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EISAGWGH

Ta teleutaÐa qrìnia kainotìmec efarmogèc ston tomèa thc nanoteqnologÐac èqoun
strèyei to endiafèron stic idiìthtec metafor�c twn monodi�statwn (1D) susth-
m�twn. Nanoswl nec �njraka, nanosÔrmata kai ag¸gima organik� mìria, ìpwc to
DNA,   kai polumer  apoteloÔn ta plèon uposqìmena 1D sust mata gia nano-
teqnologikèc efarmogèc. To DNA jewreÐtai �stoiqeÐo-kleidÐ� sthn “bottom-up”
nanoteqnologÐa. Oi monadikèc idiìthtec tou DNA, to kajistoÔn èna apì ta pio
shmantik� stoiqeÐa sto pedÐo twn moriak¸n nanokataskeu¸n kai nanodiat�xewn.
'Hdh mìria DNA qrhsimopoioÔntai gia th dhmiourgÐa DNA labÐdwn (tweezers) kai
walking devices, se moriakoÔc diakìptec kai mn mec, DNA aisjht rec, nanosÔr-
mata kai logik� kukl¸mata wc kai DNA upologistikèc mhqanèc. EpÐshc, h efar-
mog  polumerik¸n in¸n kai nanoswl nwn wc stoiqeÐa nanohlektronik¸n diat�xewn
apoteleÐ prìklhsh ston tomèa thc nanoteqnologÐac. Lept� umènia apì polumeri-
smènec nanoònec èqoun epideÐxei exairetik  apìdosh, ìswn afor� thn euaisjhsÐa kai
to qrìno apìkris c touc, kat� th qr sh touc wc aisjht rec aerÐwn, en¸ ag¸gima
nanosÔrmata met� apì hlektroqhmikì polumerismì èqoun th dunatìthta na qrhsi-
mopoihjoÔn wc nanoakÐdec se ojìnec.

H gn¸sh twn mhqanism¸n metafor�c pou eÐnai upeÔjunoi gia th metroÔmenh hlek-
trik  agwgimìthta mporeÐ na katast sei touc ereunhtèc ikanoÔc na qrhsimopoi soun
aut� ta ulik� se epanastatikèc efarmogèc   kai sth beltÐwsh twn  dh uparqous¸n.
Wc ek toÔtou ènac suneq¸c auxanìmenoc arijmìc peiram�twn kai jewrhtik¸n diereu-
n sewn anafèretai stic hlektrikèc idiìthtec monodi�statwn susthm�twn. H pijan 
Ôparxh �ataxÐaς� sta sust mata aut� kaj¸c kai h isqur  allhlepÐdrash twn for-
tismènwn forèwn me to �plègma� mporoÔn na èqoun wc apotèlesma th dhmiourgÐa
entopismènwn katast�sewn kaj¸c kai thn autopagÐdeush tou forèa. Ta parap�nw
ephre�zoun dramatik� to mhqanismì metafor�c, kai sunep¸c th sumperifor� thc
hlektrik c agwgimìthtac tou ulikoÔ. H sumperifor� thc hlektrik c agwgimìthtac
exart�tai epÐshc apo exwgeneÐc par�gontec ìpwc h metabol  thc jermokrasÐac kai
tou efarmozìmenou hlektrikoÔ pedÐou.
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Sth diejn  bibliografÐa anafèrontai diereun seic thc sumperifor�c thc hlek-
trik c agwgimìthtac sunart sei thc jermokrasÐac   tou hlektrikoÔ pedÐou ulik¸n
ta opoÐa emfanÐzoun ta parap�nw qarakthristik�. Wstìso, oi proteinìmenec ermh-
neÐec twn parathroÔmenwn sumperifor¸n gÐnontai kurÐwc se fainomenologik  b�sh
kai mèqri s mera up�rqei kenì leptomeroÔc jewrhtik c an�lushc h opoÐa na lam-
b�nei analutik� upìyh tìso thn ataxÐa ìso kai to eÐdoc twn forèwn kai na katal gei
se analutikèc ekfr�seic gia thn ex�rthsh thc hlektrik c agwgimìthtac tìso apì
th jermokrasÐa ìso kai apo to hlektrikì pedÐo. H paroÔsa diatrib  filodoxeÐ na
kalÔyei autì to kenì.

AntikeÐmeno thc diatrib c eÐnai h melèth thc hlektrik c agwgimìthtac monodi-
ast�twn at�ktwn susthm�twn sta opoÐa h metafor� fortÐou gÐnetai me �lmata
mikr¸n polaronÐwn. H sqetik  diereÔnhsh parousi�zetai se trÐa kef�laia.

Sto Kef�laio 1 melet�tai h wmik  sumperifor� thc hlektrik c a-
gwgimìthtac monodiast�twn at�ktwn susthm�twn. Parousi�zontai oi
sunj kec k�tw apì tic opoÐec dhmiourgeÐtai èna mikrì polarìnio kai oi mikroskopikoÐ
mhqanismoÐ metafor�c tou. To “Genikeumèno Moriakì Krustallikì Montèlo”, to
opoÐo apoteleÐ èna realistikì montèlo gia thn perigraf  thc kÐnhshc tou mikroÔ po-
laronÐou se �takta sust mata, qrhsimopoieÐtai mazÐ me th “JewrÐa thc grammik c
apìkrishς” gia ton upologismì thc �mikroskopik ς� agwgimìthtac enìc �taktou
sust matoc, tìso gia thn perioq  twn uyhl¸n ìso kai qamhl¸n jermokrasi¸n, e-
farmìzontac qamhl c èntashc hlektrik� pedÐa (wmik  sumperifor�). Gia th met�ba-
sh apì th �mikroskopik � an�lush ston upologismì thc �makroskopik�� metroÔmenhc
hlektrik c agwgimìthtac, h JewrÐa Diafug c eÐnai to �ergaleÐo� pou qrhsimopoieÐ-
tai. Oi genikèc arqèc thc JewrÐac Diafug c parousi�zontai sunoptik�. Par�
to gegonìc ìti h apousÐa twn susqetism¸n metaxÔ twn diadoqik¸n alm�twn tou
forèa eÐnai mia apodekt  pr¸th prosèggish, lamb�nontac upìyh oti se èna �takto
sÔsthma oi enèrgeiec twn �plegmatik¸n� shmeÐwn den eÐnai Ðdiec, ephre�zontac ta
eiserqìmena all� kai exerqìmena �lmata proc kai apì aut�, diereun�tai h epÐdrash
aut¸n twn susqetism¸n sth sumperifor� thc hlektrik c agwgimìthtac, wc mia
pio realistik  prosèggish. H jewrhtik  an�lush pou parousi�zetai odhgeÐ se
analutik� apotelèsmata gia thn ex�rthsh thc hlektrik c agwgimìthtac apì th
jermokrasÐa, tìso gia thn perioq  twn uyhl¸n ìso kai gia thn perioq  twn qamhl¸n
jermokrasi¸n, lamb�nontac upìyh fainìmena susqetism¸n.

Kaj¸c, h poluplokìthta thc dom c tou DNA eÐnai pijanì na eunoeÐ fainìmena
susqetism¸n metaxÔ twn diadoqik¸n alm�twn twn forèwn, ta analutik� apotelè-
smata thc prohgoÔmenhc diereÔnhshc efarmìzontai me epituqÐa sta plèon axiìpista
peiramatik� dedomèna anaforik� me th jermokrasiak  ex�rthsh thc hlektrik c agw-
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gimìthtac stic uyhlèc jermokrasÐec kai apokalÔptetai h epÐdrash twn susqetism¸n
sth jermokrasiak  ex�rthsh thc agwgimìthtac kai sth mègisth apìstash met�bashc
twn forèwn.

Sto Kef�laio 2 melet�tai h mh-wmik  sumperifor� thc hlektrik c
agwgimìthtac twn monodiast�twn at�ktwn susthm�twn. Sthn an�lu-
sh tou prohgoÔmenou kefalaÐou to hlektrikì pedÐo jewreÐtai oti dr� apl¸c wc
�odhgìc dÔnamh� (driving force) sto sÔsthma, dhlad  oti eÐnai arket� qamhl c è-
ntashc me apotèlesma h agwgimìthta na exart�tai apokleistik� apì th jermokrasÐa
(wmik  sumperifor�) kai ta �lmata tou forèa na diegeÐrontai mìno jermik� (thermally-
assisted hopping). Sthn perÐptwsh pou to efarmozìmeno hlektrikì pedÐo eÐnai
mètriac èntashc tìte sumb�llei apofasistik� sth sumperifor� thc hlektrik c a-
gwgimìthtac par�llhla me th jermokrasÐa prokal¸ntac th met�bash thc hlektrik c
agwgimìthtac apì thn wmik  sth mh-wmik  sumperifor�. H jewrhtik  an�lush
katal gei sthn analutik  èkfrash gia thn ex�rthsh thc hlektrik c agwgimìthtac
kai thc mègisthc apìstashc met�bashc apì th jermokrasÐa kai mètriac èntashc hlek-
trikì pedÐo, tìso gia tic uyhlèc ìso kai gia tic qamhlèc jermokrasÐec, agno¸ntac
  kai lamb�nontac upìyh touc susqetismoÔc.

Ta apotelèsmata thc jewrhtik c an�lushc efarmìzontai me epituqÐa se peira-
matik� dedomèna pou aforoÔn th sumperifor� thc hlektrik c agwgimìthtac 1D
polumer¸n.

Sto Kef�laio 3 melet�tai h epÐdrash uyhl c èntashc hlektrik¸n
pedÐwn sthn hlektrik  agwgimìthta twn monodiast�twn at�ktwn
susthm�twn. H prohgoÔmenh diereÔnhsh genikeÔetai me skopì th melèth thc
epÐdrashc hlektrik¸n pedÐwn opoiasd pote èntashc sth sumperifor� thc hlek-
trik c agwgimìthtac kai idiaÐtera thn epÐdrash uyhl c èntashc hlektrik¸n pedÐ-
wn, par�llhla me th jermokrasÐa. Lamb�nontac upìyh thn �kateujuntikìthta�
tou hlektrikoÔ pedÐou sto mhqanismì metafor�c diereun�tai me arijmhtikoÔc upo-
logismoÔc h sumperifor� thc hlektrik c agwgimìthtac parousÐa uyhl c èntashc
hlektrik¸n pedÐwn, o antagwnistikìc   sunergatikìc rìloc tou hlektrikoÔ pedÐou
me th jermokrasÐa, kaj¸c kai h epÐdrash thc puknìthtac katast�sewn kai thc
qwrik c èktashc thc kumatosun�rthshc tou mikroÔ polaronÐou, tìso gia tic uyh-
lèc ìso kai gia tic qamhlèc jermokrasÐec.

Sto Par�rthma Aþ parousi�zetai h epÐdrash twn susqetism¸n sth mh-wmik 
sumperifor� thc hlektrik c agwgimìthtac 3D at�ktwn susthm�twn dedomènou ìti
mèqri s mera den eÐqe parousiasteÐ sth diejn  bibliografÐa.
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Abstract

In the present thesis, we investigate the effect of the temperature and the electric
field on the electrical conductivity of one-dimensional (1D) disordered system-
s due to phonon-assisted hopping of small polarons. The microscopic transport
mechanism is treated within the framework of the Generalized Molecular Crystal
Model and the Kubo formula. Percolation theoretical arguments lead to analyti-
cal expressions for the macroscopic behavior of the electrical conductivity and the
maximum hopping distance, taking into account the effect of correlations, at high
(multiphonon-assisted hopping) and low (few phonon-assisted hopping) tempera-
tures, under the influence of low electric fields (ohmic behavior). The analytical
results obtained are applied to the experimental data reported on the strong tem-
perature dependance of the electrical conductivity of DNA molecules, observed
at high temperatures. Our results reproduce satisfactorily the experimental data
reported on λ−DNA and poly(dA)-poly(dT) DNA molecules, considering DNA
as a one-dimensional disordered molecular wire in which small polarons are the
charge carriers, and the estimated values for the maximum hopping distances in-
dicate that correlation effects are probably responsible for the long range charge
transport observed in DNA.

Analytical expressions for the temperature and the (moderate) electric field
dependance of the conductivity and the maximum hopping distance, at high and
low temperatures, are also obtained. Our results are successfully applied to re-
cent experimental findings on 1D polydiacetylene (PDA-PTS) samples for a wide
temperature range and moderate electric fields. Our theoretical analysis reveals
the effect of correlations on the non-ohmic behavior of the small polaron hopping
conductivity.

Finally, our theoretical analysis is generalized in order to investigate the effect
of electric fields of any intensity on the behavior of the electrical conductivity, and
especially the effect of strong electric fields, along with the temperature. Taking
into account the �directionality� imposed by the electric field on the transport
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mechanism, we investigate, applying numerical calculations, the behavior of the
conductivity under the influence of strong electric fields. The competitive role of
the electric field and the temperature, for high and low temperatures, is revealed.
The influence of the density of states and the localization length on the small
polaron hopping conductivity in 1D disordered systems is also presented.
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Kef�laio 1

WMIKH SUMPERIFORA THS
HLEKTRIKHS AGWGIMOTHTAS
MONODIASTATWN ATAKTWN
SUSTHMATWN

1.1 Mikroskopik  sumperifor� thc
hlektrik c agwgimìthtac

'Atakta   �morfa onom�zontai ta mh-krustallik� ulik� pou qarakthrÐzontai apì
èlleiyh periodikìthtac se makroskopik  klÐmaka. En¸ up�rqoun k�poioi topikoÐ
sqhmatismoÐ geitonik¸n atìmwn sto ulikì, oi opoÐoi protim¸ntai apì �llouc, den up-
�rqei t�xh pou na ekteÐnetai se meg�lh èktash. Eidik�, h apousÐa �eureÐac èktashς�
t�xhc, h pijan  parousÐa �ken¸n�, orÐwn �llwn sustatik¸n   prosmÐxewn, sune-
isfèroun sthn epibol  enìc �pedÐou ataxÐaς� (disorder field) p�nw sto �kurÐarqo
sustatikì� tou sust matoc. 'Etsi, to perib�llon pou epidr� ston forèa kaj¸c
kineÐtai metaxÔ �sqedìn-isodÔnamwn� shmeÐwn, genik� all�zei. H Ôparxh tou �pedÐou
ataxÐaς�, genn� orismèna erwthmatik�, ìpwc:

P¸c ephre�zetai h kÐnhsh enìc forèa metaxÔ dÔo geitonik¸n shmeÐwn, ìtan aut�
den eÐnai isodÔnama; Gia meg�lh ataxÐa o forèac entopÐzetai, dhlad  kajÐstatai
anÐkanoc na kinhjeÐ gia T = 0K [1].

An o forèac mporèsei na kinhjeÐ, aux�nontac th jermokrasÐa, se poiì shmeÐo ja
kinhjeÐ; Dhlad  poi� diadrom  ja akolouj sei kai pìso gr gora ja kinhjeÐ; Autì
apoteleÐ thn kentrik  er¸thsh sth �JewrÐa Diafug ς� (Percolation Theory).

Tèloc, se tÐ bajmì mporeÐ h parousÐa enìc forèa se èna tètoio sÔsthma na
all�xei thn kat�stash sthn opoÐa brÐsketai to plegmatikì shmeÐo sto opoÐo egka-
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jÐstatai allhlepidr¸ntac isqur� me autì; H ap�nthsh sto er¸thma autì eis�gei
thn ènnoia thc �autopagÐdeushς� (self-trapping) enìc forèa.

Ta �plegmatik�� shmeÐa twn sunist¸ntwn to sÔsthma sustatik¸n eÐnai katanemh-
mèna �tuqaÐa� me apotèlesma th dhmiourgÐa entopismènwn katast�sewn oi opoÐec
leitourgoÔn wc pagÐdec twn fortismènwn forèwn. Par�llhla h tuqaiìthta tou en-
ergeiakoÔ perib�llontoc k�je �plegmatikoÔ� shmeÐou epib�llei �ataxÐa� stic topikèc
enèrgeiec tou forèa se k�je �plegmatikì� shmeÐo, dhlad  sthn enèrgeia pou ja eÐqe
o forèac se autì ex aitÐac tou perib�llontìc tou e�n den ephrèaze thn kat�stash
tou �plegmatikoÔ� shmeÐou pou ton filoxeneÐ. Ean h allhlepÐdrash me to plègma
eÐnai idiaÐtera isqur , me apotèlesma na entopÐzetai topik� se mikr  èktash, kaj¸c
kai h dunatìtht� tou na metafèretai apì �plegmatikì� shmeÐo se �plegmatikì� shmeÐo,
jermik� upobohjoÔmenoc, metafèrontac thn paramìrfwsh tou shmeÐou apì to opoÐo
pro lje sto nèo �plegmatikì� shmeÐo, dÐnei sto forèa idiaÐtera qarakthristik� enìc
yeudoswm�tiou to opoÐo onom�zetai “mikrì polarìnio”. Sto sugkekrimèno upoke-
f�laio parousi�zontai oi sunj kec k�tw apì tic opoÐec dhmiourgeÐtai èna mikrì po-
larìnio kai oi mikroskopikoÐ mhqanismoÐ metafor�c tou apì èna �plegmatikì� shmeÐo
se èna �llo. Parousi�zetai epÐshc to Genikeumèno Moriakì Krustallikì Montèlo
(G.M.C.M) pou apoteleÐ èna realistikì montèlo gia thn perigraf  thc kÐnhshc tou
mikroÔ polaronÐou se �takta sust mata. To montèlo autì, mazÐ me thn efarmog 
thc “JewrÐac thc grammik c apìkrishc”, h opoÐa katal gei ston tÔpo tou Kubo,
odhgeÐ ston upologismì thc mikroskopik c agwgimìthtac enìc �taktou sust matoc,
σij, kata th met�bash tou mikroÔ polaronÐou apì èna �plegmatikì� shmeÐo i se è-
na energeiak� mh-isodÔnamo j, se apìstash rij, kai telik� ston endogen  rujmì
met�bashc tou forèa, γij, pou diaforopoieÐtai ex aitÐac tou diaforetikoÔ trìpou
energopoÐhshc tou mhqanismoÔ metafor�c tou mikroÔ polaronÐou an�loga me thn
perioq  jermokrasi¸n sthn opoÐa anaferìmaste.

1.1.1 To mikrì polarìnio

O L. D. Landau [2]  tan o pr¸toc pou eis gage thn ènnoia thc �autopagÐdeushς�
tou hlektronÐou wc th diadikasÐa kat� thn opoÐa to hlektrìnio entopÐzetai se mia
perioq  tou q¸rou lìgw thc hlektrostatik c fÔsewc allhlepÐdras c tou me ta
iìnta enìc polikoÔ krust�llou. H epÐdrash twn dun�mewn Coulomb metaxÔ tou
forèa kai twn iìntwn odhgeÐ sthn emf�nish pìlwshc ston krÔstallo kai ton sqh-
matismì phgadioÔ dunamikoÔ me telikì apotèlesma ton entopismì tou forèa. O ìroc
“polaron” pro lje arqik� apì èna tètoio montèlo, sto opoÐo to phg�di dunamikoÔ
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dhmiourgeÐtai apokleistik� apì thn allhlepÐdrash metaxÔ tou forèa kai twn dipìl-
wn tou optikoÔ kl�dou enìc polikoÔ krust�llou.

Wstìso, h ènnoia thc �autopagÐdeushς� den periorÐzetai se polikoÔc krust�l-
louc. Se mh-polikoÔc krust�llouc h isqur  allhlepÐdrash hlektronÐou-plègmatoc
se topik  klÐmaka odhgeÐ sth dhmiourgÐa enìc perioristikoÔ dunamikoÔ sto opoÐo o
forèac �autopagideÔetai� katalamb�nontac dèsmiec katast�seic. O forèac metafère-
tai me �lmata (hopping) jermik� upobohjoÔmenoc apì fwnìnia apì �plegmatikì�
shmeÐo se �plegmatikì� shmeÐo anair¸ntac thn paramìrfwsh tou prohgoÔmenou kai
epib�llontac paramìrfwsh sto nèo shmeÐo sto opoÐo metafèretai. E�n h kumato-
sun�rthsh tou forèa eÐnai entopismènh se èna �plegmatikì� shmeÐo, to oioneÐ autì
swmatÐdio qarakthrÐzetai wc mikrì polarìnio.

O N. F. Mott [3] qrhsimopoÐhse èna aplousteumèno montèlo prokeimènou na up-
ologÐsei thn enèrgeia dèsmeushc (binding energy), Eb, kai thn enèrgeia �lmatoc tou
polaronÐou (polaron hopping energy), WH , se èna monodi�stato plègma tou opoÐou
ta �plegmatik�� shmeÐa apoteloÔntai apì Ðdia diatomik� mìria pou talant¸nontai.
H talantwtik  enèrgeia tou i-morÐou (i=1, 2), qwrÐc thn prosj kh k�poiou hlek-
tronÐou, dÐnetai apì thn exÐswsh

E =
1

2
Mω2

0q
2
i , (1.1)

ìpou qi perigr�fei thn endoatomik  apìstash sto k�je mìrio. Upojètontac ìti gia
èna hlektrìnio pou topojeteÐtai sto 1-mìrio h dunamik  tou enèrgeia lìgw allh-
lepÐdrashc me to sugkekrimèno mìrio eÐnai grammik  sun�rthsh thc endoatomik c tou
apìstashc apì th jèsh isorropÐac (−Aq1), h talantwtik  enèrgeia thc mon�dac pou
apoteleÐtai apì to 1-mìrio kai to exwterikì hlektrìnio dÐnetai apì thn exÐswsh

E =
1

2
Mω2

0q
2
1 − Aq1, (1.2)

h opoÐa gÐnetai el�qisth ìtan q1 = q0, ìpou

dE

dqi

∣∣∣∣∣
q1=q0

= 0 ⇒ q0 =
A

Mω2
0

, (1.3)

H tim  thc enèrgeiac thc mon�dac pou apoteleÐtai apì to 1-mìrio kai to hlektrìnio,
mporeÐ t¸ra na grafteÐ wc

Emin =
1

2
Mω2

0q
2
0 − Aq0 = −1

2

A2

Mω2
0

= −Eb, (1.4)
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Sq ma 1.1: Dunamik  enèrgeia sust matoc morÐou-hlektronÐou.

ìpou Eb = 1
2
Mω2

0q
2
0 = A2

2Mω2
0
h enèrgeia dèsmeushc tou mikroÔ polaronÐou (sq ma

1.1).
Sunep¸c, to sÔsthma mìrio-hlektrìnio sumperifèretai wc ènac armonikìc ta-

lantwt c me metatopismèno to shmeÐo isorropÐac tou kat� q0 kai enèrgeia Ðsh me

E =
1

2
Mω2

0(q1 − q0)
2 − Eb. (1.5)

Gia na phd xei o forèac apì to 1-mìrio sto 2-mìrio ja prèpei ta q1 kai q2 na
eÐnai tètoia ¸ste h enèrgeia tou hlektronÐou na eÐnai Ðdia se kajèna apì ta mìria
(coincident event). Dhlad ,

Aq1 = Aq2 ⇒ q1 = q2 = q. (1.6)

Oi enèrgeiec pou apaitoÔntai ¸ste ta mìria 1 kai 2 na brejoÔn se mia diamìrfwsh
tètoia ¸ste q1 = q2 = q eÐnai antÐstoiqa 1

2
Mω2

0(q − q0)
2 kai 1

2
Mω2

0q
2, oi opoÐec

prostÐjentai se mia telik  enèrgeia WH

WH =
1

2
Mω2

0(q − q0)
2 +

1

2
Mω2

0q
2. (1.7)
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Aut  eÐnai el�qisth ìtan

q =
1

2
q0, (1.8)

opote,

WH,min =
1

4

A2

Mω2
0

=
Eb

2
. (1.9)

Aut  eÐnai h enèrgeia energopoÐhshc gia thn pragmatopoÐhsh enìc �lmatoc kai ek-
fr�zei thn pijanìthta ana mon�da qrìnou èna hlektrìnio na phd sei apì to èna
mìrio sto �llo, h opoÐa eÐnai an�logh tou exp(−WH/kBT ).

Dedomènou ìti to sqhmatizìmeno mikrì polarìnio mporeÐ na brejeÐ se opoiad -
pote apì tic gewmetrik� isodÔnamec jèseic tou krust�llou, anamènetai o sqhma-
tismìc energeiak c z¸nhc gia to mikrì polarìnio (small polaron band) (sq ma
1.2). Apì thn efarmog  thc tight binding prosèggishc prokÔptei ìti to eÔroc

Sq ma 1.2: Energeiak  z¸nh mikroÔ polaronÐou.

aut c thc z¸nhc isoÔtai me to ginìmeno tou oloklhr¸matoc metafor�c, J , twn
hlektroniak¸n kumatosunart sewn epÐ èna olokl rwma talantwtik c epik�luyh-
c. To deÔtero olokl rwma eÐnai polÔ mikrì, opìte h energeiak  z¸nh tou mikroÔ
polaronÐou eÐnai polÔ sten .

Genik�, up�rqoun duo dunatèc proseggÐseic gia tic idiokatast�seic enìc forèa
se èna plègma pou dÔnatai na paramorfwjeÐ:

• H “Rigid Solid” prosèggish ìpou o forèac kineÐtai diamèsou tou ulikoÔ qwrÐc
na prokaleÐ ousiastikèc metatopÐseic twn atìmwn gÔrw tou (weak coupling).
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• H prosèggish tou mikroÔ polaronÐou, ìpou to hlektrìnio allhlepidr� isqur�
me to plègma kai prokaleÐ metatopÐseic sta geitonik� tou �toma (strong cou-
pling).

