi eleqtrodebisa da eleqtrolitis mixedviT (nax.17.7a).  
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nax.17.7. simetriul ionistorSi Zabvis 

ganawileba da misi ekvivalenturi sqema 

 

asimetriulSi, rogorc kondensatorebis hibridSi, eleqtrodebs Soris 

Zabvis vardna asimetriulia. maTSi maqsimaluri Zabva SemosazRvrulia eleq-

trolitis ionuri daSlis maqsimaluri deniT. am dros gaJonvis denebi ufro 

didia (nax.17.7b).  

ionistoris fiziko-qimiuri muSaobis principi. cnobilia, rom Cveuleb-

riv kondensatorebs Semonafenebs Soris aqvT mravalSriani an monoliTuri 

dieleqtrikebi. magaliTad, aluminian eleqtroliTur kondensatorebs die-

leqtrikad aqvT Al2O3, tantalurebs — Ta2O5.  
ionistorebs ar aqvT dieleqtrikuli Sreebi, masSi gamoiyeneba oeS-is 

Seqmnis meqanizmi, romelic muSaobs, rogorc damuxtuli dieleqtriki. da-

muxtva/ganmuxtvis procesi mimdinareobs dadebiTi da uaryofiTi eleqtro-

debis zedapirze formurilebuli ionebis SreSi, magaliTad, aqtivirebuli 

naxSiris eleqtrodebze (nax.17.8). modebuli ZabviT anionebi da kaTionebi 

moZraoben Sesabamisi eleqtrodebisken, grovdebian maT zedapirze da qmnian 

oeS-s, romelic gadamwyvetia ionistoris muSaobisTvis. ionistorSi gamoiye-

neba, ZiriTadi eleqtrolitebis ori tipi — wyliani (wyalxsnariani) da orga-

nuli (arawyalxsnariani). arawyliani gamosadegia ionistoris ujredze 3v-

mde Zabvis modebaze, rac 2-jer metia wyalxsnarianTan SedarebiT da mudmivi 

Zabvis modebisas ar aqvT gaJonvis deni. gansazRvruli polarobis Zabvis kon-

kretul doneze, eleqtroqimiuri procesis gamo, gaivlis deni. am Zabvis si-

dides ewodeba `daSlis Zabva~. Zabvis Semdgomi zrda iwvevs eleqtrolitis 

ufro intensiurad daSlas, Cndeba damatebiTi deni da ionistori gamodis 

mwyobridan. damuxtvisas ionistorze modebuli Zabva ar unda aRematebodes 

daSlis Zabvas. amitom damuxtvisas ionistorebs rTaven mimdevrobiT. 
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nax.17.8. ionistoris dadebiT da uaryofiT eleqtrodebze 

ormagi eleqtruli Sris Seqmna 

 

ionistoris eleqtruli da saeqspluatacio parametrebi.  

tevadoba. rogorc iyo aRniSnuli, ionistori warmodgenilia sxvadasxva 

winaaRmdegobis mqone mcire kondensatorebisgan Semdgari ekvivalenturi 

sqemis saxiT (nax.17.5). Tu sawyisi muxtiTi Zabva naklebia sruli muxtis Zabva-

ze (V0), maSin tevadobis gazomvisas ionistorze Zabva daecema. es dakavSire-

bulia imasTan, rom didi Siga winaaRmdegobis mcire kondensatorebi ar arian 

bolomde damuxtulni. magram, damuxtvis drois gazrdiT es mcire kondensa-

torebi daimuxtebian bolomde da gaizrdeba tevadoba. ionistoris tevadoba 

ganisazRvreba: 

21 VV

tI
C

−
×=              (17.5) 

sadac C  eleqtruli tevadobaa (f), I - testirebis deni (a), 21 VV − -Zabvis 

testuri diapazoni (v) da t  — dro (wm). Tu ganmuxtvis deni didia an kondensa-

tori ganimuxta didi drois ganmavlobaSi, maSin marezultirebeli tevadoba 

iqneba mcire, da piriqiT. amitom, saWiro gazomvebisTvis unda iyos ganmux-

tvis deni 1ma/f. 

Siga winaaRmdegoba ionistorisTvis, SedarebiT eleqtroliturebTan, 

didia, radgan is Sedgeba mravali, sxvadasxva Siga winaaRmdegobis, mcire kon-

densatorisgan. winaaRmdegobebis gazomvebi, rogorc wesi, moicema mudmiv 

Zabvaze da zusti gazomvebisTvis unda gamoviyenoT kompleqsuri winaaRmde-

goba ( Z , magaliTad, 1khc). radganac Zalian Znelia ionistorSi gaJonvis de-

nebis gansazRvra, amitom xSirad mas dokumentaciaSi ar uTiTeben.  

muxtis maxasiaTebeli. ionistoris es parametric, ramdenime martivi 

daSvebiT, SeiZleba ase warmovadginoT: 

( )[ ]RCtVV /exp10 −−=                (17.6) 

nax.17.9a-ze gamosaxulia ionistoris damuxtvis Zabvis damokidebuleba dro-

ze sxvadasxva winaaRmdegobisas. winaaRmdegobis gazrdiT damuxtvis droc 
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izrdeba. mudmivi datvirTvis winaaRmdegobisa da denis dros ganmuxtvis 

dro ase gamoisaxeba: 