O qrìnoc pou o forèac, o opoÐoc sqetÐzetai me mia z¸nh eÔrouc ∼ J , mporeÐ na
meÐnei periorismènoc se èna �plegmatikì� shmeÐo se enan krÔstallo eÐnai ∼ h̄/J kai
autìc eÐnai o diajèsimoc qrìnoc gia ton forèa ¸ste na epidr�sei sto plègma kai na
prokalèsei allag  sth jèsh twn geitonik¸n tou atìmwn. E�n h tim  tou ìrou∼ h̄/J
eÐnai mikr , dhlad  o forèac kineÐtai polÔ gr gora, ta �toma den prolabaÐnoun
na antidr�soun sthn parousÐa tou forèa kai isqÔei h “Rigid Solid” prosèggish
akìma kai an h allhlepÐdrash hlektronÐou-plègmatoc eÐnai arket� isqur . AntÐjeta,
an o forèac spatal� polÔ qrìno sth geitoni� enìc sugkekrimènou �plegmatikoÔ�
shmeÐou autopagideÔetai, h “Rigid Solid” prosèggish apotugq�nei kai sqhmatÐzetai
èna mikrì polarìnio.

Sta mh-krustallik� ulik� o rìloc thc ataxÐac eÐnai dittìc. Apì th mÐa pleur�
eujÔnetai gia thn Ôparxh perioq¸n pou entopÐzoun touc foreÐc kai apì thn �ll-
h leitourgeÐ wc par�gontac aÔxhshc tou qrìnou pou o forèac brÐsketai se èna
�plegmatikì� shmeÐo. Sugkekrimèna, o qrìnoc autìc eÐnai ∼ h̄/fJ , ìpou o ìroc
f paÐrnei thn tim  f ∼ 1 gia ton idanikì krÔstallo kai h tim  tou mei¸netai ka-
j¸c aux�nei h ataxÐa. Kat� sunèpeia, eÐnai logikì na sumper�nei kaneÐc ìti se èna
�morfo stereì merikèc toul�qiston apì tic katast�seic pou mporeÐ na katal�bei o
forèac ja eÐnai polaronikoÔ tÔpou. AntÐjeta, se èna krustallikì stereì, h Ôparxh
mikr c ataxÐac kai sunep¸c entopismènwn katast�sewn apoteleÐ apl  èndeixh thc
dhmiourgÐac mikr¸n polaronÐwn kai saf  ap�nthsh sto er¸thma autì mporoÔn na
d¸soun oi metr seic twn idiot twn thc hlektrik c metafor�c.

H kÐnhsh enìc polaronÐou se ènan idanikì krÔstallo mporeÐ na gÐnei:

1. QwrÐc allag  ston plhjusmì twn fwnonÐwn (vibration quantum numbers).
Oi metab�seic tou polaronÐou se nèec jèseic onom�zontai �diag¸niec metab�seiς�
kai h kÐnhs  tou anafèretai wc “band-like motion”.

2. Me allag  ston plhjusmì twn fwnonÐwn. O forèac prokeimènou na k�nei èna
�lma upobohj�tai energeiak� apì thn talantwtik  enèrgeia tou plègmatoc. Oi
metab�seic qarakthrÐzontai wc �mh-diag¸niec metab�seiς� kai h kÐnhsh anafère-
tai wc “small polaron hopping motion”.

Kai oi duo mhqanismoÐ kÐnhshc suneisfèroun sthn eukinhsÐa tou mikroÔ po-
laronÐou. Se jermokrasÐa T = 0K kurÐarqoc mhqanismìc eÐnai h “band-like mo-
tion”, en¸ kaj¸c h jermokrasÐa aux�nei h suneisfor� tou mhqanismoÔ autoÔ mei¸ne-
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tai mèqri pou gia arket� uyhlèc jermokrasÐec h kÐnhsh tou polaronÐou qarakthrÐze-
tai kurÐwc apì �lmata. H met�bash apì ton èna mhqanismì ston �llo ofeÐletai
sth jermokrasiak  ex�rthsh tou eÔrouc z¸nhc tou mikroÔ polaronÐou. To eÔroc
z¸nhc tou mikroÔ polaronÐou eÐnai an�logo tou Je−S, ìpou e−S to olokl rwma
talantwtik c epik�luyhc kai S par�metroc pou exart�tai apì ton plhjusmì twn
fwnonÐwn. Kat� sunèpeia, stic uyhlèc jermokrasÐec h aÔxhsh tou ìrou S sunep�ge-
tai meÐwsh tou eÔrouc z¸nhc kai met�bash twn polaronÐwn mèsw hopping.

Wstìso, epeid  h z¸nh tou mikroÔ polaronÐou eÐnai exairetik� sten  mporeÐ
eÔkola kaneÐc na odhghjeÐ sto sumpèrasma ìti h Ôparxh opoiasd pote ataxÐac ja
èqei wc apotèlesma h z¸nh tou polaronÐou na apoteleÐtai mìno apì entopismènec
katast�seic Anderson kai na mhn ufÐstatai o �band-like� mhqanismìc kÐnhshc.

1.1.2 �Genikeumèno Moriakì Krustallikì Montèlo�
-Upologismìc tou endogenoÔc rujmoÔ met�bashc

Gia th melèth thc kÐnhshc tou mikroÔ polaronÐou se èna moriakì krÔstallo o T.
Holstein [4] eis gage to 1959 to “Moriakì Krustallikì Montèlo” (M.C.M). To
montèlo autì eÐnai kat�llhlo gia thn perigraf  thc kÐnhshc tou mikroÔ polaronÐou
se èna krustallikì (ordered) sÔsthma ìpou ìla ta �plegmatik�� shmeÐa eÐnai en-
ergeiak� isodÔnama. Aut  h energeiak  isodunamÐa ekfr�zetai apì th sqèsh

εi(0) = εj(0) = 0, (1.10)

ìpou me εi(0) (εj(0)) sumbolÐzetai h topik  hlektroniak  enèrgeia, h opoÐa orÐzetai
wc h enèrgeia tou hlektronÐou sto �plegmatikì� shmeÐo ri (rj), apotèlesma thc
epÐdrashc tou perib�llontoc, jewr¸ntac ìti o forèac den ephrèazei thn kat�stash
tou �plegmatikoÔ� shmeÐou to opoÐo ton filoxeneÐ.

Par�llhla, sÔmfwna me to M.C.M, h stajer� allhlepÐdrashc hlektronÐou-
plègmatoc, A, paramènei Ðdia kaj¸c o forèac kineÐtai apì �plegmatikì� shmeÐo se
�plegmatikì� shmeÐo,

Ai = Aj = A. (1.11)

Prokeimènou na melethjeÐ h kÐnhsh tou mikroÔ polaronÐou se èna �takto sÔsth-
ma, ìpou oi topikèc hlektroniakèc enèrgeiec diafèroun apì �plegmatikì� shmeÐo
se �plegmatikì� shmeÐo, oi G. P. Triberis kai L. R. Friedman [5�7] eis gagan
to “Genikeumèno Moriakì Krustallikì Montèlo” (G.M.C.M) wc genÐkeush tou
M.C.M. To montèlo autì perigr�fetai sunoptik� sth sunèqeia.
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To sÔsthma apoteleÐtai apì N diatomik� mìria. K�je mìrio ektìc apì to di�nus-
ma jèshc tou, ri, qarakthrÐzetai kai apì mia configurational coordinate, xi, h opoÐa
antiproswpeÔei thn apìklish thc endoatomik c tou apìstashc apì th jèsh isor-
ropÐac. ExaitÐac thc ataxÐac tou sust matoc oi topikèc hlektroniakèc enèrgeiec den
eÐnai pleìn Ðdiec diafèrontac apì shmeÐo se shmeÐo. Dhl. sÔmfwna me to G.M.C.M,

εi(0)− εj(0) 6= 0. (1.12)

H energeiak  mh-isodunamÐa dÔo �plegmatik¸n� shmeÐwn ephre�zei thn enèrgeia dès-
meushc tou mikroÔ polaronÐou, Eb, to opoÐo entopÐzetai diadoqik� se kajèna apì
aut�, upì thn ènnoia ìti ìso pio qamhl� brÐsketai h topik  hlektroniak  enèrgeia,
tìso megalÔterh eÐnai h enèrgeia dèsmeushc kai sunep¸c pio entopismènh teÐnei na
eÐnai h kumatosun�rthsh tou forèa. Apì thn exÐswsh pou perigr�fei thn enèrgeia
dèsmeushc Eb(i) = 1

N

∑
k (A2

i /2Mω2
k) eÐnai emfanèc ìti dedomènhc thc akamyÐac tou

plègmatoc, pou perigr�fetai apì ton ìro Mω2
k, h diaforopoÐhsh thc enèrgeiac dès-

meushc apì �plegmatikì� shmeÐo se �plegmatikì� shmeÐo sunep�getai diaforopoÐhsh
thc stajer�c allhlepÐdrashc hlektronÐou-plègmatoc, Ai 6= Aj. Sunep¸c, oi hlek-
troniakèc enèrgeiec tou sust matoc hlektrìnio-apomonwmèno mìrio dÐnontai apì tic
exis¸seic

Ei(xi) = εi(0)− Aixi

Ej(xj) = εj(0)− Ajxj. (1.13)

H basik  exÐswsh kÐnhshc gia to montèlo G.M.C.M èqei th morf 

ih̄ ∂
∂t

[α(ri, ...qk...; t)] =
∑

k

[(
− h̄2

2M
∂2

∂qk
2 + 1

2
Mω2

kqk
2
)

−
(

2
N

)1/2
Aiqk sin

(
k · ri + 1

4
π

)
+ εi(0)

]
α(ri, ...qk...; t)

−J
∑

h αri+h, (1.14)

ìpou h = |rj − ri| eÐnai h apìstash metaxÔ twn plhsièsterwn geitìnwn kai ta xi

èqoun ekfrasteÐ se ìrouc kanonik¸n metablht¸n qk

xi =
(

2

N

)1/2 ∑

k

qk sin
(
k · ri +

π

4

)
. (1.15)

Sthn exÐswsh (1.14) o ìroc α(ri, ...qk...; t) ekfr�zei ta pl�th thc sunolik c kumato-
sun�rthshc Ψ(r, ...xi...; t) tou sust matoc, h opoÐa sta plaÐsia thc tight-binding
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prosèggishc gr�fetai wc grammikìc sunduasmìc twn topik¸n hlektroniak¸n ku-
matosunart sewn Φ(r− ri, xi) sta di�fora �plegmatik�� shmeÐa ri

Ψ(r, ...xi...; t) =
∑

i

α(ri, ...qk...; t)Φ(r− ri, xi). (1.16)

To r dhl¸nei th suntetagmènh tou forèa, to h ton plhsièstero geÐtona enìc tuqaÐou
�plegmatikoÔ� shmeÐou ri kai J eÐnai to olokl rwma epik�luyhc (  metafor�c) metaxÔ
geitonik¸n morÐwn pou sthn tight-binding jewrÐa lamb�netai kat� prosèggish sta-
jerì (−J) gia k�je zeÔgoc plhsièsterwn geitìnwn.

Gia J polÔ mikrì h kumatik  exÐswsh mporeÐ na lujeÐ sta plaÐsia thc qronik�
exarthmènhc jewrÐac diataraq¸n. H mhdenik c t�xhc prosèggish, gia J = 0, èqei
idiosunart seic pou perigr�fontai apì thn exÐswsh

α(i)
ri

(...qk...) = δr,ri
χ(i)(...qk...), (1.17)

ìpou ta χ(i) ikanopoioÔn thn exÐswsh idiotim¸n thc enèrgeiac

Eχ(i) =
∑

k

[(
− h̄2

2M

∂2

∂qk
2

+
1

2
Mω2

kqk
2

)

−
(

2

N

)1/2

Aiqk sin
(
k · ri +

π

4

)
+ εi(0)

]
χ(i), (1.18)

h opoÐa mporeÐ na deiqteÐ ìti antiproswpeÔei èna sÔsthma N anex�rthtwn ta-
lantwt¸n (normal modes) me nèec jèseic isorropÐac,

qk
(i) =

(
2

N

)1/2 Ai

Mω2
k

sin
(
k · ri +

π

4

)
. (1.19)

H sqèsh diaspor�c, pou prosdiorÐzei thn ex�rthsh thc suqnìthtac tou k�je trìpou
tal�ntwshc apì to kumat�nusma k eÐnai

ω2
k = ω2

0 +
1

2
ω2

1

∑

h

cos(k · h), (1.20)

ìpou ω0 h armonik  suqnìthta tal�ntwshc kai |k| = 2πp/N me p akèraio tètoio
¸ste −(N − 1)/2 ≤ p ≤ (N − 1)/2 kai N o arijmìc twn �plegmatik¸n� shmeÐwn.

Oi idiosunart seic tou sust matoc dÐnontai wc

χ(i)
nk

(...qk...) =
∏

k

Φnk

[(
Mωk

h̄

)1/2

(qk − qk
(i))

]
, (1.21)
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ìpou Φnk
oi kanonikopoihmènec idiosunart seic tou armonikoÔ talantwt 

Φnk
(z) = (2nknk!π

1/2)−1/2 exp

(
−z2

2

)
Hnk

(z). (1.22)

To {nk} antiproswpeÔei to sÔnolo twn talantwtik¸n kbantik¸n arijm¸n (...., nk, ...)
(vibrational quantum numbers) ìtan o forèac katalamb�nei to �plegmatikì� shmeÐo
me di�nusma jèshc ri kai Hnk

(z) eÐnai ta polu¸numa Hermite. Oi idiotimèc thc
enèrgeiac tou sust matoc dÐnontai apì thn exÐswsh

Ei,{nk} = εi(0)− Eb(i) +
∑

k

h̄ωk

(
nk +

1

2

)
, (1.23)

ìpou
Eb(i) =

∑

k

A2
i

Mω2
k

(
1

N

)
sin2

(
k · ri +

π

4

)
=

1

N

∑

k

A2
i

2Mω2
k

, (1.24)

eÐnai h enèrgeia dèsmeushc tou mikroÔ polaronÐou h opoÐa exart�tai apì to shmeÐo
pou brÐsketai o forèac mèsw thc stajer�c allhlepÐdrashc Ai.

Telik�, oi idiosunart seic mhdenik c t�xhc thc basik c exÐswshc eÐnai

αi,{nk}(ri...qk...) = δri,i

∏

k

Φ{nk}

[(
Mωk

h̄

)1/2

(qk − qk
(i))

]
. (1.25)

Ta stoiqeÐa pÐnaka thc Qamiltonian c tou sust matoc dÐnontai apì thn exÐswsh

〈m|H|n〉 = 〈m|H0 + V |n〉 = Ei,{nk}δijδ{nk},{nk′} + 〈m|V |n〉,

ìpou |n〉 = |i, {nk}〉 oi idiokatast�seic thc Qamiltonian c H, kai H0 h mhdenik c
t�xhc Qamiltonian  (J = 0) me idiotimèc Ei,{nk} pou perigr�fontai apì thn exÐsw-
sh (1.23) kai 〈m|V |n〉 ta stoiqeÐa pÐnaka thc diataraq c (matrix elements of the
overlap part of the Hamiltonian) pou dÐnontai analutik� apì thn exÐswsh [5]

〈m|V |n〉 = 〈rj, {n′k}|V |ri, {nk}〉
= −J

∑

h

δri,ri+h

∏

k

[(
1− (1/N)

(
nk +

1

2

)
1

2Mωk(h̄ωk)

)

×
{
A2

ri+h[1− λ sin(2k · (ri ± h))] + A2
ri
[1− λ sin(2k · ri)]

−2Ari
Ari+h

[
cos(k · ri)− λ sin

(
2k ·

(
ri +

1

2
h

))]}
δn′

k
,nk
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±
(

4

N

)1/2
(

nk + 1
2
± 1

2

2

)1/2
1

21/2M1/2ωk(h̄ωk)1/2

×
{
Ari+h sin

[
k · (ri + h) +

1

4
π

]
− Ari

sin
(
k · ri +

1

4
π

)}

× δn
′
k
,nk±1

]
, (1.26)

ìpou λ = ∓1 an o ìroc k · h eÐnai jetikìc   arnhtikìc, antÐstoiqa.
Oi exis¸seic (1.23) kai (1.24) katadeiknÔoun ta basik� qarakthristik� tou

G.M.C.M ta opoÐa eÐnai

1. qwrik�-exarthmènh topik  hlektroniak  enèrgeia, εi(0).

2. qwrik�-exarthmènh stajer� allhlepÐdrashc hlektronÐou-plègmatoc, Ai, kai
antÐstoiqa enèrgeia dèsmeushc, Eb(i).

Apì ta stoiqeÐa pÐnaka thc diataraq c upologÐzontai ta stoiqeÐa tou tanust 
thc �mikroskopik ς� taqÔthtac tou mikroÔ polaronÐou apì thn exÐswsh [8,9]

uij = 〈m|u|n〉 =
(

i

h̄

)
〈m|V |n〉(rj − ri). (1.27)

Ta stoiqeÐa pÐnaka tou tanust  thc hlektrik c puknìthtac reÔmatoc anex�rthtwn
forèwn sugkèntrwshc nc pou kinoÔntai me taqÔthta u eÐnai

Jij = nceuij. (1.28)

Opìte, h �mikroskopik � agwgimìthta gia èna mikrì polarìnio pou metakineÐtai
metaxÔ duo energeiak� mh-isodÔnamwn �plegmatik¸n� shmeÐwn i kai j mporeÐ na up-
ologisteÐ apì ton tÔpo tou Kubo [10],

σij =
∫ ∞

0
dt

∫ β

0
dρ〈J(−ih̄ρ)J(t)〉, (1.29)

ìpou β = 1/kBT , ta 〈...〉 dhl¸noun to jermikì mèso ìro kai 〈J(−ih̄ρ)J(t)〉 eÐnai h
sun�rthsh susqetismoÔ reÔmatoς-reÔmatoς (current-current correlation function)
pou mporeÐ na ekfrasteÐ se ìrouc idiokatast�sewn tou sust matoc

〈J(−ih̄ρ)J(t)〉 =
1

Z

∑
n

exp(−βEn)〈n| exp(H0ρ)J(−H0ρ)

· exp
(

iH0t

h̄

)
J exp

(−iH0t

h̄

)
|n〉, (1.30)
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ìpou |n〉, En h idiokat�stash kai idiotim  antÐstoiqa thc adiat�rakthc Qamiltoni-
an c H0 tou sust matoc, Z =

∑
n exp(−βEn) h kanonik  sun�rthsh epimerismoÔ

tou sust matoc, kai oi telestèc J(−ih̄ρ) kai J(t) ekfr�zontai sthn eikìna tou
Heisenberg.

O rujmìc me ton opoÐo pragmatopoieÐ �lmata o forèac sundèetai me th stajer�
di�qushc D mèsw thc exÐswshc

Lij =
Dij

h2
. (1.31)

'Omwc, apì th sqèsh tou Einstein, Dij = µij/eβ, ìpou e to fortÐo tou hlek-
tronÐou, o prosdiorismìc thc stajer�c di�qushc an�getai ston upologismì thc eu-
kinhsÐac µij, h opoÐa sundèetai me thn agwgimìthta mèsw thc exÐswshc σij = nceµij.
Sunep¸c, gia to rujmì alm�twn prokÔptei h exÐswsh

Lij =
kBT

nce2h2
σij. (1.32)

Jewr¸ntac ìti h ex�rthsh tou rujmoÔ apì thn apìstash twn �plegmatik¸n�
shmeÐwn metaxÔ twn opoÐwn pragmatopoieÐtai to k�je �lma, Rij, perigr�fetai apì
ton ìro exp(−2αRij) [11] (α−1 eÐnai h qwrik  èktash thc entopismènhc hlektroni-
ak c kumatosun�rthshc) o endogen c rujmìc met�bashc (intrinsic transition rate),
γ0

ij, gia èna polarìnio pou kineÐtai mèsw alm�twn apì èna �plegmatikì� shmeÐo i se
èna �llo mh-kateillhmèno j ja dÐnetai apì thn exÐswsh

γij = exp(−2αRij)Lij. (1.33)

DiakrÐnoume dÔo perioqèc jermokrasi¸n [5, 6]:

I. Perioq  uyhl¸n jermokrasi¸n (h) (h̄ω0/kBT ¿ 1)

γh
ij = γh

0 exp(−2αRij) exp
(
− ε2

kBT

)
×

{
exp[−(Ej − Ei)/2kBT ] , Ej > Ei

exp[(Ei − Ej)/2kBT ] , Ej < Ei

(1.34)
ìpou γh

0 = (J2/h̄)(π/4ε2kBT )1/2 kai ε2 = [Eb(i) + Eb(j)]/4.

II. Perioq  qamhl¸n jermokrasi¸n (l) (h̄ω0/kBT À 1)

γl
ij = γl

0 exp(−2αRij)×
{

exp[−(Ej − Ei)/kBT ] , Ej > Ei

1 , Ej < Ei
(1.35)

ìpou γl
0 = (ω0/π)[πJ exp(−2ε2/h̄ω0)/h̄ω0]

2[(4ε2/h̄ω0)
∆ij/h̄ω0/(∆ij/h̄ω0)!].
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1.2 Makroskopik  sumperifor� thc
hlektrik c agwgimìthtac

Sto prohgoÔmeno upokef�laio (1.1) anaptÔqjhke me thn eisagwg  tou G.M.C.M
kai thc JewrÐac grammik c apìkrishc (Kubo formula) to jewrhtikì upìbajro gi-
a ton upologismì tou mikroskopikoÔ rujmoÔ met�bashc enìc mikroÔ polaronÐou
metaxÔ dÔo �plegmatik¸n� shmeÐwn se èna �takto sÔsthma. Gia th met�bash apì
th �mikroskopik � sth �makroskopik � (metroÔmenh) sumperifor� thc hlektrik c
agwgimìthtac tou upì melèth fusikoÔ sust matoc, h JewrÐa Diafug c eÐnai to
�ergaleÐo� to opoÐo ja mac bohj sei. 'Opwc èqei deiqteÐ sthn perÐptwsh twn 3D
susthm�twn, ìtan oi enèrgeiec twn �plegmatik¸n� shmeÐwn den eÐnai Ðdiec, h enèrgeia
enìc �plegmatikoÔ� shmeÐou ephre�zei touc rujmoÔc alm�twn proc kai apì autì,
susqetÐzont�c touc. Par� to gegonìc ìti h apousÐa twn susqetism¸n metaxÔ twn
diadoqik¸n alm�twn tou forèa eÐnai mia apodekt  pr¸th prosèggish, lamb�nontac
upìyh ìti se èna �takto sÔsthma oi enèrgeiec twn �plegmatik¸n� shmeÐwn den eÐnai
Ðdiec, ephre�zontac ta eiserqìmena all� kai exerqìmena �lmata proc kai apì aut�,
h prosèggish aut  den eÐnai realistik  kai h epÐdrash twn susqetism¸n ja prèpei
na lhfjeÐ upìyh gia to upì melèth sÔsthma. Sto parìn upokef�laio anaptÔs-
soume tic genikèc arqèc thc JewrÐac Diafug c (enìt. 1.2.1 ) kai parousi�zoume
thn ex�rthsh thc agwgimìthtac apì th jermokrasÐa, T , tìso gia thn perioq  twn
uyhl¸n ìso kai gia thn perioq  twn qamhl¸n jermokrasi¸n (upoenìt. 1.2.2.1 kai
1.2.2.2), lamb�nontac upìyh thn epÐdrash twn susqetism¸n metaxÔ twn diadoqik¸n
alm�twn tou forèa.

1.2.1 JewrÐa Diafug c
To prìblhma thc diafug c prwtotopojet jhke apì touc S. R. Broadbent kai J. M.
Hammersley (1957) [12] me thn er¸thsh:

{'Ena por¸dec mèso, p.q. mia asbestolijik  pètra, ja diabraqeÐ eswterik�
ìtan thn bujÐsoume mèsa se èna ugrì?}

Apì tìte h JewrÐa Diafug c, ìpwc exelÐqjhke, èqei efarmosteÐ se di�fora eterìkl-
hta ek pr¸thc ìyewc probl mata ìpwc probl mata diakl�dwshc, rujmoÔ ex�plw-
shc, kukloforiak c sumfìrhshc, dìmhshc tou genealogikoÔ dèntrou, kaj¸c kai
sth melèth twn fainomènwn metafor�c se �morfa sust mata   kai se probl mata
jewrhtik c biologÐac.
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H JewrÐa Diafug c anafèretai ston trìpo me ton opoÐo oi tuqaÐec idiìthtec
enìc �mèsou� epidroÔn sth diafug  enìc �reustoÔ� mèsa apì autì. An�loga me th
fÔsh tou ek�stote probl matoc o mhqanismìc di�doshc mporeÐ na apodojeÐ sto
�reustì�   sto �mèso�. Thn pr¸th perÐptwsh exet�zei h JewrÐa Di�qushc, en¸ thn
deÔterh h JewrÐa Diafug c.

Sta plaÐsia thc JewrÐa Diafug c wc mèso qarakthrÐzetai èna sÔnolo afhrhmèn-
wn antikeimènwn pou ta lème ��toma�   �shmeÐa�. 'Ena reustì rèei apì èna �tomo
-�phg � proc ta �lla kat� m koc drìmwn pou ta en¸noun. Oi drìmoi pou en¸noun
geitonik� �toma onom�zontai �desmoÐ� kai mporeÐ na eÐnai �eleÔjeroi�   �mplokaris-
mènoi�. To sÔnolo twn �eleÔjerwn� atìmwn pou sundèontai me �eleÔjerouς� desmoÔc
orÐzoun èna �sÔmplegma� (cluster) kai o arijmìc twn desm¸n pou xekinoÔn apì k�je
�tomo onom�zetai �arijmìc prosanatolismoÔ�, z.