( )
I

VVC
t 10 −×
= (17.7) 

( )01 /ln VVRCt ××−= (17.8) 

nax.17.9. ionistoris damuxtvisa (a) da ganmuxtvis (b) Zabvis droze 
damokidebuleba sxvadasxva winaaRmdegobisa da drois damuxtvisas 

sadac −t droa, −C tevadoba, −0V Siga daZabuloba, −1V ( −t wm)-is Semdeg

Zabva, −I datvirTvis deni da −R datvirTvis winaRoba.

nax.17.9 b-ze moyvanilia ionistoris ganmuxtvis Zabvaze damokidebuleba 

sxvadasxva drois damuxtvisas. Cans, rom, magaliTad, damuxtvis procesis 

erTi saaTidan 100 saaTamde cvlilebisas Zabva, faqtobrivad icvleba 2,5-dan 

2,8 voltamde da, ase rom, ionistoris damuxtva SeiZleba iyos swrafi. 

ganmuxtvisa da TviTganmuxtvis maxasiaTebeli. ionistoris ganmuxtvis 

maxasiaTebeli, (17.5)-is gaTvaliswinebiT, ase SeiZleba warmodgindes: 

I

VV
Ct 21 −×= (17.9) 

TviTganmuxvis maxasiaTebeli ki: 








 −×=
CR

t
VV

L

exp0 (17.10) 

sadac −LR izolaciis winaaRmdegobaa.

SesamCnevi gansxvaveba daimzireba statikuri kondensatorisa da ionis-

toris volt-amperuli maxasiaTebelze, romelic gamosaxulia naxaz 17.10-ze. 

ionistorebi, gamoyenebuli eleqtrolitis masalebis mixedviT, iyofian 

Semdeg jgufebad: 1) Txevadi, 2) myarsxeulovani, 3) polimeruli da 4) organuli. 

myarsxeulovani eleqtrolitebi gansakuTrebuli tipis ionuri krista-

lebia, romlebic gamoirCevian maRali gamtareblobiT. aseT masalebSi gamta-
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rebloba xorcieldeba ara eleqtronebis moZraobiT, rogorc sxva struqtu-

ris kristalebSi, aramed sxvadasxva niSnis ionebiT, Txieri eleqtrolitis 

msgavsad. amitom aseT ionur krastalebs uwodeben myar dieleqtrikebs an 

superionur gamtarebs. superionur gamtarebad SeiZleba gamoiyenebodes 

iseTebi gamtarebi, rogoricaa, magaliTad, AgI, Ag4RbI5, LiI da a.S.  

nax.17.10. ionistoris cikluri volt-amperuli maxasiaTebeli: 

1 — statikuri da 2 - fsevdotevadoba 

maTSi ionuri transportis procesebi aRiwereba gadinebis (perkolaciis) 

TeoriiT. am TeoriaSi mniSvnelovania `gadinebis albaTobis~ arsi, romelic 

ganisazRvreba, rogorc albaToba imisa, rom aris nebismier wertilSi inJeq-

tirebuli siTxe miaRwevs am wertilidan usasrulod daSorebul wertils. 

cxadia, rom gadinebis Teoriisas siTxis gavrcelebis procesi Semofarglu-

li iqneba foriani aris raRac sasrulo ubanSi, anu forian areSi. es Teoria 

miaxloebiTia.  

aseve, perkolaciis arsi SeiZleba gadavitanoT nebismier garemoze, ro-

melSic xdeba meore garemodan romeliRac nivTierebis gadatana. es perko-

laciuri garemoebebia, romelTaTvisac unda ganisazRvros gadinebis wyaro, 

sxvadasxva mdgomareobaSi myofi gadinebis elementebi, erTi aragadinebadia 

(pirveladi), meore — gadinebadi; aseve — gadinebis meTodi. aseve mniSvnelo-

vania zRbruli gadineba — perkolaciuri aris gamtari komponentis minima-

luri koncentracia.  

Cveulebriv, ionuri transporti gulisxmobs ionebis SemTxveviT gadaad-

gilebas vakansiuri meqanizmiT, amitom perkolaciis procesi ar SeiZleba 

ganxorcieldes regularul kristalSi. aqedan gamomdinare, superionuri 

gamtarebi Seqmnilia kompoziciuri masalebisgan. 

ukanasknel xans intensiurad iswavleba vercxlis iodidi, rogorc mcire 

dispersiuli kristalebis superionuri gamtari. is aseve gamoiyeneba nano-

mavTulebis saxiT. superionuri gamtari AgI mzaddeba aluminis anoduri oq-

sidis safuZvelze, romelSic legirebulia nanomavTuli. mimdinareobs samu-
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Saoebi AgI-Si dieleqtrikuli mudmivis da Siga winaaRmdegobis Sesacvlelad 

masSi titanisa da bismutis ionebis SereviT. 

sakontrolo kiTxvebi: 

1. rogor elements warmoadgens ionistori? 

2. aRwereT ionistorSi ormagi eleqtruli Sris warmoqmnis meqanizmi; 

3. rogoria aqtivirebuli naxSiri? 

4. rogor muSaobs ionistori? 

5. rogoria ionistoris ekvivalenturi sqema? 

6. ra parametrebiT xasiaTdeba ionistori? 

7. sad SeiZleba ionistoris gamoyeneba? 
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