K�je desmìc mporeÐ na qarakthristeÐ apì thn pijanìthta p na sqhmatisteÐ. H
pijanìthta aut  onom�zetai “pijanìthta dièleushc” kai kajorÐzetai apì orismèna
krit ria ta opoÐa sqetÐzontai me fusikèc idiìthtec tou sust matoc. Ta krit ria
aut� sunistoÔn th “Sunj kh Dièleushc”. 'Enac desmìc pou ikanopoieÐ th Sunj kh
Dièleushc onom�zetai �eleÔjeroς�   �diaperatìς� desmìc.

An P (p) eÐnai h “pijanìthta diafug ς” pou orÐzetai wc h pijanìthta to reustì
apì èna �tomo-�phg � dialegmèno tuqaÐa na diabrèxei �peira �lla �toma,

P (p) = lim
N→∞

PN(p), (1.36)

ìpou PN(p) eÐnai h pijanìthta to reustì na diabrèxei toul�qiston N �toma, tìte
up�rqei mia krÐsimh pijanìthta pc

pc = sup{p : P (p) = 0}, (1.37)

tètoia ¸ste gia p < pc (kai P (p) = 0) to reustì na mporeÐ na diafÔgei mìno topik�,
dhl. ta clusters twn �ugr¸n� atìmwn na èqoun peperasmèno mègejoc, en¸ gia p ≥ pc

(kai P (p) 6= 0) èna cluster �peirou megèjouc   èna �kan�li diafug ς� na mporeÐ na
diasqÐsei to mèso. Pio analutik�, an h pijanìthta dièleushc p eÐnai polÔ mikr , oi
diaperatoÐ desmoÐ eÐnai apomonwmènoi kai den up�rqei ro  mèsa apì to makroskopikì
sÔsthma. 'Otan h pijanìthta p auxhjeÐ, merikoÐ diaperatoÐ desmoÐ sundèontai kai
sqhmatÐzoun sumplègmata dÔo   perissotèrwn desm¸n. 'Oso ìmwc to sÔmplegma
eÐnai mikrì den up�rqei ro  mèsa apì to sÔsthma. An h pijanìthta p auxhjeÐ akìma
perissìtero èrqetai k�poia stigm  pou nèoi diaperatoÐ desmoÐ diasundèoun ta  dh
up�rqonta sumplègmata kai sqhmatÐzetai èna sÔmplegma pou kalÔptei olìklhro to
sÔsthma. H pijanìthta gia thn opoÐa sqhmatÐzetai to apèranto sÔmplegma onom�ze-
tai “krÐsimh pijanìthta dièleushς”, pc. Gia p ≥ pc, oi diaperatoÐ desmoÐ sqhmatÐzoun
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toul�qiston èna tètoio sÔmplegma diafug c sun èna arijmì apì mikrìtera clusters.

Sunj kh Dièleushc - Sunj kh Diafug c

Sta tèleia krustallik� ulik� ìpou ta �plegmatik�� shmeÐa eÐnai energeiak�
isodÔnama kai oi apost�seic metaxÔ touc eÐnai Ðsec, h Sunj kh Dièleushc gia ton
k�je desmì ekfr�zetai wc ex c:

{H pijanìthta gia na up�rqei desmìc an�mesa se duo �plegmatik�� shmeÐa
ja prèpei na eÐnai Ðsh me th mon�da.}

Sthn perÐptwsh, ìmwc, enìc �taktou sust matoc up�rqoun duo basik� qarakthris-
tik� pou diaqwrÐzoun thn diafug  sto tuqaÐo plègma apì th diafug  se opoiod pote
krustallikì ulikì:

• O arijmìc prosanatolismoÔ z den èqei akrib  ènnoia diìti den up�rqei peperas-
mènoc kai stajerìc arijmìc desm¸n pou na xekinoÔn apì èna orismèno �pleg-
matikì� shmeÐo.

• Den eÐnai dunatìn na perioristoÔme se èna dÐktuo pou na apoteleÐtai apì
desmoÔc metaxÔ pr¸twn geitìnwn giatÐ ta �plegmatik�� shmeÐa den eÐnai ì-
la energeiak� isodÔnama. Dhlad , eunooÔntai oi metaforèc twn hlektronÐ-
wn metaxÔ �plegmatik¸n� shmeÐwn pou protim¸ntai energeiak� se antÐjesh me
metaforèc an�mesa se �mesa geitonik� �plegmatik�� shmeÐa.

Kat� sunèpeia, h Sunj kh Dièleushc gia ta �takta sust mata diatup¸netai wc
ex c:

{H pijanìthta gia na pragmatopoihjeÐ dièleush se i-t�xhc geitonikì
�plegmatikì� shmeÐo pou na apèqei apì to prohgoÔmeno apìstash r ≤ rc

ja prèpei na eÐnai perÐpou mon�da, dhl. pi(rc) ∼= 1.}

ìpou o deÐkthc i dÐnei thn ex�rthsh thc Sunj khc Dièleushc apì thn energeiak 
st�jmh sthn opoÐa brÐsketai to �plegmatikì� shmeÐo kai rc to m koc tou desmoÔ gia
to opoÐo up�rqei diafug .

Tìso sta krustallik� ìso kai sta �takta sust mata to posostì twn desm¸n
pou xekin�ne apì èna �plegmatikì� shmeÐo kai plhroÔn th Sunj kh Dièleushc s-
to krÐsimo shmeÐo eÐnai stajerì. Oi C. Domb kai M. F. Sykes [13] gia ta 2D
krustallik� sust mata kai o J. M. Ziman [14] gia ta 3D èdeixan ìti to ginìmeno
zpc, pou dhl¸nei to posostì twn desm¸n ana �plegmatikì� shmeÐo pou suneisfèrei
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sth diafug , exart�tai mìno apì tic diast�seic kai ìqi apì to plègma. Thn akrib 
ex�rthsh periègrayan oi V. K. S. Shante kai S. Kirkpatrick [15] me thn exÐswsh

zpc = d/(d− 1), (1.38)

ìpou d oi diast�seic tou plègmatoc. H exÐswsh aut  sunant�tai suqn� wc “Sunj kh
Diafug c” kaj¸c perigr�fei thn kat�stash tou sust matoc sto krÐsimo shmeÐo.
Sta �takta sust mata h Sunj kh Diafug c paÐrnei th morf 

pc =
∑

i

pi(rc) = θ = σταθ., (1.39)

ìpou pc to posostì twn desm¸n an� �plegmatikì� shmeÐo pou suneisfèroun sth
diafug  kai pi oi pijanìthtec dièleushc sto i-t�xhc geitonikì shmeÐo me m koc
desmoÔ mikrìtero tou rc.

H melèth thc metroÔmenhc hlektrik c agwgimìthtac enìc �taktou sust matoc
kai o analutikìc upologismìc thc, apaiteÐ ton upologismì tou rujmoÔ met�bashc tou
forèa apì èna �plegmatikì� shmeÐo se èna �llo, γij. O rujmìc autìc se èna �takto
sÔsthma den exart�tai mìno apì thn apìstash twn �plegmatik¸n� shmeÐwn an�mesa
sta opoÐa kineÐtai all� kai apì thn enèrgei� tou se aut�, me apotèlesma o �q¸roς�
ston opoÐo sunteleÐtai h diafug  na kajorÐzetai tìso apì tic qwrikèc ìso kai
apì tic energeiakèc metablhtèc pou kajorÐzoun ton rujmì met�bashc. H eisagwg 
enìc �mikroskopikoÔ� jewrhtikoÔ montèlou, ìpwc to G.M.C.M to opoÐo apodÐdei
�mikroskopik�� to upì melèth �takto sÔsthma, kai h sunepakìloujh an�lush tou
mhqanismoÔ metafor�c, odhgeÐ ston upologismì autoÔ tou rujmoÔ (ex. (1.34) kai
(1.35) ), o opoÐoc apodÐdei posotik� to pìso �eÔkola�   �dÔskola� metafèretai o
forèac an�mesa se dÔo �plegmatik�� shmeÐa. 'Opwc ja analujeÐ sth sunèqeia,
sÔmfwna me thn JewrÐa Diafug c, h melèth thc kÐnhshc twn forèwn metaxÔ en-
topismènwn katast�sewn, tuqaÐa katanemhmènwn energeiak� kai qwrik�, se èna
�takto sÔsthma, mporeÐ na antistoiqhjeÐ isodÔnama sth melèth thc pijanìthtac
dièleushc tou forèa dia mèsou enìc diktÔou emped sewn, Zij. Oi emped seic autèc
pou sundèoun ta di�fora �plegmatik�� shmeÐa upologÐzontai analutik� gnwrÐzontac
touc mèsouc rujmoÔc metabashc, Γ0

ij, oi opoÐoi upologÐzontai apì tic analutikèc
ekfr�seic twn γij.

Zij =
[
(e2/kBT )Γ0

ij(Rij, Ei, Ej)
]−1

.

Lìgw thc ekjetik c ex�rthshc twn emped sewn Zij, exaitÐac thc èkfrashc tou mè-
sou rujmoÔ met�bashc, apì tic paramètrouc Rij, Ei kai Ej, oi epimèrouc emped seic
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diafèroun t�xeic megèjouc metaxÔ touc. Gia ton lìgo autì to sunolikì dÐktuo twn
emped sewn pou kalÔptoun to ulikì mac se ìlh tou thn èktash mporeÐ na jewrhjeÐ
ìti sunÐstatai apì tic ex c treic perioqèc:

1. Perioqèc uyhl c empèdhshc me Zij >> Zc, ìpou Zc h “critical percolation
impedance”. Oi perioqèc autèc leitourgoÔn san �anoiqt� kukl¸mata� (�open
circuits�) sto dÐktuo.

2. Perioqèc qamhl c empèdhshc me Zij << Zc. Oi perioqèc autèc leitourgoÔn
san �kleist� kukl¸mata� (�short circuits�) sto dÐktuo.

3. Perioqèc me emped seic Zij ∼ Zc. Oi perioqèc autèc diasundèoun tic perioqèc
qamhl c empèdhshc kai sunjètoun èna ag¸gimo cluster pou diapern� to ulikì
(“critical subnetwork”).

Oi emped seic thc t�xhc tou Zc kajorÐzoun thn empèdhsh olìklhrou tou diktÔou
kai h posìthta Zc

−1 qarakthrÐzei thn makroskopik� parathroÔmenh agwgimìthta
tou sust matoc, σ = Zc

−1.
Se èna �takto sÔsthma, ìpou h enèrgeia tou forèa diafèrei apì �plegmatikì�

shmeÐo se �plegmatikì� shmeÐo, dhl. Ei 6= Ej, h enèrgeia tou forèa sto �pleg-
matikì� shmeÐo i, ja ephre�zei tìso thn eiserqìmenh se autì empèdhsh ìso kai
thn exerqìmenh apì autì, susqetÐzontac ousiastik� tic geitonikèc emped seic. 'Op-
wc anafèrjhke, h shmasÐa twn susqetism¸n èqei diereunhjeÐ kata th melèth thc
hlektrik c agwgimìthtac se 3D sust mata [6, 7, 16].

H melèth thc hlektrik c agwgimìthtac apousÐa susqetism¸n apoteleÐ mia ikanopoi-
htik  pr¸th prosèggish idiaÐtera se domèc me periorismènh domik  poluplokìthta.
H Sunj kh Diafug c gia thn perÐptwsh aut  gr�fetai [17]

p(Zc) =
Zc∑

0

p(Zij) = θ, (1.40)

  gia suneqeÐc timèc twn Zij,

p(Zc) =
∫

0

Zc

p(Zij)dZij =
∫ ∫ ∫

p(Rij, Ei, Ej)dRijdEidEj = θ, (1.41)

ìpou p(Zc) eÐnai h pijanìthta pou ekfr�zei ton mèso arijmì twn emped sewn megè-
jouc Zc   mikrìterou pou suneisfèroun sth diafug . p(Rij, Ei, Ej) eÐnai h puknìth-
ta pijanìthtac ¸ste to �plegmatikì� shmeÐo me enèrgeia Ei na èqei sth geitoni� tou
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kai se apìstash Rij èna �llo �plegmatikì� shmeÐo enèrgeiac Ej ìpou mporeÐ na p�ei
o forèac. Gia thn perÐptwsh aut ,

p(Rij, Ei, Ej) = p(Rij)p(Ei)p(Ej). (1.42)

IdiaÐtera sto fusikì sÔsthma pou exet�zoume h p(Zc) diaforopoieÐtai an�loga me
thn perioq  jermokrasi¸n, kaj¸c stic uyhlèc jermokrasÐec pl joc fwnonÐwn sune-
isfèrei sthn kÐnhsh tou mikroÔ polaronÐou (multiphonon-assisted small polaron
hopping), en¸ stic qamhlèc jermokrasÐec summetèqei o el�qistoc arijmìc fwnonÐ-
wn ¸ste na èqoume diat rhsh enèrgeiac sto sÔsthma (few phonon-assisted small
polaron hopping). UpologÐzontac thn p(Zc) upologÐzetai h Zc, kai en tèlei h ag-
wgimìthta wc sun�rthsh thc jermokrasÐac.

Wstìso, o rìloc twn susqetism¸n ja prèpei na diereunhjeÐ susthmatik� gia
to fusikì sÔsthma pou mac endiafèrei se mia pio realistik  prosèggish thc hlek-
trik c tou sumperifor�c. Aut  h nèa je¸rhsh sth diadikasÐa metafor�c tou forèa
anamènetai, ìpwc sthn perÐptwsh twn trisdi�statwn at�ktwn susthm�twn [6,7], na
ephre�zei thn èkfrash thc jermokrasiak c ex�rthshc thc agwgimìthtac.

Lamb�nontac upìyh touc susqetismoÔc, gia mia tuqaÐa katanom  twn �pleg-
matik¸n� shmeÐwn, ja prèpei na upologisteÐ o mèsoc arijmìc twn emped sewn me tim 
Zij ≤ Zc oi opoÐec eÐnai sundedemènec me �plegmatik�� shmeÐa dedomènhc enèrgeiac
Ei. Dhlad , na upologisteÐ h upì sunj kh pijanìthta, p(Zcr

c |Ei), pou sÔmfwna me
ton Pollak [17], dÐnetai apì thn exÐswsh

p(Zcr
c |Ei) =

∫ Zcr
c

Z=0
p(Z|Ei)dZ

=
∫ Zcr

c

Z=0
p(Ej, Rij|Ei)dRijdEj

=
∫ Zcr

c

Z=0
p(Ej|Ei)p(Rij)dRijdEj, (1.43)

lamb�nontac upìyh to sÔnolo twn pijan¸n dieujet sewn twn Ei kai Ej.
H Sunj kh Diafug c gia to sÔsthma prokÔptei t¸ra apì ton upologismì thc

mèshc tim c aut c thc pijanìthtac. Aut  h mèsh tim  apodeiknÔetai ìti eÐnai an�logh
tou p(Zcr

c |Ei)N(Ei) [17]. Sunep¸c,

p̄(Zcr
c ) =

∫ Em
0 p2(Zcr

c |Ei)N(Ei)dEi∫ Em
0 p(Zcr

c |Ei)N(Ei)dEi

= θ, (1.44)

ìpou gia 1D sust mata θ = 2 [18]. H epÐlush thc exÐswshc (1.44) odhgeÐ ston
upologismì tou Zcr

c kai sunep¸c ston upologismì thc hlektrik c agwgimìthtac.
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Dedomènou ìti gia to fusikì sÔsthma pou melet�me o mhqanismìc metafor�c
diaforopoieÐtai an�loga me thn perioq  twn jermokrasi¸n sthn opoÐa anaferì-
maste, diereunoÔme sth sunèqeia (enìt. 1.2.2) thn epÐdrash twn susqetism¸n
sth jermokrasiak  ex�rthsh thc agwgimìthtac tìso gia thn perioq  twn uyhl¸n
jermokrasi¸n ìso kai gia thn perioq  twn qamhl¸n jermokrasi¸n [19,20].

1.2.2 Upologismìc thc hlektrik c agwgimìthtac
parousÐa susqetism¸n

1.2.2.1 Perioq  uyhl¸n jermokrasi¸n

Upojètoume �takto sÔsthma sto opoÐo h agwgimìthta apodÐdetai se �lmata mikr¸n
polaronÐwn metaxÔ entopismènwn katast�sewn tuqaÐa katanemhmènwn qwrik� kai en-
ergeiak�. Sthn perÐptwsh twn uyhl¸n jermokrasi¸n (h) (h̄ω0 ¿ kBT ), oi foreÐc
upobohjoÔntai energeiak� apì pl joc fwnonÐwn (multiphonon-assisted small po-
laron hopping). O endogen c rujmìc met�bashc, γh

ij, perigr�fetai apì thn exÐswsh
(1.34), ìpwc proèkuye apì to G.M.C.M

γh
ij = γh

0 exp(−2αRij) exp
(
− ε2

kBT

)
×

{
exp[−(Ej − Ei)/2kBT ] ,Ej > Ei

exp[(Ei − Ej)/2kBT ] ,Ej < Ei

ìpou γh
0 = (J2/h̄)(π/4ε2kBT )1/2, ε2 = [Eb(i) + Eb(j)]/4 kai Ei = εi(0) − Eb(i) h

hlektroniak  enèrgeia sto k�je �plegmatikì� shmeÐo i (metrhmènh apì to epÐpedo
Fermi).

O mèsoc rujmìc met�bashc, Γij, metaxÔ duo �plegmatik¸n� shmeÐwn i, j orÐzetai
apì thn exÐswsh [11]

Γij = 〈ni(1− nj)γij〉 , (1.45)
ìpou ni o arijmìc kat�lhyhc tou k�je �plegmatikoÔ� shmeÐou i kai ta 〈...〉 dhl¸noun
mèsh tim  wc proc to qrìno. Agno¸ntac tic allhlepidr�seic metaxÔ twn forèwn,
me exaÐresh thn ikanopoÐhsh thc arq c tou Pauli, o rujmìc γij eÐnai anex�rthtoc
apì ton arijmì kat�lhyhc tou k�je �plegmatikoÔ� shmeÐou kai epomènwc mporeÐ na
bgei èxw apì ta 〈...〉. EpÐshc, apì thn katanom  F-D oi arijmoÐ kat�lhyhc eÐnai

〈ni〉 = n0
i =

1

1 + exp(Ei/kBT )
, (1.46)

pou se kat�stash jermodunamik c isorropÐac eÐnai anex�rthtoi gia ta diaforetik�
�plegmatik�� shmeÐa,

〈ninj〉 = 〈ni〉 〈nj〉 . (1.47)
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Sunep¸c, o mèsoc rujmìc met�bashc sthn isorropÐa, Γ0
ij, paÐrnei th morf  [5]

Γ0
ij =

[
Γ0

ijΓ
0
ji

]1/2
=

[
n0

i (1− n0
j)

]1/2 [
n0

j(1− n0
i )

]1/2 [
γ0

ijγ
0
ji

]1/2
, (1.48)

pou gia thn perioq  twn uyhl¸n jermokrasi¸n, kai jewr¸ntac ìti h hlektroniak 
enèrgeia eÐnai polÔ megalÔterh apì th jermik  enèrgeia [5]

Γ0h
ij = γh

0 exp(−2αRij) exp[−(|Ei|+ |Ej|+ 2ε2)/2kBT ], (1.49)

ìpou |Ei| À kBT , |Ej| À kBT .
Upì thn epÐdrash enìc qamhl c èntashc exwterikoÔ hlektrikoÔ pedÐou, F, o

endogen c rujmìc met�bashc gr�fetai

γh
ij(F) = γh

0 exp(−2αRij) exp
(
− ε2

kBT

)

×
{

exp[−(Ej − Ei)/2kBT ] exp(eF ·Rij/2kBT ) ,Ej > Ei

exp[(Ei − Ej)/2kBT ] exp(eF ·Rij/2kBT ) ,Ej < Ei
(1.50)

kai

δγh
ij = γh

ij(F)− γh
ij(0) = γh

0 exp(−2αRij) exp
(
− ε2

kBT

)

×
{

exp[−(Ej − Ei)/2kBT ]eF ·Rij/2kBT ,Ej > Ei

exp[(Ei − Ej)/2kBT ]eF ·Rij/2kBT ,Ej < Ei
(1.51)

  isodÔnama,
δγh

ij = γh
ij(0)eF ·Rij/2kBT, (1.52)

ìpou to γh
ij(0) kajorÐzetai apì thn exÐswsh (1.34) an�loga an Ej > Ei   Ej < Ei.

'Eqoume epÐshc,

〈δni〉 = [exp (Ei − δµi)/kBT + 1]−1 − [exp(Ei/kBT ) + 1]−1

= n0
i (1− n0

i )δµi/kBT. (1.53)

Apì tic exis¸seic (1.34), (1.52), (1.53) kai to gegonìc ìti

Γh
ij(F) = 〈ni〉 〈1− nj〉 γh

ij(F)

= (n0
i + 〈δni〉)(1− n0

j − 〈δnj〉)(γh
ij(0) + δγh

ij), (1.54)

upologÐzetai h mèsh ro  fortÐou gia ìlec tic entopismènec katast�seic

Γh
ij(F)− Γ0h

ji (F) =
1

kBT
Γ0h

ij (eF ·Rij + δµi − δµj), (1.55)



21

ìpou qrhsimopoi jhke h arq  thc leptomeroÔc isorropÐac

γij/γji = exp[(Ei − Ej)/kBT ]. (1.56)

O ìroc eF ·Rij + δµi − δµj sthn exÐswsh (1.55) apoteleÐ th sunolik  energeiak 
(hlektroqhmik ) diafor� metaxÔ twn �plegmatik¸n� shmeÐwn i kai j. Sunep¸c, h
posìthta

Zh
ij =

[
(e2/kBT )Γ0h

ij (Rij, Ei, Ej)
]−1

, (1.57)

mporeÐ na ermhneuteÐ wc h empèdhsh metaxÔ twn dÔo �plegmatik¸n� shmeÐwn kai h
melèth thc kÐnhshc tou forèa sto �takto sÔsthma an�getai sthn isodÔnamh melèth
thc kÐnhshc tou forèa diamèsou enìc diktÔou tuqaÐa katanemhmènwn �plegmatik¸n�
shmeÐwn pou sundèontai metaxÔ touc me emped seic Zij. Oi emped seic autèc perigr�-
fontai apì thn exÐswsh (1.57) h opoÐa, gia thn perioq  twn uyhl¸n jermokrasi¸n,
gr�fetai

Zh
ij = Zh

0 exp(ξh
ij), (1.58)

ìpou
ξh
ij = 2αRij + Eh

ij/kBT, (1.59)

me
Eh

ij = (|Ei|+ |Ej|+ 2ε2)/2, (1.60)

kai Zh
0 = kBT/e2γh

0 . Upojètontac, ìpwc èqei deiqjeÐ [5], ìti h hlektroniak 
enèrgeia èqei kurÐwc polaronikì qarakt ra, dhlad  |Ei| ∼= Eb(i) kai |Ej| ∼= Eb(j),

Eh
ij =

3

4
[Eb(i) + Eb(j)]. (1.61)

Sunep¸c,
ξh
ij = 2αRij + [Eb(i) + Eb(j)]/k

′
BT, (1.62)

ìpou k′B = 4
3
kB. Apì ed¸ kai sto ex c, anaferìmaste sthn enèrgeia dèsmeushc

tou mikroÔ polaronÐou wc thn enèrgeia tou forèa sto k�je �plegmatikì� shmeÐo kai
qrhsimopoioÔme to sumbolismì Ei antÐ tou Eb(i) gia eukolÐa. 'Etsi, oi emped seic
gia thn perioq  twn uyhl¸n jermokrasi¸n, Zh

ij, ekfr�zontai wc (ex. (1.58) ),

Zh
ij = Zh

0 exp(ξh
ij),

ìpou
ξh
ij = 2αRij + (Ei + Ej)/k

′
BT. (1.63)
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AntÐstoiqa,
Zh

c = Zh
0 exp(ξh

c ). (1.64)

Gia to sqhmatismì tou �critical subnetwork� sto sÔsthma ja prèpei na ikanopoieÐtai
h sunj kh Zh

ij ≤ Zh
c ,   isodÔnama

ξh
ij ≤ ξh

c . (1.65)

Sthn perioq  twn uyhl¸n jermokrasi¸n,

Rij

Rh
m

+
Ei

Eh
m

+
Ej

Eh
m

≤ 1, (1.66)

ìpou Rh
m = ξh

c α−1/2 eÐnai h mègisth apìstash met�bashc kai Eh
m = k′BTξh

c h mègisth
enèrgeia tou forèa sto k�je �plegmatikì� shmeÐo.

Lamb�nontac upìyh touc susqetismoÔc (cr), ìpwc anafèrjhke sthn enìthta
1.2.1, ja prèpei na kajorÐsoume tic pijanèc dieujet seic twn Ei kai Ej. Autèc oi
energeiakèc dieujet seic parousi�zontai sto sq ma 1.3.

Sq ma 1.3: Energeiakèc dieujet seic twn �plegmatik¸n� shmeÐwn stic uyhlèc
jermokrasÐec.

Jewr¸ntac mia z¸nh entopismènwn katast�sewn p�nw apì to epÐpedo Fermi, oi
pijanèc energeiakèc dieujet seic twn �plegmatik¸n� shmeÐwn eÐnai (I) Eh,cr

m > Ei >
Ej kai (II) Eh,cr

m > Ej > Ei > 0, ìpou EF ≡ 0.
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Opìte, h upì sunj kh pijanìthta p(Zh,cr
c |Ei) gia thn perioq  twn uyhl¸n

jermokrasi¸n upologÐzetai apì thn exÐswsh

p(Zcr
c |Ei) =

∫ Zcr
c

Z=0
p(Ej|Ei)p(Rij)dRijdEj, (1.67)

ìpou gia mia tuqaÐa katanom  �plegmatik¸n� shmeÐwn sugkèntrwshc Ns se èna
monodi�stato sÔsthma isqÔei p(Rij) = Ns, en¸ h katanom  stic enèrgeiec p(Ej|Ei)
upologÐzetai prosdiorÐzontac thn telik  enèrgeia tou forèa Ej apì th sunj kh gia
to sqhmatismì tou critical subnetwork gia ìlec tic pijanèc dieujet seic metaxÔ twn
Ei kai Ej. Sunep¸c, h pijanìthta p(Zcr

c |Ei) dÐnetai wc

p(Zcr
c |Ei) =

∑
m

∫ ∫ (
N(Ej)

Ns

)
NsdRijdEj, (1.68)

ìpou m to sÔnolo twn pijan¸n dieujet sewn twn Ei kai Ej, kai ta ìria thc olok-
l rwshc kajorÐzontai apì thn Sunj kh Diafug c ìpwc kajorÐzetai gia thn perioq 
twn uyhl¸n jermokrasi¸n. N(Ej) eÐnai h puknìthta katast�sewn gia to �pleg-
matikì� shmeÐo j.

Epomènwc,

p(Zh,cr
c |Ei) =

∫ ∫

(I)

(
N(Ej)

Ns

)
NsdRijdEj +

∫ ∫

(II)

(
N(Ej)

Ns

)
NsdRijdEj, (1.69)

ìpou k�je ìroc sto dexÐ mèloc thc exÐswshc antistoiqeÐ se sugkekrimènh dieujèthsh
twn energei¸n kai h olokl rwsh ekteÐnetai se epif�neiec pou orÐzontai apì th
sunj kh gia to sqhmatismì tou critical subnetwork gia thn perioq  twn uyhl¸n
jermokrasi¸n (ex. (1.66) ), dhlad 

Rij

Rh,cr
m

+
Ei

Eh,cr
m

+
Ej

Eh,cr
m

= 1. (1.70)

Opìte,

p(Zh,cr
c |Ei) =

∫ E′

0

(
N(Ej)

Ns

)
dEj

(∫ R′h

0
NsdRij

)

+
∫ E′

Ei

(
N(Ej)

Ns

)
dEj

(∫ R′h

0
NsdRij

)
, (1.71)

ìpou R′h = (Rh,cr
m /Eh,cr

m )(Eh,cr
m − Ei − Ej) kai E ′ = Eh,cr

m − Ei. JewroÔme ìti
gia to eÔroc twn energei¸n pou mac endiafèrei N(Ei) = N(Ej) = N0 = σταθ.,
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mia upìjesh sun jh sth melèth twn amìrfwn ulik¸n [5,11]. Ja mporoÔse bebaÐwc
kaneÐc na jewr sei di�fora prìtupa energeiak� exartìmenhc D.O.S, ìpwc N(E) =
N0E

n, N(E) = N0 + λE(λ > 0) [17, 21, 22] ean epijumoÔse na diereun sei thn
epÐdras  thc sthn hlektrik  agwgimìthta. Telik�

p(Zh,cr
c |Ei) =

N0

2
(Rh,cr

m /Eh,cr
m )[(Eh,cr

m − Ei)
2 + (Eh,cr

m − 2Ei)
2]. (1.72)

H Sunj kh Diafug c, pou perigr�fetai apì thn exÐswsh (1.44)

p̄(Zcr
c ) =

∫ Em
0 p2(Zcr

c |Ei)N(Ei)dEi∫ Em
0 p(Zcr

c |Ei)N(Ei)dEi

= 2,

katal gei t¸ra me th bo jeia thc exÐswshc (1.72) sth morf 

p̄(Zh,cr
c ) =

N0

2
Rh,cr

m Eh,cr
m = 2, (1.73)

kai me antikat�stash twn Rh,cr
m kai Eh,cr

m , dÐnei

ξh,cr
c = (T h,cr

0 /T )1/2, (1.74)

ìpou T h,cr
0 = 6/N0kBα−1.

'Opwc anafèrame, h posìthta Zc
−1 qarakthrÐzei thn makroskopik� parathroÔ-

menh agwgimìthta tou sust matoc, σ = Zc
−1, pou me th bo jeia thc exÐswshc

(1.58), paÐrnei th morf 
σh,cr = σh,cr

0 exp(−ξh,cr
c ), (1.75)

me σh,cr
0 = (Zh,cr

0 )−1. Sunep¸c, h agwgimìthta gia thn perioq  twn uyhl¸n jermokra-
si¸n, ìtan h kÐnhsh twn mikr¸n polaronÐwn gÐnetai me �lmata upobohjoÔmena en-
ergeiak� apì poll� fwnìnia, kai lamb�nontac upìyh touc susqetismoÔc metaxÔ twn
diadoqik¸n alm�twn, ekfr�zetai wc

σh,cr = σh,cr
0 exp


−

(
T h,cr

0

T

)1/2

 . (1.76)

Gia dedomènh jermokrasÐa, h hlektrik  agwgimìthta gr�fetai epÐshc wc

σh,cr = σh,cr
0 exp(−2Rh,cr

m /α−1), (1.77)
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ìpou

Rh,cr
m =

(T h,cr
0 )1/2α−1

2
T−1/2. (1.78)

Dhlad , h mègisth apìstash met�bashc twn forèwn akoloujeÐ ton T−1/2-nìmo. H
exÐswsh (1.76) epitrèpei ton upologismì tou stajeroÔ ìrou T h,cr

0 apì thn klÐsh
thc kampÔlhc ln σh − vs − T−1/2 kai kata sunèpeia, ton upologismì thc mègisthc
apìstashc met�bashc, apì thn exÐswsh (1.78), gia dedomènh jermokrasÐa.

1.2.2.2 Perioq  qamhl¸n jermokrasi¸n

Stic qamhlèc jermokrasÐec (l) (h̄ω0 À kBT ), ta �lmata tou forèa qarakthrÐzontai
apì aporrìfhsh   ekpomp  tou el�qistou arijmoÔ fwnonÐwn pou apaiteÐtai ¸ste na
diathreÐtai h enèrgeia se k�je �lma (single phonon-assisted small polaron hopping).
O endogen c rujmìc met�bashc, γl

ij, perigr�fetai apì thn exÐswsh (1.35), ìpwc
proèkuye apì to G.M.C.M

γl
ij = γl

0 exp(−2αRij)×
{

exp[−(Ej − Ei)/kBT ] ,Ej > Ei

1 ,Ej < Ei

ìpou γl
0 = (ω0/π)[πJ exp(−2ε2/h̄ω0)/h̄ω0]

2[(4ε2/h̄ω0)
∆ij/h̄ω0/(∆ij/h̄ω0)!].

Akolouj¸ntac thn Ðdia poreÐa me aut  thc perÐptwshc twn uyhl¸n jermokrasi¸n,
o mèsoc rujmìc met�bashc sthn isorropÐa gia tic qamhlèc jermokrasÐec, Γ0l

ij , dÐnetai
apì thn exÐswsh [5]

Γ0l
ij = γl

0 exp(−2αRij) exp[−(|Ei|+ |Ej|+ |Ei − Ej|)/2kBT ], (1.79)

ìpou |Ei,j| À kBT .
Upì thn epÐdrash enìc qamhl c èntashc exwterikoÔ hlektrikoÔ pedÐou, F, o

endogen c rujmìc met�bashc, γl
ij, gr�fetai

γl
ij(F) = γl

0 exp(−2αRij) exp(eF ·Rij/kBT )

×
{

exp[−(Ej − Ei)/kBT ] ,Ej > Ei

1 ,Ej < Ei
(1.80)

kai h mèsh ro  fortÐou gia ìlec tic entopismènec katast�seic prokÔptei na dÐnetai
apì thn antÐstoiqh exÐswsh me aut  twn uyhl¸n jermokrasi¸n

Γl
ij(F)− Γl

ji(F) =
1

kBT
Γ0l

ij(eF ·Rij + δµi − δµj). (1.81)
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Sunep¸c, oi emped seic Z l
ij perigr�fontai apì thn exÐswsh

Z l
ij =

[
(e2/kBT )Γ0l

ij(Rij, Ei, Ej)
]−1

, (1.82)

  isodÔnama
Z l

ij = Z l
0 exp(ξl

ij), (1.83)

ìpou t¸ra
ξl
ij = 2αRij + El

ij/kBT, (1.84)

me

El
ij = (|Ei|+ |Ej|+ |Ei − Ej|)/2 =

{
Ej ,Ej > Ei

Ei ,Ej < Ei
, (1.85)

kai Z l
0 = kBT/e2γl

0.
An�gontac kai p�li to prìblhma metafor�c twn qamhl¸n jermokrasi¸n se èna

isodÔnamo dÐktuo tuqaÐa katanemhmènwn emped sewn ja prèpei gia to sqhmatismì
tou critical subnetwork na ikanopopoieÐtai h sunj kh Z l

ij ≤ Z l
c, pou apì tic exis¸-

seic (1.83)-(1.85), gr�fetai
ξl
ij ≤ ξl

c, (1.86)

kai gia tic qamhlèc jermokrasÐec

Rij

Rl
m

+
El

ij

El
m

≤ 1, (1.87)

ìpou Rl
m = ξl

cα
−1/2 kai El

m = kBTξl
c.

Lamb�nontac upìyh touc susqetismoÔc (cr), ìpwc anafèrjhke sthn enìthta
1.2.1, ja prèpei na kajorÐsoume tic pijanèc dieujet seic twn Ei kai Ej. Autèc oi
energeiakèc dieujet seic parousi�zontai sto sq ma 1.4.

Jewr¸ntac mia z¸nh apì entopismènec katast�seic p�nw apì to epÐpedo Fermi,
oi pijanèc energeiakèc dieujet seic twn �plegmatik¸n� shmeÐwn eÐnai (I) El

m > Ei >
Ej kai (II) El

m > Ej > Ei > 0, ìpou EF ≡ 0.
Opìte h upì sunj kh pijanìthta p(Z l,cr

c |Ei) gia thn perioq  twn qamhl¸n
jermokrasi¸n upologÐzetai apì thn exÐswsh

p(Z l,cr
c |Ei) =

∫ ∫

(I)

(
N(Ej)

Ns

)
NsdRijdEj +

∫ ∫

(II)

(
N(Ej)

Ns

)
NsdRijdEj, (1.88)
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Sq ma 1.4: Energeiakèc dieujet seic twn �plegmatik¸n� shmeÐwn stic qamhlèc
jermokrasÐec.

ìpou k�je ìroc sto dexÐ mèloc thc exÐswshc antistoiqeÐ se sugkekrimènh dieujèthsh
twn energei¸n kai h olokl rwsh ekteÐnetai se epif�neiec pou orÐzontai apì th
sunj kh gia to sqhmatismì tou critical subnetwork gia thn perioq  twn qamhl¸n
jermokrasi¸n (ex. (1.87) ), dhlad 

Rij

Rl,cr
m

+
El

ij

El,cr
m

= 1, (1.89)

ìpou Rl,cr
m = ξl,cr

c α−1/2, El,cr
m = kBTξl,cr

c kai

El
ij =

{
Ej ,Ej > Ei

Ei ,Ej < Ei
(1.90)

Opìte,

p(Z l,cr
c |Ei) =

∫ Ei

0

(
N(Ej)

Ns

)
dEj

(∫ R′l

0
Nsdrij

)

+
∫ El,cr

m

Ei

(
N(Ej)

Ns

)
dEj

(∫ R′′l

0
Nsdrij

)
, (1.91)

ìpou R′l = (Rl,cr
m /El,cr

m )(El,cr
m −Ei), E ′ = El,cr

m −Ei, R′′l = (Rl,cr
m /El,cr

m )(El,cr
m −Ej).

Jewr¸ntac stajer  puknìthta katast�sewn, apì ton upologismì twn oloklhrwm�-
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twn paÐrnoume

p(Z l,cr
c |Ei) =

N0

2
(Rl,cr

m /El,cr
m )[2Ei(E

l,cr
m − Ei) + (El,cr

m − Ei)
2]. (1.92)

H Sunj kh Diafug c, pou perigr�fetai apì thn exÐswsh (1.44)

p̄(Zcr
c ) =

∫ Em
0 p2(Zcr

c |Ei)N(Ei)dEi∫ Em
0 p(Zcr

c |Ei)N(Ei)dEi

= 2,

katal gei t¸ra me th bo jeia thc exÐswshc (1.92) sth morf 

p̄(Z l,cr
c ) =

2N0

5
Rl,cr

m El,cr
m = 2, (1.93)

kai me antikat�stash twn Rl,cr
m kai El,cr

m , dÐnei

ξl,cr
c = (T l,cr

0 /T )1/2, (1.94)

ìpou T l,cr
0 = 10/N0kBα−1.

Kat� antistoiqÐa me thn perioq  twn uyhl¸n jermokrasi¸n, kaj¸c h posìthta
Zc

−1 qarakthrÐzei thn makroskopik� parathroÔmenh agwgimìthta tou sust matoc,
σ = Zc

−1, h agwgimìthta gia tic qamhlèc jermokrasÐec gr�fetai, mesw thc exÐsw-
shc (1.83), wc

σl,cr = σl,cr
0 exp(−ξl,cr

c ), (1.95)

ìpou σl,cr
0 = (Z l,cr

0 )−1. Sunep¸c, h agwgimìthta gia thn perioq  twn qamhl¸n
jermokrasi¸n, ìtan h kÐnhsh twn mikr¸n polaronÐwn gÐnetai me �lmata upobohjoÔ-
mena energeiak� apì ton el�qisto arijmì fwnonÐwn pou apaiteÐtai gia th diat rhsh
enèrgeiac sto sÔsthma, kai lamb�nontac upìyh touc susqetismoÔc metaxÔ twn di-
adoqik¸n alm�twn tou forèa, ekfr�zetai wc

σl,cr = σl,cr
0 exp


−

(
T l,cr

0

T

)1/2

 , (1.96)

kai gia dedomènh jermokrasÐa gr�fetai wc

σl,cr = σl,cr
0 exp(−2Rl,cr

m /α−1), (1.97)

ìpou

Rl,cr
m =

(T l,cr
0 )1/2α−1

2
T−1/2. (1.98)
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H exÐswsh (1.96) epitrèpei ton upologismì tou stajeroÔ ìrou T l,cr
0 apì thn klÐsh

thc kampÔlhc ln σh − vs − T−1/2 kai kata sunèpeia, odhgeÐ ston upologismì thc
mègisthc apìstashc met�bashc, apì thn exÐswsh (1.98), gia dedomènh jermokrasÐa.
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1.3 SÔnoyh apotelesm�twn-Sqìlia
SunoyÐzontac, parousi�same mia jewrhtik  an�lush h opoÐa odhgeÐ ston analu-
tikì upologismì thc jermokrasiak c ex�rthshc thc hlektrik c agwgimìthtac enìc
monodi�statou �taktou sust matoc upì thn epÐdrash enìc qamhl c èntashc h-
lektrikoÔ pedÐou, ìtan mikr� polarìnia kinoÔntai mèsw alm�twn metaxÔ tuqaÐa
katanemhmènwn �plegmatik¸n� shmeÐwn, tìso se uyhlèc ìso kai qamhlèc jermokra-
sÐec, lamb�nontac upìyh thn epÐdrash twn susqetism¸n metaxÔ twn diadoqik¸n
alm�twn tou forèa [19,20]:

I. Correlated hopping

1. Uyhlèc jermokrasÐec

σh,cr = σh,cr
0 exp

[
−

(
T h,cr
0

T

)1/2
]
, ìpou T h,cr

0 = 6/N0kBα−1.

2. Qamhlèc jermokrasÐec

σl,cr = σl,cr
0 exp

[
−

(
T l,cr
0

T

)1/2
]
, ìpou T l,cr

0 = 10/N0kBα−1.

Gia lìgouc plhrìthtac oi antÐstoiqec ekfr�seic gia thn perÐptwsh pou apousi�-
zoun oi susqetismoÐ apì th jewrhtik  an�lush dÐnontai wc [24,25]:

II. Uncorrelated hopping

1. Uyhlèc jermokrasÐec

σh = σh
0 exp

[
−

(
T h
0

T

)2/3
]
, ìpou T h

0 = 271/2N1/2
s α1/2/N0kB.

2. Qamhlèc jermokrasÐec

σl = σl
0 exp

[
−

(
T l
0

T

)1/2
]
, ìpou T l

0 = 4α/N0kB.

Gia 3D �takta sust mata kai apousÐa susqetism¸n, oi G. P. Triberis kai L.
R. Friedman [5], qrhsimopoi¸ntac th JewrÐa Diafug c kai to Genikeumèno Moriakì
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Krustallikì Montèlo, èdeixan ìti o T−[ε]/([ε]+[r])-nìmoc perigr�fei thn jermokrasi-
ak  ex�rthsh thc agwgimìthtac pou ofeÐletai sthn kÐnhsh mikr¸n polaronÐwn me
�lmata. Me [ε] dhl¸nontai oi di�staseic thc enèrgeiac (to pl joc twn energei¸n)
kai [r] oi antÐstoiqec qwrikèc diast�seic pou upeisèrqontai sth Sunj kh Dièleushc.
Stic uyhlèc jermokrasÐec, ìpou [ε] = 2 kai [r] = 3, o T−2/5-nìmoc perigr�fei th
sumperifor� thc agwgimìthtac [5], en¸ stic qamhlèc jermokrasÐec ìpou [ε] = 1 kai
[r] = 3 o T−1/4 nìmoc (Mott’s law). Sthn perÐptwsh thc diam kouc agwgimìthtac
(longitudinal conduction) se lept� umènia, stic qamhlèc jermokrasÐec, ìpou [ε] = 1
kai [r] = 2 prokÔptei jewrhtik� kai epalhjeÔetai peiramatik� antÐstoiqa o nìmoc
T−1/3 [17]. Ta parap�nw èqoun eurèwc efarmosteÐ se pl joc amìrfwn ulik¸n ( [23]
kai anaforèc ekeÐ).

Gia 1D �takta sust mata, h jermokrasiak  ex�rthsh thc agwgimìthtac,
apousÐa susqetism¸n, perigr�fetai, gia thn perioq  uyhl¸n jermokrasi¸n, apì
ton T−2/3-nìmo [24, 25], en¸ gia thn perioq  twn qamhl¸n jermokrasi¸n, apì ton
T−1/2-nìmo [24, 25]. Oi parap�nw ekfr�seic eÐnai sunepeÐc me thn prìbleyh tou
T−[ε]/([ε]+[r]) twn G. P. Triberis kai L. R. Friedman.

Gia 3D �takta sust mata, lamb�nontac upìyh thn epÐdrash twn susqeti-
sm¸n, kata thn kÐnhsh tou forèa, oi G. P. Triberis kai L. R. Friedman katè-
lhxan sto sumpèrasma ìti oi susqetismoÐ anairoÔn thn diaforetik  jermokrasi-
ak  ex�rthsh thc hlektrik c agwgimìthtac se uyhlèc kai qamhlèc jermokrasÐec,
apousÐa susqetism¸n, h opoÐa parousÐa susqetism¸n akoloujeÐ kai stic dÔo jermo-
krasiakèc perioqèc ton T−1/4 nìmo [7, 16].

Gia 1D �takta sust mata, lamb�nontac upìyh thn epÐdrash twn susqeti-
sm¸n, h jewrhtik  mac diereÔnhsh, anaforik� me th jermokrasiak  ex�rthsh thc
hlektrik c agwgimìthtac, od ghse sthn T−1/2-ex�rthsh tìso se uyhlèc ìso kai
qamhlèc jermokrasÐec, se sumfwnÐa me thn antÐstoiqh sumperifor� twn 3D susth-
m�twn.

Epiprìsjeta, h jewrhtik  mac an�lush epètreye ton upologismì thc mègisthc
apìstashc met�bashc tou forèa tìso se uyhlèc ìso kai se qamhlèc jermokrasÐec,
parousÐa susqetism¸n, h opoÐa dÐnetai analutik� wc [19,20]:

I. Correlated hopping

1. Uyhlèc jermokrasÐec

Rh,cr
m =

(T h,cr
0 )1/2α−1

2
T−1/2, ìpou T h,cr

0 = 6/N0kBα−1.
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2. Qamhlèc jermokrasÐec

Rl,cr
m =

(T l,cr
0 )1/2α−1

2
T−1/2, ìpou T l,cr

0 = 10/N0kBα−1.

Gia plhrìthta parajètoume kai tic antÐstoiqec ekfr�seic sthn perÐptwsh tou
uncorrelated hopping [24, 25]:

II. Uncorrelated hopping

1. Uyhlèc jermokrasÐec

Rh
m =

(T h
0 )2/3

2α
T−2/3, ìpou T h

0 = 271/2N1/2
s α1/2/N0kB.

2. Qamhlèc jermokrasÐec

Rl
m =

(T l
0)1/2

2α
T−1/2, ìpou T l

0 = 4α/N0kB.
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1.4 DiereÔnhsh thc hlektrik c agwgimìthtac
morÐwn DNA

Sto upokef�laio pou akoloujeÐ ta jewrhtik� mac apotelèsmata ta opoia aforoÔn
th jermokrasiak  ex�rthsh thc hlektrik c agwgimìthtac monodiast�twn at�ktwn
susthm�twn sunart sei thc jermokrasÐac, parousÐa susqetism¸n, efarmìzontai
sth diereÔnhsh thc sumperifor�c thc peiramatik� metroÔmenhc agwgimìthtac morÐ-
wn DNA.

1.4.1 To DNA ston kìsmo twn ulik¸n
Ston tomèa twn nanoteqnologik¸n efarmog¸n akoloujoÔntai dÔo basikèc strathgi-
kèc. H legìmenh “top-down” prosèggish anafèretai ston qeirismì enìc mikroÔ ari-
jmoÔ atìmwn   morÐwn se mikroskopik  klÐmaka gia th sqedÐash komy¸n motÐbwn me
ap¸tero stìqo th metafor� olìklhrwn leitourgikot twn sth nanometrik  klÐmaka.
H shmerin  biomhqanÐa twn hmiagwg¸n basÐzetai se aut  thn teqnologÐa. Kat� thn
“top-down” prosèggish axiopoieÐtai h idiaiterìthta tou ulikoÔ kai oi anaptugmènec
teqnikèc kataskeu c, en¸ dhmiourgoÔntai probl mata ìtan arqÐzoun na epidroÔn oi
fusikèc sunj kec thc nanometrik c klÐmakac. Gia par�deigma, h an�gkh apom�krun-
shc thc jermìthtac pou par�getai lìgw thc peraitèrw meÐwshc twn diast�sewn sta
hlektronik� kukl¸mata kai h met�bash apì thn klasik  sumperifor� twn forèwn
sthn kbantik  empodÐzoun shmantik� thn paragwgik  an�ptuxh thc mejìdou. H
an�gkh na xeperastoÔn aut� ta empìdia èqei wj sei thn èreuna proc thn “bottom-
up” prosèggish. Stic “bottom-up” kataskeuèc pl joc morÐwn auto-organ¸nontai
se par�llhla b mata, axiopoi¸ntac tic idiìthtec moriak c anagn¸rishc pou èqoun.
Oi telikèc kataskeuèc apoteloÔntai apì domik� stoiqeÐa ta opoÐa prèpei na eÐnai
mikrìtera apì to telikì proðìn. Autì kajist� dÔskolo ton qeirismì touc kai gi autì
oi “bottom-up” kataskeuèc sthrÐzontai se meg�lo bajmì sthn auto-org�nwsh.

Ta teleutaÐa qrìnia kainotìmec efarmogèc ston tomèa thc nanoteqnologÐac è-
qoun strèyei to endiafèron stic idiìthtec metafor�c twn 1D susthm�twn, ìpwc
nanoswl nec �njraka, nanosÔrmata kai ag¸gima mìria. MetaxÔ aut¸n to DNA,
apoteleÐ èna apì ta plèon uposqìmena 1D sust mata. Wc èna auto-organoÔmeno
sÔsthma, to DNA jewreÐtai ènac apì touc shmantikìterouc prwtagwnistèc ston
tomèa thc “bottom-up” nanoteqnologÐac. Oi monadikèc idiìthtec auto-org�nws c
tou, pou ofeÐlontai sth sumplhrwmatikìthta twn b�se¸n tou, A-T kai G-C, th
fusikoqhmik  stajerìthta, th mhqanik  akamyÐa, thn uyhl c akrÐbeiac dunatìthta
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epexergasÐac kai thn ikanìthta prosarmog c pou parousi�zei, deÐqnoun ìti to DNA
mporeÐ na eÐnai èna apì ta pio shmantik� domik� stoiqeÐa ston tomèa twn moriak¸n
nanodom¸n kai nanodiat�xewn. Mìria DNA mporoÔn na qrhsimopoihjoÔn sth sun-
armolìghsh diat�xewn kai upologistik¸n stoiqeÐwn, eÐte wc sundetik� stoiqeÐa eÐte
wc leitourgik� stoiqeÐa thc Ðdiac thc di�taxhc.

Ta idiaÐtera qarakthristik� tou DNA to kajistoÔn kat�llhlo gia th qr sh
tou se tètoiec nanokataskeuèc [26]: (a) Oi diamoriakèc allhlepidr�seic tou DNA
eÐnai oi pio eÔkola programmatizìmenec kai oi pio axiìpista problepìmenec lìgw thc
sumplhrwmatikìthtac twn A-T kai G-C b�se¸n tou. (b) Mìria DNA me opoiad -
pote akoloujÐa b�sewn eÐnai diajèsima kai eÔkolo na paraqjoÔn qrhsimopoi¸ntac
tic sun jeic teqnikèc sÔnjeshc thc stere�c kat�stashc (solid support synthesis).
Oi an�gkec sth biomhqanÐa thc bioteqnologÐac èqoun epÐshc odhg sei sthn an�p-
tuxh axiìpistwn qhmik¸n teqnik¸n gia thn paragwg  tropopoihmènwn dom¸n, ìpwc
oi om�dec biotÐnhc, thn kataskeu  etiket¸n fjorismoÔ kai thn an�ptuxh dom¸n pou
leitourgoÔn wc sundetik� stoiqeÐa se eurÔterec domèc. (g) To DNA mporeÐ na
elegqjeÐ kai na tropopoihjeÐ domik� apì mia meg�lh poikilÐa enzÔmwn pou perilam-
b�nei: ligk�sec gia thn ènwsh tmhm�twn DNA, ènzuma oriojèthshc pou kìboun to
DNA se kajorismènec jèseic, topoisomer�sec gia allag  thc topologÐac tou DNA,
prwteònec oi opoÐec bohjoÔn sthn anasÔnjesh tou DNA, DNA/RNA polumer�sec
pou k�noun antÐgrafa, k.a.

Sthn kateÔjunsh aut  èqoun protajeÐ [20]: “DNA tweezers” kai mhqanèc D-
NA oi opoÐec eÐte mporoÔn na anoÐgoun kai na kleÐnoun epaneilhmmèna, brÐskontac
efarmog  sthn afaÐresh farm�kwn apì to eswterikì foulerenÐwn kai apì auto-
organoÔmena DNA tetr�edra [27], eÐte prosomoi�zoun suskeuèc tri¸n katast�sewn
leitourgÐac me th dunatìthta na qrhsimopoihjoÔn sto mèllon se moriak� hlek-
tronik� kukl¸mata [28]. 'Eqoun sqediasteÐ “DNA walkers” pou �perpat�ne� se
�moriakoÔc drìmouς� qrhsimopoi¸ntac ton kat�llhlo sundiasmì sumplhrwmatik¸n
alusÐdwn [29�32] kai suskeuèc pou sthrÐzontai sthn topologÐa ubridismoÔ oi opoÐec
qrhsimopoioÔntai wc translation devices [33]. Oi K. Firman et al èqoun kataskeu�-
sei èna �moriakì diakìpth� pou basÐzetai sto DNA [34]. H nèa teqnologÐa onom�ze-
tai “nanoactuator”   �moriakì dunamì�. O diakìpthc autìc èqei �mesh praktik 
efarmog  sthn anÐqneush toxÐnwn kai ja mporoÔse na qrhsimopoihjeÐ sth biologik 
�muna (biodefence) wc biologikìc aisjht rac gia thn anÐqneush aerometaferìmen-
wn pajogìnwn paragìntwn. EpÐshc, qrhsimopoi¸ntac DNA molecular switches
kai nanoswl nec �njraka èqoun kataskeuasteÐ �moriakèc mn meς� [35]. Oi J. K.
Barton et al [36�38] èqoun ergasteÐ p�nw se DNA hlektroqhmikoÔc aisjht rec.
Sthn èreun� touc ekmetalleÔontai th dunatìthta tou dÐklwnou DNA na epitrèpei
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th dièleush forèwn agwgimìthtac. H hlektroqhmeÐa tou DNA eÐnai kat�llhlh gia
aisjht rec pou aniqneÔoun allagèc sto DNA: bl�bec, anantistoiqÐec kai akìmh kai
th sÔndesh me prwteònec. Pollèc mèjodoi hlektroqhmik c anÐqneushc èqoun anap-
tuqjeÐ kai di�foroi tÔpoi DNA aisjht rwn èqoun sqediasteÐ [39�42]. H an�ptuxh
hlektronik¸n suskeu¸n me qr sh morÐwn DNA wc sÔrmata apaiteÐ thn kalÔterh
katanìhsh twn hlektronik¸n idiot twn tou se diaforetikèc sunj kec kai perib�l-
lonta. Oi A. Okamoto et al. [43] anèferan ìti me thn enswm�twsh benzodeaza-
adenine parag¸gwn sto DNA, mpìresan na mei¸soun ta dunamik� oxeÐdwshc kai na
dieurÔnoun thn perioq  ìpou stoib�zontai oi b�seic se mia akoloujÐa DNA me apotè-
lesma na katafèroun na to qrhsimopoi soun wc èna stajerì kai apotelesmatikì
sÔrma. Mia apl  kai axiìpisth mèjodoc pou basÐzetai sto molecular combing kai
th soft lithography èqei anaptuqjeÐ apì touc J. Guan kai L. J. Lee [44] gia thn
paragwg  uyhloÔ bajmoÔ t�xhc perioq¸n apì nanosÔrmata DNA pou èqoun kal�
orismèno m koc kai prosanatolismì kai eÐnai me akrÐbeia topojethmènec p�nw apì
perioqèc qiliostometrik c klÐmakac. H teqnik  aut  mporeÐ na qrhsimopoihjeÐ gia
thn kataskeu  thc epìmenhc geni�c tsip DNA kai se leitourgik� kukl¸mata monodi-
ast�twn nanodiat�xewn pou sthrÐzontai sto DNA. Oi E. Winfree et al. [45] èqoun
dhmiourg sei logik� kukl¸mata DNA pou leitourgoÔn se almurì nerì, prosomoi�-
zontac to endokuttarikì perib�llon kai eÐnai se jèsh na kataskeu�soun pÔlec pou
na ekteloÔn ìlec tic jemeli¸deic logikèc leitourgÐec -AND, OR kai NOT-. Ta DNA
logik� kukl¸mata ja mporoÔsan na qrhsimopoihjoÔn ston taqÔtata anaptussìmeno
tomèa thc sunjetik c biologÐac, kai na odhg soun se mia nèa geni� diat�xewn gia
bioðatrikèc efarmogèc, kaj¸c kai sthn an�puxh thc nanobioteqnologÐac. Tèloc,
oi DNA computational devices qrhsimopoioÔn èna meg�lo arijmì morÐwn DNA se
di�luma gia thn ektèlesh poll¸n leitourgi¸n par�llhla. To DNA-based comput-
ing èqei katasteÐ plèon ènac shmantikìc tomèac èreunac [46�51] (sq ma 1.5, 1.6).

H DNA-teqnologÐa brÐsketai ereunhtik� mprost� kai se �llec prokl seic. O
lìgoc eÐnai ìti se antÐjesh me �lla noukleðnik� oxèa pou mporoÔn na qrhsimopoi-
hjoÔn wc upokat�stata tou DNA, ta mìria tou DNA metafèroun hlektrik� fortÐa.
H melèth thc hlektrik c agwgimìthtac morÐwn DNA apasqoleÐ ereunhtèc apì to
q¸ro thc BiologÐac, thc QhmeÐac, thc Fusik c thc sumpuknwmènhc Ôlhc kai thc
Nanohlektronik c. H metafor� fortÐou kat� m koc thc dipl c èlikac tou DNA
paÐzei shmantikì rìlo se pollèc biologikèc diadikasÐec kaj¸c sundèetai me thn
katastrof  twn b�sewn tou DNA lìgw oxeÐdwshc   aktinobìlhshc kai thn e-
pidiìrjws  tou [52, 53], en¸ mporeÐ na qrhsimopoihjeÐ gia thn parakoloÔjhsh thc
allhlepÐdrashc twn prwteðn¸n me to DNA, se bioqhmikoÔc aisjht rec [36, 54�59]
kai gia thn kataskeu  exeidikeumènwn moriak¸n hlektronik¸n diktÔwn [60,61], k.a.



38

Sq ma 1.5: Nanoteqnologikèc efarmogèc tou DNA: a) “DNA tweezer” pou lei-
tourgeÐ metaxÔ tri¸n katast�sewn (relaxed, closed kai straightened) [28], b), c)
“DNA walkers” pou pragmatopoioÔn b mata qrhsimopoi¸ntac ton kat�llhlo sun-
diasmì sumplhrwmatik¸n alusÐdwn [29,30].
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Sq ma 1.6: a) DNA hlektroqhmikoÐ aisjht rec pou aniqneÔoun thn parousÐa
adenosÐnhc apì th dièleush forèwn agwgimìthtac mèsw tou dÐklwnou DNA [42],
b) paragwg  kai metafor� nanosurm�twn DNA [44].

To DNA

To DNA eÐnai èna apì ta duo eÐdh noukleðk¸n oxèwn. ApoteleÐtai apì èna
sÔnolo noukleotidÐwn ta opoÐa sunÐstantai me th seir� touc apì trÐa diaforetik�
mìria sundedemèna metaxÔ touc me omoiopolikoÔc desmoÔc. Aut� eÐnai h pentìzh
desoxuribìzh, èna mìrio fwsforikoÔ oxèoc kai mia organik  azwtoÔqa ènwsh pou
mporeÐ na eÐnai h adenÐnh (A), h gouanÐnh (G), h jumÐnh (T) kai h kutosÐnh (C).

SÔmfwna me to montèlo thc dipl c èlikac to mìrio tou DNA èqei ta akìlouja
basik� domik� qarakthristik�:

• ApoteleÐtai apì duo polunoukleotidikèc alusÐdec, touc kl¸nouc, pou sqh-
matÐzoun th dipl  èlika (sq ma 1.7).

• Oi azwtoÔqec b�seic (A, G, T, C) se k�je kl¸no eÐnai k�jetec ston kÔrio
�xona tou morÐou kai proexèqoun proc to eswterikì tou.
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Sq ma 1.7: H �tuqaÐa� mh-periodik  akoloujÐa twn b�sewn apoteleÐ mia morf 
ataxÐac tou sust matoc.

• Oi duo kl¸noi sugkratoÔntai (sq ma 1.8) metaxÔ touc me desmoÔc udrogìnou
m kouc ∼ 2.9Å pou sqhmatÐzontai metaxÔ twn azwtoÔqwn b�se¸n touc. Ta
zeug�ria twn azwtoÔqwn b�sewn an�mesa stic opoÐec mporoÔn na sqhmatis-
toÔn desmoÐ udrogìnou eÐnai kajorismèna: adenÐnh-jumÐnh, pou sundèontai
me duo desmoÔc udrogìnou, kai gouanÐnh-kutosÐnh, pou sundèontai me treic
desmoÔc udrogìnou. Oi b�seic autèc onom�zontai sumplhrwmatikèc kai h
allhlouqÐa touc p�nw sthn alusÐda eÐnai tuqaÐa.

• H apìstash metaxÔ twn zeugari¸n twn b�sewn eÐnai ∼ 3.4Å kai to b ma thc
èlikac ∼ 34Å.

• Ta mìria fwsforikoÔ oxèoc apoteloÔn ta par�pleura kai exwterik� tm mata
thc èlikac sta opoÐa mporoÔn na topojethjoÔn me tuqaÐo trìpo katiìnta lìgw
thc èlxhc touc apì tic arnhtik� fortismènec fwsforikèc rÐzec.
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Sq ma 1.8: H �tuqaÐa� katanom  antistajmik¸n iìntwn kata m koc thc fwsforik c
raqokokali�c tou DNA apoteleÐ mia deÔterh morf  ataxÐac tou sust matoc.

Sth sunèqeia, jewr¸ntac to DNA wc èna (1D) �moriakì sÔrma� pou parousi�zei
ataxÐa kai wc upeÔjunouc foreÐc gia thn parathroÔmenh sumperifor� thc hlek-
trik c agwgimìthtac stic uyhlèc jermokrasÐec mikr� polarìnia ta opoÐa kinoÔ-
ntai me th bo jeia pl jouc fwnonÐwn mèsw alm�twn kata m koc thc alusÐdac
tou (small polaron multiphonon-assisted hopping) proteÐnoume thn ermhneÐa thc
isqur c jermokrasiak c ex�rthshc thc hlektrik c agwgimìthtac twn morÐwn DNA,
ìpwc èqei parathrhjeÐ peiramatik� stic uyhlèc jermokrasÐec, qrhsimopoi¸ntac th
jewrhtik  an�lush pou anaptÔxame sto Kef�laio 1. Kaj¸c, h poluplokìthta
thc dom c tou DNA eÐnai pijanì na eunoeÐ fainìmena susqetism¸n metaxÔ twn di-
adoqik¸n alm�twn twn forèwn, proqwr�me pèra apì tic mèqri s mera diereun seic
ìpou oi susqetismoÐ den èqoun lhfjeÐ upìyh sto mhqanismì metafor�c, kai efar-
mìzontac ta analutik� apotelèsmata sta opoÐa katal xame (enìt. 1.2.2) sta plèon
axiìpista peiramatik� apotelèsmata pou èqoun dhmosieuteÐ mèqri s mera [62�65]
gia th jermokrasiak  ex�rthsh thc hlektrik c agwgimìthtac morÐwn DNA [19,20],
diereunoÔme to rìlo thc epÐdrashc twn susqetism¸n sth jermokrasiak  ex�rthsh
thc agwgimìthtac kai th mègisth apìstash met�bashc twn forèwn.



42

1.4.2 Efarmog  sthn ermhneÐa thc jermokrasiak c
ex�rthshc thc hlektrik c agwgimìthtac morÐwn
DNA

Oi peiramatikèc diereun seic anaforik� me ton hlektrikì qarakthrismì tou D-
NA apoteloÔn èna pedÐo antifatik¸n apìyewn sÔmfwna me tic opoÐec to DNA
qarakthrÐzetai wc agwgìc [56, 61, 66�71], uperagwgìc [59, 72], monwt c [73�75]
  kai hmiagwgìc [63, 64, 76]. H axiolìghsh twn mèqri s mera peiramatik¸n apote-
lesm�twn èqei odhg sei sto sumpèrasma ìti p�ra poll� apì aut� ta apotelès-
mata den  tan axiìpista. Par�gontec stouc opoÐouc mporoÔn na apodojoÔn ta
antifatik� sumper�smata eÐnai metaxÔ �llwn [77], oi diaforopoi seic twn deigm�twn
tìso ston arijmì ìso kai sthn akoloujÐa twn zeug¸n b�sewn, oi opoÐec od gh-
san se diaforetik� peiramatik� apotelèsmata, kai h diaforetik  metaqeÐrish twn
deigm�twn (rujmistik� dialÔmata kai ergasthriakì perib�llon), kaj¸c ta dialÔma-
ta pou qrhsimopoioÔntai kata thn peiramatik  diadikasÐa mporeÐ na enisqÔoun th
metafor� hlektronÐwn, se merikèc peript¸seic eÐnai pijanì na eÐnai ta Ðdia ag¸gima,
en¸ epÐshc mporeÐ na ephre�soun to pososto ataxÐac kata m koc thc dipl c èlikac
odhg¸ntac se megalÔtero   mikrìtero entopismì tou fortÐou kai kata sunèpeia
se mikrìterh   megalÔterh agwgimìthta antÐstoiqa. EpÐshc, h poiìthta twn hlek-
trik¸n epaf¸n mporeÐ na ephre�sei drastik� th metroÔmenh agwgimìthta [78]. Oi
metr seic twn hlektrik¸n idiot twn tou DNA mporoÔn na gÐnoun eÐte me metr seic
mikrokumatik¸n suqnot twn qwrÐc th dhmiourgÐa epaf¸n, eÐte me apeujeÐac metr -
seic ìpou h dhmiourgÐa epaf¸n metaxÔ DNA kai hlektrodÐwn eÐnai aparaÐthth. Stic
metr seic �meshc epaf c me to deÐgma DNA eÐnai polÔ dÔskolo na diasfalisteÐ
h �mesh sÔndesh me ta metallik� hlektrìdia (sun jwc Au). Wstìso, akìma kai
an epiteuqjeÐ h epaf , asjen  fainìmena sun�feiac metaxÔ tou morÐou DNA kai
tou Au eÐnai pijanì na odhg soun sto sqhmatismì monwtik c epaf c pou pijan¸c
na eujÔnetai, wc èna bajmì, gia tic meg�lec diaforopoi seic sthn metroÔmenh ag-
wgimìthta [79].

Par� touc di�forouc par�gontec pou mporoÔn na ephre�soun thn metroÔmenh
agwgimìthta, prìsfata dhmosieumènec peiramatikèc ergasÐec [62�65] parousÐasan
entupwsiak� koin� qarakthristik� sth sumperifor� thc hlektrik c agwgimìthtac
diaforetik¸n deigm�twn DNA. Se qamhlèc jermokrasÐec h hlektrik  agwgimìth-
ta paramènei sqedìn amet�blhth me th jermokrasÐa, en¸ se uyhlèc jermokrasÐec
parousi�zei idiaÐtera isqur  jermokrasiak  ex�rthsh ekjetik c morf c. Ta peira-
matik� aut� apotelèsmata mèqri s mera den èqoun amfisbhthjeÐ kai jewroÔntai apì
ta plèon axiìpista.
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Sugkekrimèna, oi P. Tran et al. (I) [62] mètrhsan thn agwgimìthta kai thn
ex�rths  thc apì th jermokrasÐa kat� m koc thc dipl c èlikac l-f�gou DNA.
AkoloÔjhsan mia peiramatik  diadikasÐa kat� thn opoÐa den  tan aparaÐthth h
dhmiourgÐa epaf¸n me to upì melèth deÐgma kai mètrhsan thn ex�rthsh thc ag-
wgimìthtac apì th jermokrasÐa se uyhlèc suqnìthtec. Ta deÐgmata topojet jhkan
mèsa se koilìthta suntonismoÔ uyhl c euaisjhsÐac kai o upologismìc thc ag-
wgimìthtac ègine apì tic ap¸leiec enèrgeiac pou parathr jhkan se aut , se di-
aforetikèc suqnìthtec. Ta deÐgmata pou qrhsimopoÐhsan oi P. Tran et al.  tan
mìria l-DNA se rujmistikì di�luma ta opoÐa metaqeirÐsthkan wc lept� sÔrmata
diamètrou ∼ 2nm. Pio sugkekrimèna, ta deÐgmata pou qrhsimopoÐhsan  tan lu-
ofilopoihmèna mìria DNA se rujmistikì di�luma (DNA in buffer) kai deÐgmata
xhroÔ DNA (dry DNA). Sto sq ma 1.9 parousi�zontai ta peiramatik� apotelès-
mata twn Tran et al. Oi P. Tran et al. apèdwsan ta apotelèsmat� touc gia tic
qamhlèc jermokrasÐec se iontik  agwgimìthta apì antistajmik� iìnta. Gia tic uyh-
lèc ìmwc jermokrasÐec autìc o mhqanismìc aporrÐfjhke kaj¸c den mporoÔse na
exhg sei thn isqur  jermokrasiak  ex�rthsh kai tic uyhlèc timèc thc agwgimìth-
tac pou parathr jhkan. Wc pijanìtero mhqanismì prìteinan fainomenologik� th
diègersh twn forèwn metaxÔ monoswmatidiak¸n energeiak¸n qasm�twn   k�poio
jermik� upobohjoÔmeno mhqanismì alm�twn, en¸ shmeÐwsan ìti h parathroÔmenh
agwgimìthta ja mporoÔse na apodojeÐ sto mhqanismì fwnonik� upobohjoÔmenwn
alm�twn mikr¸n polaronÐwn, qwrÐc na tekmhri¸soun autì touc to sqìlio.

Pio prìsfata oi A. Inomata et al (II) [64] mètrhsan th jermokrasiak  ex�rthsh
thc agwgimìthtac se an�loga mìria l-f�gou DNA. Mia stagìna araioÔ dialÔmatoc
DNA topojet jhke se kat�llhlo upìstrwma kai sth sunèqeia apomakrÔnjhke
o dialÔthc me anarrìfhsh. Ta l-DNA mìria epekt�jhkan p�nw sto upìstrw-
ma met� thn upoq¸rhsh thc diepaf c aèra-neroÔ. Oi I − V metr seic aut¸n twn
deigm�twn pragmatopoi jhkan se kenì, qrhsimopoi¸ntac lepta hlektrìdia. Sto
sq ma 1.10 parousi�zontai ta peiramatik� apotelèsmata twn A. Inomata et al. Ta
apotelèsmat� touc parousi�zoun parìmoia jermokrasiak  ex�rthsh thc agwgimìth-
tac me aut  twn P. Tran et al. [62]. H jermokrasiak  ex�rthsh thc agwgimìthtac
je¸rhsan ìti eÐnai endeiktik  enìc mhqanismoÔ jermik� upobohjoÔmenwn alm�twn
kai h parathroÔmenh sumperifor� apodìjhke me to nìmo Arrhenius.

Oi K. H. Yoo et al (III) [63] pragmatopoÐhsan metr seic hlektrik c agwgimìth-
tac se poly(dA)-poly(dT) kai poly(dG)-poly(dC) mìria DNA. Ta deÐgmata pou
qrhsimopoÐhsan  tan poly(dG)-poly(dC) kai poly(dA)-poly(dT) me mèso m koc
1.7−2.9mm (5000-8600 zeÔgh b�sewn) kai 500-1500nm antÐstoiqa. Kat� thn peira-
matik  diadikasÐa ef�rmosan th mèjodo hlektrostatik c pagÐdeushc (“electrostatic
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Sq ma 1.9: Jermokrasiak  ex�rthsh thc hlektrik c agwgimìthtac gia ta deÐgmata
l-DNA in buffer kai dry l-DNA se suqnìthtec 12GHz kai 100GHz. Oi eujeÐec
grammèc antistoiqoÔn se jermik� upobohjoÔmeno mhqanismì metafor�c [62].

Sq ma 1.10: Jermokrasiak  ex�rthsh thc hlektrik c agwgimìthtac se deÐgmata
l-DNA [64]. H suneq c gramm  èqei prokÔyei apì thn prosarmog  tou nìmou
Arrhenius sta peiramatik� dedomèna.

trapping method”) gia th dhmiourgÐa hlektrik¸n epaf¸n metaxÔ twn morÐwn DNA
kai twn metallik¸n hlektrodÐwn Au/Ti. SÔmfwna me th mèjodo aut , mia stagìn-
a (∼ 2mmol) udatikoÔ dialÔmatoc DNA topojet jhke p�nw apì to kenì metaxÔ
twn hlektrodÐwn kai efarmìsthke t�sh mèqri 5V. Met� thn pagÐdeush tou morÐou
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DNA an�mesa sta hlektrìdia apomakrÔnjhke opoiad pote ugrasÐa me aèrio �zw-
to kai qarakthrÐsthke ek nèou to deÐgma qrhsimopoi¸ntac analut  akribeÐac. Sto
sq ma 1.11 parousi�zontai ta peiramatik� apotelèsmata twn K. H. Yoo et al. Oi
qarakthristikèc kampÔlec I-V stic opoÐec katèlhxan gia di�forec jermokrasÐec er-
mhneÔthkan me thn efarmog  enìc montèlou alm�twn mikr¸n polaronÐwn, gia ìlo to
eÔroc jermokrasi¸n, to opoÐo eÐqe qrhsimopoihjeÐ sto pareljìn gia thn ermhneÐa
thc agwgimìthtac amìrfwn ulik¸n stic treic diast�seic kai to opoÐo den l�mbane
upìyh thn parousÐa ataxÐac sto sÔsthma [80]. Kat� th melèth touc qrhsimopoÐh-
san asafoÔc fusik c proèleushc fainomenologikèc paramètrouc kai ektÐmhsan ìti h
apìstash sthn opoÐa phdoÔn oi foreÐc sumb�llontac sthn agwgimìthta eÐnai gia ta
mìria poly(dA)-poly(dT) 1.68nm (∼ 5 zeÔgh b�sewn) se jermokrasÐa 300K, en¸ gi-
a ta mìria poly(dG)-poly(dC) 2.5nm (∼ 7 zeÔgh b�sewn) gia T > 50K. H adunamÐa
na ermhneÔsoun th jermokrasiak  ex�rthsh thc apìstashc met�bashc sthn opoÐ-
a katèlhxan qrhsimopoi¸ntac to sugkekrimèno jewrhtikì montèlo gia olìklhro
to eÔroc twn jermokrasi¸n touc od ghse sto sumpèrasma ìti �lloi mhqanismoÐ
metafor�c mporeÐ na eujÔnontai gia thn parathroÔmenh sumperifor�.

Sq ma 1.11: Jermokrasiak  ex�rthsh thc agwgimìthtac gia ta mìria poly(dA)-
poly(dT) DNA kai poly(dG)-poly(dC) DNA [63]. Oi suneqeÐc kampÔlec èqoun
upologisteÐ apì thn efarmog  enìc montèlou alm�twn mikr¸n polaronÐwn gia 3D
�takta sust mata apousÐa ataxÐac [80].

Oi Z. Kutnjak et al. [65] pragmatopoÐhsan metr seic gia th jermokrasiak 
ex�rthsh thc agwgimìthtac se wet-spun calf thymus Li-DNA upì thn epÐdrash
hlektrikoÔ pedÐou kai metr seic gia ton èlegqo thc ex�rthshc thc agwgimìthtac
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apì th suqnìthta gia eÔroc suqnot twn 20Hz-1MHz. H �wet spinning� mèjodoc
pou qrhsimopoÐhsan epitrèpei thn elegqìmenh paragwg  lept¸n umenÐwn, austhr�
kajorismènou prosanatolismoÔ, apì n mata DNA ta opoÐa kat� thn peiramatik  di-
adikasÐa diaqwrÐzontai apì to udatikì di�luma alkoìlhc sto opoÐo brÐskontai mèsw
twn suneq¸n t�sewn pou dèqontai. Oi metr seic gia thn antÐstash kai tic qarak-
thristikèc kampÔlec twn deigm�twn pragmatopoi jhkan, se deÐgmata me 75% sqetik 
ugrasÐa kai xhr� deÐgmata se kenì. Sto sq ma 1.12 parousi�zontai ta peiramatik�
apotelèsmata twn Z. Kutnjak et al. H sumperifor� thc agwgimìthtac eÐnai an�logh
me twn tri¸n prohgoÔmenwn peiram�twn. Katèlhxan de sto sumpèrasma ìti ta peira-
matik� touc apotelèsmata akoloujoÔn ikanopoihtik� to nìmo tou Arrhenius qwrÐc
ìmwc na apokleÐontai mhqanismoÐ ìpwc o mhqanismìc alm�twn.

Sq ma 1.12: Jermokrasiak  ex�rthsh thc hlektrik c agwgimìthtac se deÐgmata
wet-spun Li-DNA me 75% sqetik  ugrasÐa [65]. To hlektrikì pedÐo 31.25V/cm
(a) kai 78.13V/cm (b) efarmìsthke par�llhla ston �xona prosanatolismoÔ tou
deÐgmatoc.
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An�mesa stouc mhqanismoÔc pou èqoun protajeÐ gia thn ermhneÐa thc isqur c
jermokrasiak c ex�rthshc thc hlektrik c agwgimìthtac pou èqei parathrhjeÐ stic
uyhlèc jermokrasÐec, eÐnai o mhqanismìc unistep superexchange, multistep hop-
ping [81,82], carrier excitations across single-particle gaps [62], bandlike electronic
transport [83], kai variable range hopping [84].

Stic parap�nw anaforèc apousi�zei h susthmatik  paragwg  miac analutik c
èkfrashc gia thn hlektrik  agwgimìthta h opoÐa na lamb�nei upìyh ta idiaÐtera
qarakthristik� tou DNA prokeimènou na ermhneutoÔn ta peiramatik� dedomèna pou
anafèrame. Oi ekfr�seic thc hlektrik c agwgimìthtac oi opoÐec qrhsimopoioÔntai
metafèrontai mhqanistik� me skopì na prosarmostoÔn sta peiramatik� dedomèna
qwrÐc ìmwc na dÐnetai fusik  ermhneÐa twn qrhsimopoioÔmenwn paramètrwn. Apì
tic mèqri s mera jewrhtikèc melètec den èqoun lhfjeÐ upìyin ta ex c:

1. O monodi�statoc (1D) qarakt rac tou sust matoc. To DNA mporeÐ na jew-
rhjeÐ wc èna �moriakì sÔrma� sto opoÐo �plegmatik�� shmeÐa eÐnai ta zeug�ria
b�sewn thc dipl c èlikac tou DNA.

Parìlo pou h kumatosun�rthsh tou forèa mporeÐ na eÐnai perissìtero sug-
kentrwmènh sto èna mèloc tou zeÔgouc twn b�sewn, an�loga me thn enèrgeia
ionismoÔ, p.q sth b�sh G tou zeÔgouc G-C, up�rqoun isqurèc endeÐxeic ìti
h kumatosun�rthsh mporeÐ na epektajeÐ kai se olìklhro to zeÔgoc b�sewn
me apotèlesma h kÐnhsh tou forèa na gÐnetai apì zeÔgoc b�shc se zeÔgoc
b�shc [85, 86]. Wstìso, an o forèac brÐsketai ston èna kl¸no thc dipl c
èlikac, eÐnai pijanì h metafor� tou na gÐnei apokleistik� kata m koc autoÔ.
O mhqanismìc metafor�c pou ufÐstatai sthn pragmatikìthta exart�tai apì
to eÐdoc twn b�sewn pou sunjètoun thn akoloujÐa tou DNA. UpologismoÐ
jewr¸ntac th mia   twn �llh perÐptwsh den odhgoÔn se polÔ diaforetikèc
idiìthtec gia to polarìnio [87].

2. H Ôparxh ataxÐac sto sÔsthma. Sto DNA h ataxÐa �epib�lletai� sthn kÐnhsh
tou forèa apì to sÔsthma twn noukleob�sewn, th fwsforik  �raqokokalÐa�
(backbone system) tou DNA kai to perib�llon tou. O P. Tran kai h om�da
tou [62] èqoun tonÐsei ìti ta jewrhtik� montèla pou èqoun protajeÐ gia thn
ermhneÐa thc peiramatik� parathroÔmenhc sumperifor�c thc hlektrik c ag-
wgimìthtac sto DNA, den lamb�noun upìyh thn ataxÐa tou sust matoc pou
sqetÐzetai me thn tuqaÐa akoloujÐa twn b�sewn, oÔte ta tuqaÐa dunamik� kat�
m koc thc dipl c èlikac tou DNA pou ofeÐlontai sthn tuqaÐa katanom  an-
tistajmik¸n iìntwn (counterions) kata m koc thc. Sugkekrimèna, h epÐdrash
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twn antistajmik¸n iìntwn kai thc ataxÐac pou aut� eis�goun sto DNA diere-
un jhke prìsfata apì touc Ch. Adessi kai M. P. Anandram [88].

3. O sqhmatismìc mikr¸n polaronÐwn. Arketèc jewrhtikèc kai peiramatikèc
melètec uposthrÐzoun ton sqhmatismì mikr¸n polaronÐwn sto DNA [89�91],
kai ton mhqanismì metafor�c aut¸n mèsw alm�twn wc ton upeÔjuno mhqanismì
gia thn parathroÔmenh sumperifor� thc hlektrik c agwgimìthta [87, 92�94]
qwrÐc bebaÐwc aut� na sumperilamb�nontai se èna montèlo pou na katal gei
se mia analutik  èkfrash thc jermokrasiak c ex�rthshc thc agwgimìthtac.
Oi S. S. Alexandre et al. [95] ektel¸ntac upologismoÔc apì pr¸tec arqèc p�n-
w se poly(dC)-poly(dG) DNA deÐgmata, mèqri kai 4 zeug�ria b�sewn C-G,
katèdeixan thn isqur  sÔzeuxh op¸n kai plègmatoc kai br kan isqurèc endeÐx-
eic gia to sqhmatismì mikr¸n polaronÐwn sto DNA. Upolìgisan thn enèrgeia
dèsmeushc twn mikr¸n polaronÐwn kaj¸c kai thn enèrgeia energopoÐhshc twn
alm�twn touc. H mikr  diakÔmansh thc enèrgeiac dèsmeushc sun�rthsei tou
mègejouc tou DNA (isqurìc entopismìc), oi arket� megalÔterec timèc thc
enèrgeiac dèsmeushc sugkritik� me to eÔroc thc energeiak c z¸nhc tou forèa
kai o isqurìc entopismìc thc kumatosun�rths c tou, ìpwc proèkuyan apì
th jewrhtik  melèth twn S. S. Alexandre et al., sunistoÔn endeÐxeic gia to
sqhmatismì mikr¸n polaronÐwn sto DNA.

'Opwc shmei¸nei h E. M. Conwell [87], dÔo eÐdh polaronÐwn mporoÔn na sqhma-
tistoÔn sto DNA. To eponomazìmeno “distortion polaron”, ìpou h paramìr-
fwsh twn moriak¸n �plegmatik¸n� shmeÐwn eujÔnetai gia thn autopagÐdeush
tou forèa kai ton sqhmatismì tou mikroÔ polaronÐou,   to “solvated po-
laron” [96,97], tou opoÐou o sqhmatismìc ofeÐletai sthn pìlwsh pou prokaleÐ
to pleon�zon fortÐo tou mèsou pou perib�llei to DNA, ìpwc nerì kai iìnta.

Sth jewrhtik  an�lush h opoÐa prohg jhke (kef. 1) ìla ta parap�nw
apoteloÔn basik� qarakthristik� ta opoÐa enswmat¸nontai tìso sth mikrosko-
pik  perigraf  tou mhqanismoÔ metafor�c me th qr sh tou G.M.C.M ìso kai
sth makroskopik  an�lush qrhsimopoi¸ntac th JewrÐa Diafug c. Par�llh-
la lamb�netai upìyh

4. H sumbol  poll¸n fwnonÐwn sthn kÐnhsh twn forèwn. Stic uyhlèc jermokra-
sÐec suneisfèrei pl joc fwnonÐwn sto mhqanismì metafor�c, o opoÐoc qarak-
thrÐzetai wc multiphonon- assisted small polaron hopping, en¸ stic qamhlèc
jermokrasÐec summetèqei o el�qistoc arijmìc fwnonÐwn pou eÐnai aparaÐthtoc
¸ste na isqÔei h diat rhsh enèrgeiac sto sÔsthma kai o mhqanismìc qarak-
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thrÐzetai antÐstoiqa few phonon-assisted small polaron hopping. To pl joc
twn fwnonÐwn pou sunodeÔoun thn kÐnhsh tou forèa epidr� sto mhqanis-
mì metafor�c kai autì ekfr�zetai apì ton endogen  rujmì met�bashc tou
forèa. SÔmfwna me to G.M.C.M diakrÐnontai dÔo perioqèc jermokrasi¸n gia
to mhqanismì metafor�c, stic opoÐec antistoiqoÔn diaforetikèc ekfr�seic gia
ton endogen  rujmì met�bashc (enìt. 1.1.2)

5. Oi susqetismoÐ twn diadoqik¸n alm�twn tou forèa. 'Opwc èqei deiqjeÐ s-
to pareljìn se 3D �takta sust mata, h dom  tou ulikoÔ epidr� sto ean oi
susqetismoÐ se mia akoloujÐa alm�twn tou forèa paÐzoun shmantikì rìlo sto
mhqanismì metafor�c [6,7]. H poluplokìthta thc dom c tou DNA eÐnai pijanì
na eunoeÐ fainìmena susqetism¸n metaxÔ twn diadoqik¸n alm�twn twn forèwn
kata thn kÐnhs  touc kata m koc thc alusÐdac tou. H elikoeid c dom  tou
DNA, to twisting, stretching kai bending thc dipl c èlikac tou DNA) eÐnai
pijanì na eujÔnontai gia ton susqetismì twn diadoqik¸n alm�twn tou forèa
gegonìc to opoÐo epidr� tìso sthn èkfrash thc jermokrasiak c ex�rthshc
thc agwgimìthtac ìso kai sthn èkfrash gia th mègisth apìstash met�bashc
twn forèwn (enìt. 1.2.2).

Epomènwc, to gegonìc ìti ikanopoioÔntai ìlec oi basikèc fusikèc proôpojè-
seic pou aforoÔn to DNA wc fusikì sÔsthma, mac epitrèpei na epiqeir soume me
b�sh ta analutik� mac apotelèsmata thn ermhneÐa thc metroÔmenhc jermokrasiak c
ex�rthshc thc hlektrik c tou agwgimìthtac.

Kaj¸c oi peiramatikèc timèc thc metroÔmenhc agwgimìthtac sta peir�mata pou
anafèrame metab�llontai t�xeic megèjouc gia tic di�forec perioqèc jermokrasi¸n,
mikroÔ   meg�lou eÔrouc [62�65], sth sunèqeia efarmìzoume ta jewrhtik� mac
apotelèsmata gia tic uyhlèc jermokrasÐec se ekeÐnec tic timèc twn peiramatik¸n
dedomènwn pou antistoiqoÔn se perioqèc uyhl¸n jermokrasi¸n oi opoÐec èqoun
ikanopoihtik  èktash (I, II kai III), jewr¸ntac ìti h eurÔthta thc perioq c twn
jermokrasi¸n diasfalÐzei thn axiopistÐa twn peiramatik¸n apotelesm�twn. Ta
apotelèsmata tou Z. Kutnjak [65] èqoun exairejeÐ kaj¸c anafèrontai se mia polÔ
sten  perioq  jermokrasi¸n eÔrouc 40K. Wc perioq  uyhl¸n jermokrasi¸n jew-
roÔme thn perioq  ìpou h ex�rthsh thc agwgimìthtac apì th jermokrasÐa eÐnai
emfan¸c isqur  - an kai h perioq  twn uyhl¸n jermokrasi¸n kajorÐzetai austhr�
apì th sunj kh h̄ω0/kBT ¿ 1 [9]. H perioq  qamhl¸n jermokrasi¸n qarakthrÐze-
tai antÐstoiqa apì mia polÔ asjen  jermokrasiak  ex�rthsh thc agwgimìthtac.

Sugkekrimèna, anaferìmaste sta peiramatik� dedomèna tou P. Tran [62] (I) pou
aforoÔn deÐgmata dry λ-DNA, se suqnìthta 12GHz, sta opoÐa parathr jhke saf c
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isqur  jermokrasiak  ex�rthsh thc agwgimìthtac apì th jermokrasÐa 227K mèqri
342K, dhlad  se mia jermokrasiak  perioq  eÔrouc 115K. Oi antÐstoiqec timèc thc
agwgimìthtac pou metr jhkan kumaÐnontai apì 0.28Ω−1cm−1 mèqri 4.29Ω−1cm−1,
antÐstoiqa.

Ta peiramatik� apotelèsmata twn A. Inomata et al. [64] (II) èdeixan isqur 
jermokrasiak  ex�rthsh thc agwgimìthtac apì 118K èwc 265K, dhlad  se mia pe-
rioq  jermokrasi¸n eÔrouc 147K. Oi antÐstoiqec timèc pou metr jhkan kumaÐnontai
apì 0.86× 10−11Ω−1 mèqri 1.46× 10−7Ω−1, antÐstoiqa.

Ta peiramatik� dedomèna twn K. H. Yoo et al. [63] (III) pou aforoÔn ta mìria
poly(dA)-poly(dT) DNA èdeixan isqur  jermokrasiak  ex�rthsh thc agwgimìthtac
apì 178K mèqri 306K, dhlad  mia jermokrasiak  perioq  eÔrouc 128K. Oi antÐs-
toiqec timèc thc agwgimìthtac pou metr jhkan kumaÐnontai apì 3.31 × 10−11Ω−1

mèqri 1.5× 10−8Ω−1, antÐstoiqa.
Ta sq mata 1.13, 1.14 kai 1.15 parousi�zoun tic grafikèc parast�seic ln σ −

vs− T−1/2 [19] gia ta peiramatik� dedomèna twn P. Tran et al (I) [62], A. Inomata
et al (II) [64] kai twn K. H. Yoo et al (III) [63], antÐstoiqa.

0,052 0,056 0,060 0,064 0,068

-1,5

-1,0

-0,5

0,0

0,5

1,0

1,5

ln
[
(

-1
cm

-1
)
]

T-1/2(K-1/2)

Sq ma 1.13: ln σ− vs− T−1/2 [19] gia ta apotelèsmata twn P. Tran et al. [62] pou
anafèrontai se mìria λ-DNA se suqnìthta 12GHz.
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Sq ma 1.14: ln G− T−1/2 [19] gia ta apotelèsmata twn A. Inomata et al. [64] pou
anafèrontai se mìria λ-DNA.
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Sq ma 1.15: ln G− vs− T−1/2 [19] gia ta apotelèsmata twn K. H. Yoo et al. [63]
pou anafèrontai se mìria poly(dA)-poly(dT) DNA.
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Ta peiramatik� apotelèsmata faÐnetai na akoloujoÔn ikanopoihtik� ton T−1/2-
nìmo (ex. (1.76) ), ston opoÐo katèlhxe h jewrhtik  mac an�lush gia 1D sust mata
se uyhlèc jermokrasÐec

σh,cr ∝ exp


−

(
T h,cr

0

T

)1/2

 , (1.99)

ìpou T h,cr
0 = 6/N0kBα−1.

Wstìso, dedomènou ìti h agwgimìthta emfanÐzei isqur� ekjetik  jermokrasi-
ak  ex�rthsh, ikanopoihtik  prosarmog  sta peiramatik� dedomèna ja mporoÔsan
na d¸soun fainomenologik� di�forec ekjetikèc ekfr�seic, ìpwc èqei epiqeirhjeÐ kai
sto pareljìn [62�65]. Kata sunèpeia, par� to gegonìc ìti ìla ta fusik� qarak-
thristik� tou sust matoc èqoun lhfjeÐ upìyh sthn jewrhtik  mac an�lush kai ta
sq mata 1.13, 1.14 kai 1.15 emfanÐzoun ta peiramatik� apotelèsmata na akolou-
joÔn ikanopoihtik� ton T−1/2-nìmo, to gegonìc autì den eggu�tai aparaÐthta thn
egkurìthta tou jewrhtikoÔ mac montèlou. H jewrhtik  an�lush tou proteinìme-
nou montèlou epitrèpei, ìpwc eÐdame, kai ton upologismì thc mègisthc apìstashc
met�bashc Rh,cr

m (T ) twn forèwn (ex. (1.78) ).

Rh,cr
m =

(T h,cr
0 )1/2α−1

2
T−1/2.

H exÐswsh pou perigr�fei th mègisth apìstash met�bashc kai th jermokrasiak  thc
ex�rthsh par�qjhke analutik� lamb�nontac upìyh ìla ta basik� qarakthristika
tou upì melèth sust matoc. Sunep¸c, to apotèlesma tou upologismoÔ thc mègisthc
apìstashc met�bashc mporeÐ na apotelèsei èna epiprìsjeto shmantikì krit rio gia
ton èlegqo thc axiopistÐac thc jewrÐac mac.

H par�metroc T h,cr
0 pou upeisèrqetai sthn èkfrash gia th mègisth apìstash

met�bashc mporeÐ na prosdioristeÐ apì thn klÐsh thc kampÔlhc ln σ − vs − T−1/2.
Qrhsimopoi¸ntac thn exÐswsh (1.78) (gia α−1 = 2Å [98, 99]) upologÐsame thn
mègisth apìstash met�bashc twn forèwn Rh,cr

m (T ) gia th �qamhlìterh� kai �uyh-
lìterh� jermokrasÐa thc perioq c uyhl¸n jermokrasi¸n.

Gia ta mìria λ-DNA, qrhsimopoi¸ntac ta dedomèna twn P. Tran et al [62] (I),
upologÐsame: T h,cr

0 (I) = 59 × 103K, Rh,cr
m (I)(227K) = 16.14Å (5 zeÔgh b�sewn),

kai Rh,cr
m (I)(342K) = 13.15Å (4 zeÔgh b�sewn).

AntÐstoiqa, gia ta mìria λ-DNA qrhsimopoi¸ntac ta dedomèna twn A. Inomata

et al [64] (II), upologÐsame: T h,cr
0 (II) = 12.19 × 104K, Rh,cr

m (II)(118K) = 32.13Å
(9 zeÔgh b�sewn), kai Rh,cr

m (II)(265K) = 21.44Å (6 zeÔgh b�sewn).
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Apì ta dedomèna twn K. H. Yoo et al [63] (III), upologÐsame: T h,cr
0 (III) =

11.8×104K, Rh,cr
m (III)(178K) = 25.76Å (8 zeÔgh b�sewn), kai Rh,cr

m (III)(306K) =
19.65Å (6 zeÔgh b�sewn).

O pÐnakac 1.1 parousi�zei ta apotelèsmat� mac gia th mègisth apìstash met�bash-
c twn forèwn tìso gia thn perÐptwsh pou lamb�nontai upìyh oi susqetismoÐ [19,20]
ìso kai apousÐa aut¸n [24], gia th �qamhlìterh� kai �uyhlìterh� jermokrasÐa thc
perioq c uyhl¸n jermokrasi¸n. H mègisth apìstash met�bashc èqei epÐshc upol-
ogisteÐ gia ta ne¸tera dedomèna twn A. Inomata et al. apousÐa susqetism¸n.

PÐnakac 1.1: Mègisth apìstash met�bashc

Exp. data Rh
m Rh,cr

m

I. [62] (227K) (227K)
1.140nm (3 z.b.) 1.614nm (5 z.b.)

(342K) (342K)
0.870nm (2 z.b.) 1.315nm (4 z.b.)

II. [64] (118K) (118K)
2.591nm (8 z.b.) 3.214nm (9 z.b.)

(265K) (265K)
1.481nm (4 z.b.) 2.144nm (6 z.b.)

III. [63] (178K) (178K)
1.880nm (5 z.b.) 2.576nm (8 z.b.)

(306K) (306K)
1.300nm (4 z.b.) 1.965nm (6 z.b.)

SÔmfwna me ta apotelèsmat� mac gia th mègisth apìstash met�bashc twn
forèwn, ta fainìmena susqetismoÔ faÐnetai na kajistoÔn dunat� ta �lmata twn
mikr¸n polaronÐwn mèqri kai 9 zeÔgh b�sewn, ìpwc prokÔptei toul�qiston apì
ta upì melèth peir�mata. Thn teleutaÐa dekaetÐa katèsth safèc ìti oi foreÐc
metafèrontai mèsw tou DNA se meg�lec apost�seic [100�102] (long range charge
migration), gegonìc to opoÐo epibebai¸netai kai jewrhtik� apì tic timèc thc mègisth-
c apìstashc met�bashc pou èqoume upologÐsei.

Par�llhla, oi timèc thc mègisthc apìstashc met�bashc twn forèwn gia ta tria
diaforetik� peir�mata, agno¸ntac thn epÐdrash twn susqetism¸n, akoloujoÔn th
seir� Rh

m(II) > Rh
m(III) > Rh

m(I) h opoÐa paramènei Ðdia lamb�nontac upìyh touc
susqetismoÔc, gia tic �qamhlìtereς� kai �uyhlìtereς� jermokrasÐec thc perioq c
uyhl¸n jermokrasi¸n, dhl. Rh,cr

m (II) > Rh,cr
m (III) > Rh,cr

m (I). SÔmfwna me ta
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apotelèsmat� mac, kaj¸c h jermokrasÐa aux�nei, mikrìtera �lmata (  isodÔnama
mikrìterec emped seic, bl. exis¸seic (1.77) kai (1.78) ) sumb�lloun ston mhqanismì
metafor�c, me apotèlesma thn aÔxhsh thc agwgimìthtac, se sumfwnÐa me to peÐrama.

Anakefalai¸nontac, jewr¸ntac to DNA wc èna monodi�stato �moriakì sÔrma�
pou qarakthrÐzetai apì ataxÐa, kai sto opoÐo oi foreÐc eÐnai mikr� polarìnia ta
opoÐa kinoÔntai stic uyhlèc jermokrasÐec me èna mhqanismì polufwnonik� upobo-
hjoÔmenwn alm�twn, epiqeir same na ermhneÔsoume thn peiramatik� parathroÔmenh
sumperifor� thc hlektrik c agwgimìthtac stic uyhlèc jermokrasÐec. H diereÔnhs 
mac odhgeÐ se analutikèc ekfr�seic gia thn agwgimìthta, kaj¸c kai th mègisth
apìstash met�bashc twn forèwn, wc sun�rthsh thc jermokrasÐac. O mhqanismìc
pou eÐnai upeÔjunoc gia th metafor� tou fortÐou perigr�fetai leptomer¸c, kai gi-
a to lìgo autì den qrei�zetai kamÐa par�metro prosarmog c. O ln σh,cr ∼ T−1/2

nìmoc ston opoÐo katal xame met� apì analutikoÔc jewrhtikoÔc upologismoÔc ana-
par�gei ikanopoihtik� th jermokrasiak  ex�rthsh thc metroÔmenhc agwgimìthtac
kai epitrèpei ton upologismì thc mègisthc apìstashc met�bashc twn forèwn. Ta
parap�nw odhgoÔn sto sumpèrasma ìti ta fainìmena susqetismoÔ eÐnai pijanìn na
eujÔnontai gia th dunatìthta �lmatoc twn forèwn se makrinèc apost�seic (long
range charge migration).

'Oswn afor� thn perioq  twn qamhl¸n jermokrasi¸n, diereun same thn pi-
janìthta ermhneÐac thc asjen c jermokrasiak c ex�rthshc thc agwgimìthtac qrhsi-
mopoi¸ntac ton T−1/2 nìmo ston opoÐo katal xame jewrhtik�. Ta apotelèsmat� mac
gia th mègisth apìstash met�bashc twn forèwn èdwsan exairetik� kai mh apodekt�
mikrèc timèc apì ekeÐnec twn uyhl¸n jermokrasi¸n, se antÐjesh me tic mikrèc timec
thc agwgimìthtac gia th sugkekrimènh perioq  jermokrasÐwn (bl. exÐswsh (1.97)
). Sunep¸c, o mhqanismìc alm�twn mikr¸n polaronÐwn den faÐnetai na eÐnai o up-
eÔjunoc mhqanismìc metafor�c stic qamhlèc jermokrasÐec sto DNA, se sumfwnÐa
kai me �llec melètec [24,62,63]

'Opwc anafèrame se prohgoÔmenh enìthta, di�foroi par�gontec ephre�zoun tic
hlektrikèc idiìthtec tou DNA. Oi om�dec twn P. Tran [62], A. Inomata [64] kai
K. H. Yoo [63] mètrhsan thn hlektrik  agwgimìthta diaforetik¸n deigm�twn DNA.
Ta peiramatik� touc dedomèna anafèrontai se diaforetik� deÐgmata, me diaforetikì
m koc, diaforetik  allhlouqÐa zeug¸n b�sewn kai diaforetikèc peiramatikèc sun-
j kec. Autèc oi diaforèc de faÐnetai na ephre�zoun thn poiotik  sumperifor� thc
hlektrik c agwgimìthtac wc sun�rthsh thc jermokrasÐac h opoÐa emfanÐzetai parì-
moia kai sta tria peir�mata. Wstìso oi timèc thc agwgimìthtac diafèroun shmantik�
gia ta diaforetik� deÐgmata stic antÐstoiqec perioqèc jermokrasi¸n.

Sto shmeÐo autì ja prèpei na epishm�noume ìti to jewrhtikì mac montèlo, lam-
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b�nei upìyh ta basik� qarakthristik� tou DNA, pou to kajistoÔn upoy fio sÔsth-
ma gia thn efarmog  twn analutik¸n mac apotelesm�twn (enìt. 2.1.1). ta opoÐa
mporoÔn na apodojoÔn kai sta tria deÐgmata DNA sta opoÐa anaferìmaste. H
enswm�twsh aut¸n twn qarakthristik¸n sthn jewrhtik  mac melèth od ghse sth-
n analutik  èkfrash gia th jermokrasiak  ex�rthsh thc agwgimìthtac, h opoÐa
anapar�gei ikanopoihtik� thn peiramatik� parathroÔmenh poiotik  sumperifor� thc
agwgimìthtac. Sunep¸c, mporoÔme na isquristoÔme ìti ta parap�nw qarakthristik�
tou montèlou, ta opoÐa eÐnai koin� kai gia ta tria deÐgmata, uperisqÔoun ènanti twn
eidik¸n qarakthristik¸n twn epimèrouc deigm�twn, ìpwc ta dunamik� twn tess�rwn
diaforetik¸n b�sewn tou DNA, h allhlouqÐa twn b�sewn, to m koc thc alusÐdac
tou morÐou, h gewmetrÐa tou (twisting, stretching kai bending tou DNA) kaj¸c
epÐshc kai �lloi par�gontec, ìpwc h epÐdrash twn iìntwn, ston kajorismì thc poi-
otik c sumperifor�c thc hlektrik c agwgimìthtac. Ta qarakthristik� aut� ja m-
poroÔsan na sumperilhfjoÔn se mia jewrhtik  melèth h opoÐa ja aposkopoÔse sth-
n anaparagwg  posotik� twn metroÔmenwn tim¸n thc agwgimìthtac sugkekrimènwn
deigm�twn DNA.
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Kef�laio 2

MH-WMIKH SUMPERIFORA THS
HLEKTRIKHS AGWGIMOTHTAS
MONODIASTATWN ATAKTWN
SUSTHMATWN

2.1 Ex�rthsh thc hlektrik c agwgimìthtac
apì mètriac èntashc hlektrikì pedÐo kai
th jermokrasÐa

Oi hlektrikèc idiìthtec metafor�c twn at�ktwn susthm�twn apoteloÔn energì pedÐo
èreunac ed¸ kai arket� qrìnia. H anak�luyh tou polymeric field effect transistor
kai twn light emitting diodes [103, 104], èqei prokalèsei thn èntonh ereunhtik 
drasthriìthta gÔrw apì to jèma thc ex�rthshc thc hlektrik c agwgimìthtac twn
at�ktwn organik¸n ulik¸n kai twn suzeugmènwn polumer¸n apì to hlektrikì pedÐo.
Wc apotèlesma, ereunhtikèc melètec èqoun deÐxei ìti h hlektrik  agwgimìthta 1D
at�ktwn susthm�twn, ìpwc amorphous semiconductors [105,106], amorphous car-
bon [107], doped polymers [108–110], conjugated polymers [111,112] , parousi�zei
isqur  mh-grammik  sumperifor�. Sta sust mata aut� h parousÐa thc ataxÐac
mporeÐ na ephre�sei ton qarakt ra twn forèwn agwgimìthtac kai to mhqanismì
metafor�c, en¸ h par�llhlh epÐdrash enìc exwterikoÔ hlektrikoÔ pedÐou kai thc
jermokrasÐac sth sumperifor�c thc hlektrik c touc agwgimìthtac apoteleÐ akìma
anoiqtì z thma.

Sta 1D �takta sust mata, oi M. M. Fogler kai R. S. Kelly [113] diereÔnhsan
thn epÐdrash tou efarmozìmenou hlektrikoÔ pedÐou sthn hlektrik  antÐstash stic
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qamhlèc jermokrasÐec, ìtan o upeÔjunoc mhqanismìc gia th metafor� twn forèwn
eÐnai to variable range hopping. 'Opwc epis manan [113] {... paradìxwc, sthn
perioq  twn qamhl¸n-T ìpou o mhqanismìc variable range hopping kuriarqeÐ, h
melèth thc sumperifor�c thc hlektrik c agwgimìthtac se monodi�stata sust mata
den eÐqe apasqol sei touc jewrhtikoÔc gia poll� qrìnia ektìc apì mia pr¸imh
arijmhtik  melèth [114]}. Kat� th melèth touc, oi oi M. M. Fogler kai R. S. Kelly
[113], je¸rhsan ìti ston ag¸gimo drìmo twn forèwn sta 1D sust mata up�rqoun
tm mata uyhl c antÐstashc (“breaks”) twn opoÐwn o rìloc stadiak� mei¸netai,
mèqri pou telik� gÐnetai as mantoc, kaj¸c to hlektrikì pedÐo aux�netai.

Pio prìsfata, oi S. Ma et. al. [115] parousÐasan èna jewrhtikì montèlo gia
thn perigraf  enìc mhqanismoÔ metafor�c mèsw alm�twn kai gia ton upologismì
thc hlektrik c agwgimìthtac se 1D sust mata me off-diagonal ataxÐa. Melet¸n-
tac th jermokrasiak  ex�rthsh thc agwgimìthtac èdeixan ìti me thn aÔxhsh thc
jermokrasÐac h agwgimìthta aux�nei paÐrnontac timèc polÔ megalÔterec apì autèc
sthn perÐptwsh tou montèlou tou Anderson ìpou lamb�netai upìyh h kajar� di-
agonal ataxÐa. Melèthsan epÐshc thn ex�rthsh thc agwgimìthtac apì to pedÐo
kai diapÐstwsan ìti se qamhl c èntashc hlektrik� pedÐa h agwgimìthta akoloujeÐ
to nìmo tou Ohm, en¸ se uyhl c èntashc hlektrik� pedÐa parousi�zei mh-wmik�
qarakthristik�.

Mia seir� apì peiramatikèc melètec anafèrontai stic hlektrikèc idiìthtec metafo-
r�c twn 1D at�ktwn susthm�twn [116�118]. Apì ta peiramatik� apotelèsmata
aut¸n twn metr sewn èqei anadeiqjeÐ h met�bash thc agwgimìthtac apì thn wmik 
sth mh-wmik  sumperifor� me thn aÔxhsh thc èntashc tou hlektrikoÔ pedÐou.

Oi J. Cumings et al. [116] mètrhsan thn hlektrik  antÐstash sta �kra nanoswl -
nwn �njraka pollapl¸n toiqwm�twn (multiwall carbon nanotubes) kat� thn thlesko-
pik  epèktash twn nanoswl nwn. Gia na epibebai¸soun ton entopismì twn forèwn
sto monodi�stato sÔsthma mètrhsan thn ex�rthsh thc antÐstashc tou sust matoc
apì to hlektrikì pedÐo. Br kan ìti kata thn efarmog  qamhl¸n t�sewn h antÐstash
eÐnai perÐpou stajer  me merikèc diakum�nseic exaitÐac tou peiramatikoÔ jorÔbou,
en¸ se uyhlèc t�seic h antÐstash mei¸netai apìtoma odhg¸ntac sth mh-grammik 
sumperifor� thc agwgimìthtac.

Oi A. N. Aleshin et al. [117] melèthsan th metafor� fortÐou se polydiacetylene
quasi-1D single crystals (PDA-PTS) sunart sei thc jermokrasÐac, gia èna meg�lo
eÔroc jermokrasi¸n, apì 25K èwc 300K, kai mètriac èntashc hlektrik� pedÐa mèqri
105Vm−1. SÔmfwna me tic metr seic touc, kaj¸c aux�nei to hlektrikì pedÐo emfan'-
izontai apoklÐseic apì thn wmik  sumperifor� kai h jermokrasiak  ex�rthsh tou
hlektrikoÔ reÔmatoc gÐnetai asjenèsterh. Ta peiramatik� touc apotelèsmata ta
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apèdwsan se variable range hopping   jermik� upobohjoÔmeno mhqanismì alm�twn
kai gia jermokrasÐec T > 50K, shmeÐwsan ìti pijanìc mhqanismìc metafor�c eÐnai
o jermik� upobohjoÔmenoc mhqanismìc alm�twn mikr¸n polaronÐwn metaxÔ plh-
sièsterwn geitìnwn. To sumpèrasma autì eÐnai kajar� fainomenologikì kai den
sthrÐzetai se k�poio jewrhtikì montèlo   analutikoÔc upologismoÔc. Gia touc A.
N. Aleshin et al., oi ekfr�seic gia thn ex�rthsh thc hlektrik c antÐstashc apì th
jermokrasÐa kai to efarmozìmeno hlektrikì pedÐo proèrqontai apì thn kalÔterh
prosarmog  twn peiramatik¸n touc dedomènwn wc sun�rthsh thc jermokrasÐac kai
tou efarmozìmenou hlektrikoÔ pedÐou.

Oi Z. K. Tang et al. [118] melèthsan peiramatik� tic hlektrikèc idiìthtec nanosw-
l nwn �njraka (mono-sized carbon nanotubes fabricated in the channels of AIPO4−
5 zeolite crystals). Oi metr seic polwmènhc fasmatoskopÐac Raman pou prag-
matopoÐhsan èdeixan ton 1D qarakt ra twn nanoswl nwn �njraka. Metab�llon-
tac th jermokrasÐa apì 25K mèqri 160K parat rhsan ìti h agwgimìthta mei¸netai
monìtona kaj¸c mei¸netai h jermokrasÐa. O mhqanismìc alm�twn perigr�fhke fain-
omenologik� wc ènac sunduasmìc jermik c diègershc kai mhqanismoÔ s raggoc. Oi
diaforetikèc prosarmogèc, thc morf c ln σ1D ∼ T−1/(d+1) me d = 1, 2 kai 3, pou
epiqeÐrhsan sth jermokrasiak  ex�rthsh thc agwgimìthtac, ìpwc metr jhke upì
mhdèn t�sh kai se qamhlèc jermokrasÐec, èdeixan ìti ta peiramatik� touc apotelès-
mata akoloujoÔn ikanopoihtik� thn ln σ1D ∼ T−1/2 sumperifor� kai od ghsan touc
Z. K. Tang et al. sto sumpèrasma ìti ènac 1D-mhqanismìc alm�twn hlektronÐwn
eÐnai pijan¸c o upeÔjunoc mhqanismìc agwgimìthtac stouc nanoswl nec �njraka
pou qrhsimopoÐhsan kata thn peiramatik  touc diadikasÐa.

Sto kef�laio 1, anaptÔxame èna jewrhtikì montèlo alm�twn mikr¸n polaronÐwn
gia thn perigraf  thc jermokrasiak c ex�rthshc thc hlektrik c agwgimìthtac twn
monodiast�twn at�ktwn susthm�twn, lamb�nontac upìyh thn Ôparxh susqetism¸n
metaxÔ twn diadoqik¸n alm�twn twn forèwn. Sthn an�lus  mac to hlektrikì pedÐo
jewr jhke ìti dr� apl¸c wc �driving force� sto sÔsthma, dhlad  ìti eÐnai arket�
qamhl c èntashc me apotèlesma h agwgimìthta na exart�tai apokleistik� apì th
jermokrasÐa (wmik  sumperifor�) kai ta �lmata tou forèa na diegeÐrontai mìno
jermik�. Sthn perÐptwsh pou to efarmozìmeno hlektrikì pedÐo eÐnai mètriac èn-
tashc tìte sumb�llei apofasistik� sth sumperifor� thc hlektrik c agwgimìthtac
par�llhla me th jermokrasÐa prokal¸ntac th met�bash thc hlektrik c agwgimìth-
tac apì thn wmik  sth mh-wmik  sumperifor�.

Mia analutik  èkfrash gia thn prìbleyh thc ex�rthshc thc hlektrik c ag-
wgimìthtac apì to hlektrikì pedÐo kai th jermokrasÐa, lamb�nontac upìyh ton
1D qarakt ra tou sust matoc, thn parousÐa ataxÐac kai ton polaronikì qarakt ra
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twn forèwn, apomènei na jemeliwjeÐ jewrhtik�. Autì epiqeireÐtai sthn an�lush pou
akoloujeÐ h opoÐa katal gei ston analutikì upologismì thc hlektrik c agwgimìth-
tac wc sun�rthsh thc jermokrasÐac kai to hlektrikì pedÐo, pèra apì to ìrio thc
grammik c apìkrishc (wmik  perioq ) [119]. Sugkekrimèna, h an�lush afor� mètriac
èntashc hlektrik� pedÐa. 'Opwc apodeiknÔetai [120], wc mètriac èntashc hlektrik�
pedÐa jewroÔntai ekeÐna ta opoÐa ikanopoioÔn th sunj kh eα−1F/2kT < 1, ìpou α−1

eÐnai h qwrik  èktash thc entopismènhc kumatosun�rthshc tou forèa. Stic enìthtec
pou akoloujoÔn parousi�zetai h jewrhtik  an�lush h opoÐa odhgeÐ se analutikèc
ekfr�seic thc hlektrik c agwgimìthtac wc sun�rthsh thc jermokrasÐac kai mè-
triac èntashc hlektrikoÔ pedÐou, tìso gia tic uyhlèc jermokrasÐec (enìt. 2.1.1)
ìso kai gia tic qamhlèc jermokrasÐec (enìt. 2.1.2) kai gia thn perÐptwsh ìpou oi
susqetismoÐ agnooÔntai [119].

2.1.1 Perioq  uyhl¸n jermokrasi¸n
'Otan ènan mikrì polarìnio phd� apì èna �plegmatikì� shmeÐo i enèrgeiac Ei se èna
�plegmatikì� shmeÐo j enèrgeiac Ej, se apìstash Rij, o mèsoc rujmìc met�bashc
sthn isorropÐa gia thn perÐptwsh twn uyhl¸n jermokrasi¸n (h̄ω0 ¿ kBT ), Γ0h

ij ,
deÐxame ìti dÐnetai apì thn exÐswsh (1.49) [5]

Γ0h
ij = γh

0 exp(−2αRij) exp[−(|Ei|+ |Ej|+ 2ε2)/2kBT )],

ìpou, ε2 = (Ei + Ej)/4, γh
0 = (J2/h̄)(π/4ε2kBT )1/2.

Qrhsimopoi¸ntac thn exÐswsh aut  kai orÐzontac tic anhgmènec metablhtèc R
′
ij =

2αRij, E
′
i = Ei/k

′
BT , E

′
j = Ej/k

′
BT , me k

′
B = 4kB/3, o mèsoc rujmìc met�bashc

sthn isorropÐa gr�fetai wc

Γ0h
ij = γh

0 exp[−(R
′
ij + E

′
i + E

′
j)]. (2.1)

Akolouj¸ntac touc N. Apsley kai H. P. Hughes kai G. P. Triberis [121�123],
kaj¸c h pijanìthta �lmatoc, Γ0h

ij , exart�tai apì ta R
′
ij, E

′
i kai E

′
j, eÐnai logikì

na sundi�soume kai tic treic autèc paramètrouc se mia. Aut  h nèa par�met-
roc, h �apìstash� <0h metaxÔ dÔo �plegmatik¸n� shmeÐwn kajorÐzei to mèso rujmì
met�bashc, Γ0h

ij , dedomènou ìti

Γ0h
ij = γh

0 exp(−<0h), (2.2)
ìpou

<0h = R
′
ij + E

′
i + E

′
j. (2.3)
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Oi katast�seic an�mesa stic opoÐec phd� to mikrì polarìnio mporoÔn na jew-
rhjoÔn wc shmeÐa enìc trisdi�statou �q¸rou� o opoÐoc kajorÐzetai apì �tuqaÐeς�
sunist¸sec (1 qwrik  kai 2 energeiakèc, bl. exÐswsh (2.3) ), ìpou h �apìstash�
metaxÔ touc kajorÐzetai apì thn �apìstash� <0h. 'Oso pio mikr  eÐnai aut  h
�apìstash�, tìso pio meg�lh eÐnai h pijanìthta �lmatoc. H agwgimìthta eÐnai to
apotèlesma poll¸n diadoqik¸n alm�twn tou forèa mèsa se autìn ton trisdi�stato
�q¸ro� kai kaj¸c ta �lmata mikr c embèleiac eÐnai protimhtèa, h mèsh �apìstash�
twn plhsiestèrwn geitìnwn se autì ton trisdi�stato �q¸ro� ja kajorÐzei thn ag-
wgimìthta tou sust matoc.

ParousÐa enìc exwterikoÔ hlektrikoÔ pedÐou, F , o mèsoc rujmìc met�bashc,
Γh

ij(F ), upojètwntac ìti h pijanìthta kat�lhyhc tou k�je �plegmatikoÔ� shmeÐou
den all�zei exaitÐac tou pedÐou, ekfr�zetai wc

Γh
ij(F ) = Γ0h

ij exp(−eFRij cos θ/kBT ), (2.4)

  isodÔnama
Γh

ij(F ) = γh
0 exp(−[R

′
ij(1 + λ cos θ) + E

′
i + E

′
j]), (2.5)

ìpou
λ = eF/2αkBT. (2.6)

Gia thn 1D perÐptwsh h par�metroc θ paÐrnei tic timèc 0   π. Me b�sh ta parap�nw,
mporoÔme na gr�youme

Γh
ij(F ) = γh

0 exp(−<h
ij), (2.7)

ìpou
<h

ij = R
′
ij(1 + λ cos θ) + E

′
i + E

′
j. (2.8)

Opìte, h agwgimìthta tou sust matoc σh(F, T ) metab�lletai wc exp(−<h

nn)  

ln σh(F, T ) = const−<h

nn, (2.9)

ìpou <h

nn eÐnai h mèsh �apìstash� twn plhsièsterwn geitìnwn. To prìblhm� mac
ègkeitai t¸ra ston upologismì aut c thc posìthtac.

Arqik�, prèpei na upologÐsoume to sunolikì arijmì twn katast�sewn N(<h)
se �apìstash� <h

ij. Gia thn perÐptwsh twn uyhl¸n jermokrasi¸n mporoÔme na
gr�youme thn �apìstash� <h

ij wc

<h = R
′
(1 + λ cos θ) + 2E

′ −∆
′
, (2.10)
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ìpou E
′
i = E

′
j − ∆

′
ij, ∆

′
ij eÐnai h enèrgeia ataxÐac metaxÔ twn dÔo �plegmatik¸n�

shmeÐwn i kai j, kai oi deÐktec apì tic paramètrouc E
′
j, ∆

′
ij kai R′

ij èqoun paralhfjeÐ.
Qrhsimopoi¸ntac tic anhgmènec metablhtèc pou orÐsame prohgoumènwc,

N(<h) =
∑

θ=0,π

{
Ch

1

∫ <h

0

[∫ ∆∗

∆′

(∫ Rh∗

0
dRh′

)
dE

′
]
d∆

′
}

, (2.11)

ìpou Ch
1 = (k

′
BT )2N2

0 /2αNS, ∆h∗ = (<h +∆
′
)/2 kai Rh∗ = [<h− (2E

′ −∆
′
)]/(1+

λ cos ϑ). Ns eÐnai h sugkèntrwsh twn �plegmatik¸n� shmeÐwn, kai N0 h puknìth-
ta katast�sewn thn opoÐa jewroÔme stajer  sthn an�lus  mac, dhl. N(Ej) =
N(Ei) = N0. EpÐshc, EF = 0.

Oloklhr¸nontac paÐrnoume

N(<h) = Ch
2 (<h)3, (2.12)

ìpou Ch
2 = Ch

1 /6(1− λ2). Kai orÐzontac

∆N(<) =
∂N(<)

∂< , (2.13)

o arijmìc twn katast�sewn se eÔroc < èwc <+d< eÐnai ∆N(<)d<. Sunep¸c, h pi-
janìthta mia kat�stash se �apìstash� < na eÐnai �mesoc geÐtonac ston trisdi�stato
�q¸ro� pou orÐsame dÐnetai apì thn exÐswsh

Pnn(<) = S(∆N(<)/S)[1−N(<)/S]S−1, (2.14)

ìpou S eÐnai o sunolikìc arijmìc twn katast�sewn sto sÔsthma, o opoÐoc eÐnai
profan¸c ènac meg�loc arijmìc, opìte mporoÔme na gr�youme thn katanom  twn
plhsièsterwn geitìnwn sth morf 

Pnn(<) = ∆N(<) exp(−N(<)). (2.15)

'Eqontac upologÐsei thn posìthta N(<h) paÐrnoume

∆N(<h) = Ch
3 (<h)2, (2.16)

ìpou Ch
3 = 3Ch

2 . Opìte h katanom  twn plhsièsterwn geitìnwn gr�fetai

Pnn(<h) = 3Ch
2 (<h)2 exp[−Ch

2 (<h)3]. (2.17)
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H mèsh apìstash twn plhsièsterwn geitìnwn <nn dÐnetai apì thn exÐswsh

<nn =

∫∞
0 <Pnn(<)d<∫∞
0 Pnn(<)d< . (2.18)

Antikajist¸ntac to P h
nn(<h) apì thn exÐswsh (2.17) sthn (2.18) kai oloklhr¸non-

tac, paÐrnoume

<h

nn =
Γ(4

3
)

(Ch
2 )1/3

, (2.19)

ìpou Γ(n) h sun�rthsh G�mma. Kai antikajist¸ntac ta Ch
2 kai l,

<h

nn =

(
T h

0

T

)2/3 (
1− F 2

g(T )

)1/3

, (2.20)

ìpou

g(T ) =

(
2αkBT

e

)2

, (2.21)

kai

T h
0 =

2.18α1/2N
1/2
S

kBN0

. (2.22)

Sunep¸c, h agwgimìthta, σh(F, T ), ekfr�zetai wc

σh(F, T ) ∝ exp


−

(
T h

0

T

)2/3 (
1− F 2

g(T )

)1/3

 , (2.23)

  isodÔnama

ln σh(F, T ) ∝ −
(

T h
0

T

)2/3 (
1− F 2

g(T )

)1/3

. (2.24)

'Otan ikanopoieÐtai h sunj kh F 2/g(T ) ¿ 1, dhl. eα−1F ¿ 2kBT , h èkfrash
gia thn agwgimìthta mporeÐ na grafteÐ wc

ln σh(F, T ) ∝ ln σh(0, T ) + h(F )/fh(T ), (2.25)

ìpou

ln σh(0, T ) = −
(

T h
0

T

)2/3

, (2.26)
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fh(T ) =


1

3

(
T h

0

T

)2/3
1

g(T )



−1

, (2.27)

kai
h(F ) = F 2. (2.28)

H jewrhtik  mac an�lush epitrèpei epÐshc ton upologismì thc mègisthc apìstash-
c met�bashc twn forèwn, Rh

m(F, T ). H mègisth apìstash met�bashc dÐnetai apì th
mèsh �apìstash� twn plhsièsterwn geitìnwn <nn ìtan h enèrgeia jewrhjeÐ el�qisth
kai θ = π. 'Eqontac upologÐsei to <h

nn, kai qrhsimopoi¸ntac thn exÐswsh (2.8), gia
eα−1F ¿ 2kBT , paÐrnoume

Rh
m(F, T ) =

(T h
0 )

2/3
α−1

2
T−2/3

(
1− F

g(T )1/2

)−1 (
1− F 2

3g(T )

)
. (2.29)

'Opwc parathroÔme, gia F = 0 katal goume xan� sthn exp[−(T h
0 /T )2/3] -

sumperifor� gia thn agwgimìthta, σh(0, T ), sthn opoÐa eÐqan katal xei kai oi G. P.
Triberis et. al. [24], akolouj¸ntac mia diaforetik  an�lush sthrigmènh sth JewrÐa
Diafug c.

2.1.2 Perioq  qamhl¸n jermokrasi¸n
Stic qamhlèc jermokrasÐec, o mèsoc rujmìc met�bashc sthn isorropÐa, Γ0l

ij , deÐxame
ìti dÐnetai apì thn exÐswsh (1.79) [5]

Γ0l
ij = γl

0 exp(−2αRij) exp[−(|Ei|+ |Ej|+ |Ei − Ej|/2kBT )], (2.30)

ìpou, γl
0 = (ω0/π)[πJ exp(−2ε2/h̄ω0)/h̄ω0]

2[(4ε2/h̄ ω0)
∆ij/h̄ω0/(∆ij/h̄ω0)!].

ParousÐa enìc hlektrikoÔ pedÐou, F , o mèsoc rujmìc met�bashc, Γl
ij(F ), gr�fe-

tai wc
Γl

ij(F ) = γl
0 exp(−<l), (2.31)

ìpou
<l = R

′
ij(1 + λ cos θ) + E∗, (2.32)

kai R
′
ij = 2αRij, E∗ = Ei/kBT an Ei > Ej   E∗ = Ej/kBT an Ej > Ei. Oi

katast�seic an�mesa stic opoÐec phd� to mikrì polarìnio mporoÔn na jewrhjoÔn
wc shmeÐa enìc didi�statou �q¸rou� o opoÐoc kajorÐzetai apì �tuqaÐeς� sunist¸sec
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(1 qwrik  kai 1 energeiak , bl. exÐswsh (2.32) ), ìpou h �apìstash� metaxÔ touc
kajorÐzetai apì thn �apìstash� <l.

Prokeimènou na upologÐsoume thn mèsh �apìstash� metaxÔ twn plhsièsterwn
geitìnwn, <l

nn, h opoÐa kajorÐzei thn agwgimìthta σl(F, T ), prèpei na upologÐsoume
thn posìthta N(<l),

N(<l) =
∑

θ=0,π

{
C l

1

[∫ <l

0

(∫ Rl∗

0
dRl′

)
dE∗

]}
, (2.33)

ìpou C l
1 = kBTN0/2α, Rl∗ = (<l − E∗)/(1 + λ cos ϑ) kai oi deÐktec apì thn

paramètro R
′
ij èqoun paralhfjeÐ. 'Opwc prokÔptei apì touc upologismoÔc mac

N(<l) = C l
2(<l)2, (2.34)

ìpou C l
2 = C l

1/(1− λ2).
Apì thn exÐswsh (2.13)

∆N(<l) = C l
3<l, (2.35)

ìpou C l
3 = 2C l

2, kai h katanom  twn plhsièsterwn geitìnwn gr�fetai

Pnn(<l) = 2C l
2<l exp[−C l

2(<l)2]. (2.36)

Antikajist¸ntac to Pnn(<l) sthn exÐswsh (2.18) paÐrnoume

<l

nn =
Γ(3

2
)

(C l
2)

1/2
. (2.37)

Opìte,

<l

nn =

(
T l

0

T

)1/2 (
1− F 2

g(T )

)1/2

, (2.38)

ìpou

g(T ) =

(
2αkBT

e

)2

, (2.39)

kai
T l

0 =
1.57α

kBN0

. (2.40)

Sunep¸c, h agwgimìthta, σl(F, T ), ekfr�zetai wc

σl(F, T ) ∝ exp


−

(
T l

0

T

)1/2 (
1− F 2

g(T )

)1/2

 , (2.41)
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  isodÔnama,

ln σl(F, T ) ∝ −
(

T l
0

T

)1/2 (
1− F 2

g(T )

)1/2

. (2.42)

'Otan ikanopoieÐtai h sunj kh F 2/g(T ) ¿ 1, dhl. eα−1F ¿ 2kBT , h èkfrash
gia thn agwgimìthta mporeÐ na grafteÐ wc

ln σl(F, T ) ∝ ln σl(0, T ) + h(F )/f l(T ), (2.43)

ìpou

ln σl(0, T ) = −
(

T l
0

T

)1/2

, (2.44)

kai

f l(T ) =


1

2

(
T l

0

T

)1/2
1

g(T )



−1

, (2.45)

me
h(F ) = F 2. (2.46)

'Eqontac upologÐsei thn posìthta <l

nn, h mègisth apìstash met�bashc, gia
eα−1F ¿ 2kBT , gr�fetai wc

Rl
m(F, T ) =

(T l
0)

1/2α−1

2
T−1/2

(
1− F

g(T )1/2

)−1 (
1− F 2

2g(T )

)
. (2.47)

Gia F = 0 katal goume xan� sthn exp[−(T l
0/T )1/2] -sumperifor� gia thn ag-

wgimìthta, σh(0, T ), sthn opoÐa eÐqan katal xei sto pareljìn kai oi G. P. Triberis
et. al. [24], akolouj¸ntac mia diaforetik  an�lush sthrigmènh sth JewrÐa Di-
afug c.
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2.2 EpÐdrash twn susqetism¸n sth mh-wmik 
sumperifor� thc hlektrik c agwgimìth-
tac

Sto prohgoÔmeno upokef�laio (2.1) parousi�same th melèth thc ex�rthshc thc
hlektrik c agwgimìthtac apì th jermokrasÐa kai to hlektrikì pedÐo, upì thn
epÐdrash mètriac èntashc hlektrik¸n pedÐwn, tìso gia uyhlèc ìso kai gia qamhlèc
jermokrasÐec, agno¸ntac touc susqetismoÔc [119]. 'Eqontac deÐxei sthn enìthta
1.2.2 ìti oi susqetismoÐ ephre�zoun thn ex�rthsh thc agwgimìthtac, kaj¸c kai thc
mègisthc apìstashc met�bashc, apì th jermokrasÐa, eÐnai endiafèron na diereun sei
kaneÐc thn epÐdras  touc sta 1D �takta sust mata upì thn efarmog  enìc exw-
terikoÔ hlektrikoÔ pedÐou mètriac èntashc. Stic paragr�fouc pou akoloujoÔn,
parousi�zetai h jewrhtik  an�lush h opoÐa katal gei se analutikèc ekfr�seic gia
thn ex�rthsh thc hlektrik c agwgimìthtac kai thc mègisthc apìstashc met�bash-
c apì th jermokrasÐa kai to hlektrikì pedÐo, lamb�nontac upìyh ta fainìmena
twn susqetism¸n [124]. Ta apotelèsmata thc jewrhtik c mac an�lushc efarmì-
zontai sth sunèqeia se prìsfata dhmosieumèna peiramatik� dedomèna pou aforoÔn
th sumperifor� thc hlektrik c agwgimìthtac 1D polumer¸n [117]. Epeid  mèqri
s mera den èqei jewrhtik� diereunhjeÐ h epÐdrash twn susqetism¸n sth mh-wmik 
sumperifor� thc hlektrik c agwgimìthtac twn 3D at�ktwn susthm�twn parousi�-
zoume thn an�lus  mac sto Par�rthma Aþ [124].

2.2.1 Perioq  uyhl¸n jermokrasi¸n
Stic uyhlèc jermokrasÐec (h̄ω0 ¿ kBT ) o mèsoc rujmìc met�bashc upì thn epÐdrash
enìc hlektrikoÔ pedÐou, Γh

ij(F ), dÐnetai, ìpwc eÐdame, apì thn exÐswsh (2.7)

Γh
ij(F ) = γh

0 exp(−<h),

ìpou

<h = R
′
ij(1 + λ cos θ) + E

′
i + E

′
j.

H agwgimìthta eÐnai to apotèlesma mia seir�c alm�twn ston trisdi�stato �q¸ro�
pou orÐzetai apì thn �apìstash� <h, kai kaj¸c ta mikr c embèleiac �lmata eunooÔn-
tai, h mèsh �apìstash� twn plhsièsterwn geitìnwn kajorÐzei thn agwgimìthta tou
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sust matoc. Sugkekrimèna, h agwgimìthta σh(F, T ) metab�lletai wc exp(−<h

nn),
  isodÔnama

ln σh(F, T ) = const−<h

nn, (2.48)

ìpou <h

nn eÐnai h mèsh �apìstash� twn plhsièsterwn geitìnwn.
Gia ton upologismì tou <h

nn prèpei arqik� na upologÐsoume to sunolikì arijmì
twn katast�sewn N(<h) se �apìstash� <h.

Se autì to shmeÐo ja prèpei na l�boume upìyh thn epÐdrash twn susqetism¸n
metaxÔ twn geitonik¸n �plegmatik¸n� shmeÐwn, se mia akoloujÐa diadoqik¸n alm�twn.
Gia mia tuqaÐa katanom  �plegmatik¸n� shmeÐwn, prèpei na upologÐsoume ton mèso
arijmì twn �plegmatik¸n� shmeÐwn ta opoÐa diatÐjentai se èna desmì o opoÐoc x-
ekin� apì èna dedomèno �plegmatikì� shmeÐo enèrgeiac E

′
i , dhl. thn pijanìthta

P (<h|E ′
i) gia olec tic pijanèc dieujet seic twn �plegmatik¸n� shmeÐwn kai met� na

upologÐsoume th mèsh tim  aut c thc posìthtac wc proc tic enèrgeiec E
′
i , ¸ste na

p�roume ton olikì arijmì ton katast�sewn sto q¸ro <h, N(<h). H pijanìthta
P (<h|E ′

i) dÐnetai apì ton M. Pollak [17] wc

P (<h|E ′
i) =

∫ <h

0
p(E

′
j|E

′
i)p(R

′
ij)dR

′
ijdE

′
j, (2.49)

ìpou o ìroc p(|) dhl¸nei thn upì sunj kh pijanìthta. Gia mia tuqaÐa katanom 
twn �plegmatik¸n� shmeÐwn sth mÐa di�stash p(R

′
ij) = Ns, ìpou Ns eÐnai h sug-

kèntrwsh twn �plegmatik¸n� shmeÐwn, kai h katanom  p(E
′
j|E ′

i) upologÐzetai apì
ton prosdiorismì thc enèrgeiac E

′
j lamb�nontac upìyh ìlec tic pijanèc energeiakèc

dieujet seic twn zeugari¸n i, j. Opìte, h pijanìthta P (<h|E ′
i) dÐnetai apì thn

exÐswsh
P (<h|E ′

i) = Ch
1

∑
m

∫ ∫
dR

′
ijdE

′
j, (2.50)

ìpou to m orÐzei to sÔnolo twn pijan¸n dieujet sewn twn Ei kai Ej, Ch
1 =

k
′
BTN0/2α kai N(E

′
i) = N(E

′
j) = N0 =staj. gia to eÔroc twn energei¸n pou

mac endiafèrei.
JewroÔme mia z¸nh entopismènwn katast�sewn p�nw apì to epÐpedo Fermi.

Opìte, oi pijanèc energeiakèc dieujet seic twn �plegmatik¸n� shmeÐwn eÐnai (I) E
′
i >

E
′
j > 0 kai (II) E

′
j > E

′
i > 0 ìpou EF ≡ 0. H olokl rwsh tou dexioÔ mèlouc thc

exÐswshc (2.50) ekteÐnetai se epif�neiec stajeroÔ <h. Sugkekrimèna, h olokl rwsh
ekteÐnetai se epif�neiec pou orÐzontai wc
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<h = R
′
ij(1 + λ cos θ) + E

′
i + E

′
j. (2.51)

Opìte,

P (<h|E ′
i) = Ch

1

∑

θ=0,π

∫ <h−E
′
i

0

(∫ Rh∗

0
dR

′
ij

)
dE

′
j

+ Ch
1

∑

θ=0,π

∫ <h−E
′
i

E
′
i

(∫ Rh∗

0
dR

′
ij

)
dE

′
j, (2.52)

ìpou k�je ìroc sto dexÐ mèloc thc exÐswshc aut c antistoiqeÐ se sugkekrimènh
dieujèthsh twn �plegmatik¸n� shmeÐwn kai Rh∗ = [<h − (E

′
i + E

′
j)]/(1 + λ cos ϑ).

O sunolikìc arijmìc twn katast�sewn se �apìstash� <h dÐnetai t¸ra apì thn
exÐswsh

N(<h) =

∫ <h

0 P 2(<h|E ′
i)N(E

′
i)dE

′
i∫ <h

0 P (<h|E ′
i)N(E

′
i)dE

′
i

, (2.53)

kai oloklhr¸nontac, paÐrnoume

N(<h) = Ch
2 (<h)2, (2.54)

ìpou Ch
2 = Ch

1 /(1− λ2).
'Eqontac upologÐsei to N(<h), apì tic exÐswseic (2.13), (2.14) kai (2.15), h

katanom  twn plhsièsterwn geitìnwn gr�fetai

Pnn(<h) = 2Ch
2 (<h) exp[−Ch

2 (<h)2], (2.55)

kai h mèsh �apìstash� twn plhsièsterwn geitìnwn <h

nn dÐnetai apì thn exÐswsh
(2.18) wc

<h

nn =
Γ(3

2
)

(Ch
2 )1/2

, (2.56)

ìpou Γ(n) eÐnai h sun�rthsh G�mma. Opìte,

<h

nn =

(
T h,cr

0

T

)1/2 (
1− F 2

g(T )

)1/2

, (2.57)

ìpou

g(T ) =

(
2αkBT

e

)2

, (2.58)
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kai
T h,cr

0 =
1.18α

kBN0

. (2.59)

Sunep¸c, h agwgimìthta, σh,cr(F, T ), ekfr�zetai wc

σh,cr(F, T ) ∝ exp


−

(
T h,cr

0

T

)1/2 (
1− F 2

g(T )

)1/2

 . (2.60)

'Otan ikanopoieÐtai h sunj kh F 2/g(T ) ¿ 1,   alli¸c eα−1F ¿ 2kBT , h èk-
frash gia thn agwgimìthta mporeÐ na grafteÐ wc

ln σh,cr(F, T ) ∝ ln σh,cr(0, T ) + h(F )/fh,cr(T ), (2.61)

ìpou

ln σh,cr(0, T ) = −
(

T h,cr
0

T

)1/2

, (2.62)

fh,cr(T ) =


1

2

(
T h,cr

0

T

)1/2
1

g(T )



−1

, (2.63)

kai
h(F ) = F 2. (2.64)

H jewrhtik  mac an�lush epitrèpei epÐshc ton upologismì thc mègisthc apìstash-
c met�bashc twn forèwn, Rh,cr

m (F, T ). H mègisth apìstash met�bashc dÐnetai apì th
mèsh �apìstash� twn plhsièsterwn geitìnwn <nn ìtan h enèrgeia jewrhjeÐ el�qisth
kai θ = π. 'Eqontac upologÐsei to <h

nn, kai qrhsimopoi¸ntac thn exÐswsh (2.8), gia
eα−1F ¿ 2kBT , paÐrnoume

Rh,cr
m (F, T ) =

(T h,cr
0 )

1/2
α−1

2
T−1/2

(
1− F

g(T )1/2

)−1 (
1− F 2

2g(T )

)
. (2.65)

'Opwc parathroÔme, gia F = 0 katal goume xan� sthn exp[−(T h,cr
0 /T )1/2] -

sumperifor� gia thn agwgimìthta, σh,cr(0, T ), kai th mègisth apìstash met�bash-
c, sthn opoÐa katal xame sth melèth [19] kai parousi�same sthn enìthta 1.2.2,
akolouj¸ntac mia diaforetik  an�lush sthrigmènh sth JewrÐa Diafug c.
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2.2.2 Perioq  qamhl¸n jermokrasi¸n
Stic qamhlèc jermokrasÐec o mèsoc rujmìc met�bashc upì thn epÐdrash enìc hlek-
trikoÔ pedÐou, Γl

ij(F ), dÐnetai, ìpwc eÐdame, apì thn exÐswsh (2.7)

Γl
ij(F ) = γl

0 exp(−<l), (2.66)

ìpou
<l = R

′
ij(1 + λ cos ϑ) +

{
E∗

i , Ei > Ej

E∗
j , Ej > Ei

(2.67)

ìpou E∗
i = Ei/kBT kai E∗

j = Ej/kBT . Gia ton upologismì thc mèshc �apìstashς�
twn plhsièsterwn geitìnwn <l

nn h opoÐa kajorÐzei thn agwgimìthta σl(F, T ), prèpei
na upologÐsoume thn posìthta N(<l). Akolouj¸ntac antÐstoiqh mejodologÐa me
aut  pou akolouj same gia thn perioq  twn uyhl¸n jermokrasi¸n èqoume

P (<l|E∗
i ) = C l

1

∑

θ=0,π

∫ E∗i

0

(∫ Rl∗

0
dR

′
ij

)
dE∗

j

+ C l
1

∑

θ=0,π

∫ <h

E∗i

(∫ Rh∗′

0
dR

′
ij

)
dE∗

j , (2.68)

ìpou C l
1 = kBTN0/2α, Rl∗ = (<l − E∗

i )/(1 + λ cos ϑ) kai Rl∗′ = (<l − E∗
j )/(1 +

λ cos ϑ).
O sunolikìc arijmìc twn katast�sewn se eÔroc <l, dÐnetai t¸ra apì thn exÐsw-

sh

N(<l) =
4

5
C l

2(<l)2, (2.69)

ìpou C l
2 = C l

1/(1− λ2), kai h pijanìthta mia kat�stash se �apìstash� <l na eÐnai
plhsièsteroc geÐtonac ston didi�stato �q¸ro� pou orÐsame dÐnetai apì thn exÐswsh

Pnn(<l) = 2C l
3(<l) exp[−C l

3(<l)2], (2.70)

me C l
3 = 4C l

2/5. H mèsh �apìstash� twn plhsièsterwn geitìnwn <l

nn dÐnetai apì thn
exÐswsh

<l

nn =
Γ(3

2
)

(C l
3)

1/2
, (2.71)

ìpou Γ(n) eÐnai h sun�rthsh G�mma. Opìte,

<l

nn =

(
T l,cr

0

T

)1/2 (
1− F 2

g(T )

)1/2

, (2.72)
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ìpou

g(T ) =

(
2αkBT

e

)2

, (2.73)

kai
T l,cr

0 =
1.96α

kBN0

. (2.74)

Sunep¸c, h agwgimìthta, σl,cr(F, T ), perigr�fetai apì thn exÐswsh,

σl,cr(F, T ) ∝ exp


−

(
T l,cr

0

T

)1/2 (
1− F 2

g(T )

)1/2

 . (2.75)

'Otan ikanopoieÐtai h sunj kh F 2/g(T ) ¿ 1, dhl. eα−1F ¿ 2kBT , h èkfrash
gia thn agwgimìthta mporeÐ na grafteÐ wc

ln σl,cr(F, T ) ∝ ln σl,cr(0, T ) + h(F )/f l,cr(T ), (2.76)

ìpou

ln σl,cr(0, T ) = −
(

T l,cr
0

T

)1/2

, (2.77)

f l,cr(T ) =


1

2

(
T l,cr

0

T

)1/2
1

g(T )



−1

, (2.78)

kai
h(F ) = F 2. (2.79)

'Eqontac upologÐsei thn posìthta <l

nn, h mègisth apìstash met�bashc, gia
eα−1F ¿ 2kBT , gr�fetai wc

Rl,cr
m (F, T ) =

(T l,cr
0 )1/2α−1

2
T−1/2

(
1− F

g(T )1/2

)−1 (
1− F 2

2g(T )

)
. (2.80)

Gia F = 0, anapar�getai h T−1/2-sumperifor� gia thn agwgimìthta kai th
mègisth apìstash met�bashc sthn opoÐa katal xame sthn enìthta 1.2.2 [19], akolou-
j¸ntac mia diaforetik  an�lush. H par�metroc T l,cr

0 exart�tai apì tic Ðdiec paramè-
trouc pou exart�tai kai h stajer  par�metroc thc antÐstoiqhc èkfrashc gia thn
agwgimìthta kai th mègisth apìstash met�bashc sth melèth [19].
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2.3 SÔnoyh apotelesm�twn-Sqìlia
SunoyÐzontac, parousi�same mia jewrhtik  an�lush h opoÐa odhgeÐ ston analu-
tikì upologismì thc ex�rthshc thc hlektrik c agwgimìthtac enìc monodi�statou
�taktou sust matoc apì th jermokrasÐa kai to efarmozìmeno hlektrikì pedÐo,
ìtan mikr� polarìnia kinoÔntai mèsw alm�twn metaxÔ tuqaÐa katanemhmènwn �pleg-
matik¸n� shmeÐwn, tìso se uyhlèc ìso kai qamhlèc jermokrasÐec, kai jewr¸ntac
thn epÐdrash mètriac èntashc hlektrik¸n pedÐwn. Ta apotelèsmat� mac gia thn
perÐptwsh pou oi susqetismoÐ metaxÔ twn diadoqik¸n alm�twn tou forèa agnooÔn-
tai (uncorrelated hopping) [119] kaj¸c kai gia thn perÐptwsh pou oi susqetismoÐ
lamb�nontai upìyh (correlated hopping) parousi�zontai sth sunèqeia [124]:

I. Uncorrelated hopping

1. Uyhlèc jermokrasÐec
ln σh(F, T ) ∝ ln σh(0, T ) + h(F )/fh(T ),

ìpou ln σh(0, T ) = −
(

T h
0

T

)2/3

me T h
0 =

2.18α1/2N
1/2
S

kBN0
,

fh(T ) =

[
1
3

(
T h
0

T

)2/3
1

g(T )

]−1

kai h(F ) = F 2.

2. Qamhlèc jermokrasÐec
ln σl(F, T ) ∝ ln σl(0, T ) + h(F )/f l(T ),

ìpou ln σl(0, T ) = −
(

T l
0

T

)1/2

me T l
0 = 1.57α

kBN0
,

f l(T ) =

[
1
2

(
T l
0

T

)1/2
1

g(T )

]−1

kai h(F ) = F 2.

II. Correlated hopping

1. Uyhlèc jermokrasÐec
ln σh,cr(F, T ) ∝ ln σh,cr(0, T ) + h(F )/fh,cr(T ),

ìpou ln σh,cr(0, T ) = −
(

T h,cr
0

T

)1/2

me T h,cr
0 = 1.18α

kBN0
,

fh,cr(T ) =

[
1
2

(
T h,cr
0

T

)1/2
1

g(T )

]−1

kai h(F ) = F 2.
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2. Qamhlèc jermokrasÐec
ln σl,cr(F, T ) ∝ ln σl,cr(0, T ) + h(F )/f l,cr(T ),

ìpou ln σl,cr(0, T ) = −
(

T l,cr
0

T

)1/2

me T l,cr
0 = 1.96α

kBN0
,

f l,cr(T ) =

[
1
2

(
T l,cr
0

T

)1/2
1

g(T )

]−1

kai h(F ) = F 2.

Epiprìsjeta, h jewrhtik  mac an�lush epètreye ton upologismì thc mègisthc
apìstashc met�bashc tou forèa tìso se uyhlèc ìso kai se qamhlèc jermokrasÐec,
h opoÐa dÐnetai analutik� wc [119,124]:

I. Uncorrelated hopping

1. Uyhlèc jermokrasÐec

Rh
m(F, T ) =

(T h
0 )

2/3
α−1

2
T−2/3

(
1− F

g(T )1/2

)−1 (
1− F 2

3g(T )

)
,

ìpou T h
0 =

2.18α1/2N
1/2
S

kBN0
.

2. Qamhlèc jermokrasÐec

Rl
m(F, T ) =

(T l
0)1/2α−1

2
T−1/2

(
1− F

g(T )1/2

)−1 (
1− F 2

2g(T )

)
,

ìpou T l
0 = 1.57α

kBN0
.

II. Correlated hopping

1. Uyhlèc jermokrasÐec

Rh,cr
m (F, T ) =

(T h,cr
0 )

1/2
α−1

2
T−1/2

(
1− F

g(T )1/2

)−1 (
1− F 2

2g(T )

)
,

ìpou T h,cr
0 = 1.18α

kBN0
.

2. Qamhlèc jermokrasÐec

Rl,cr
m (F, T ) =

(T l,cr
0 )1/2α−1

2
T−1/2

(
1− F

g(T )1/2

)−1 (
1− F 2

2g(T )

)
,

ìpou T l,cr
0 = 1.96α

kBN0
.
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2.4 DiereÔnhsh thc hlektrik c agwgimìthtac
at�ktwn polumer¸n

'Opwc epishm�name sthn eisagwg  tou kefalaÐou 2, di�foroi mhqanismoÐ metafor�c
kai antÐstoiqec ekfr�seic gia thn ex�rthsh thc hlektrik c agwgimìthtac apì th
jermokrasÐa kai to efarmozìmeno hlektrikì pedÐo èqoun protajeÐ me skopì thn
ermhneÐa twn dhmosieumènwn peiramatik¸n apotelesm�twn pou aforoÔn thn ag-
wgimìthta twn 1D susthm�twn.

Oi A. N. Aleshin et al. [117] mètrhsan thn hlektrik  antÐstash wc sun�rthsh
thc jermokrasÐac se Polydiacetylene quasi-1D single crystals (PDA-PTS), gia èna
eurÔ f�sma jermokrasi¸n [25K-300K], kai mètriac èntashc hlektrik� pedÐa mèqri
105Vm−1. Sto sq ma 2.1 parousi�zontai ta peiramatik� apotelèsmata twn A. N.
Aleshin et al.

Sq ma 2.1: H hlektrik  antÐstash wc sun�rthsh tou E/T gia to PDA deÐgma se
diaforetikèc jermokrasÐec [117].

SÔmfwna me touc A. N. Aleshin et al. mhqanismìc metafor�c mèsw alm�twn
mikr¸n polaronÐwn metaxÔ plhsièsterwn geitìnwn kuriarqeÐ gia T > 50K. Gia
T < 300K, h Ôparxh ataxÐac sto sÔsthma èqei wc apotèlesma ìlec oi katast�seic
twn forèwn na eÐnai entopismènec kai h parathroÔmenh jermokrasiak  ex�rthsh
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thc antÐstashc na apodÐdetai se kÐnhsh mèsw alm�twn mikr¸n polaronÐwn ta opoÐa
qarakthrÐzoun touc foreÐc twn quasi-1D polumer¸n [125], en¸ par�llhla h enèrgeia
energopoÐhshc pou upologÐzoun eÐnai thc t�xhc megèjouc thc enèrgeiac dèsmeushc
twn mikr¸n polaronÐwn. To sumpèrasma autì twn A. N. Aleshin et al. kajist�
ta peiramatik� dedomèna thc èreun�c touc kat�llhla gia thn efarmog  twn jew-
rhtik¸n mac apotelesm�twn. Gia T ∼ 50 − 200K kai gia thn wmik  perioq , me
skopì na ermhneÔsoun thn parathroÔmenh jermokrasiak  ex�rthsh thc antÐstash-
c qrhsimopoÐhsan apl� èna activation law, en¸ gia thn ermhneÐa thc mh-wmik c
sumperifor�c thc antÐstashc, h opoÐa parathr jhke kata thn efarmog  mètriac èn-
tashc hlektrik¸n pedÐwn, qrhsimopoÐhsan mia fainomenologik  èkfrash h opoÐa den
par�getai analutik�, kai fusik� den epexerg�zontai èna analutikì montèlo to opoÐo
na lamb�nei upìyh tou thn ataxÐa tou sust matoc, ton polaronikì qarakt ra twn
forèwn, ton multiphonon-assisted qarakt ra tou mhqanismoÔ metafor�c stic uyh-
lèc jermokrasÐec   ton few phonon-assisted qarakt ra stic qamhlèc jermokrasÐec,
thn epÐdrash twn susqetism¸n to opoÐo na katal gei se mia analutik  èkfrash
gia thn hlektrik  agwgimìthtac wc sun�rthsh thc jermokrasÐac kai tou hlektrikoÔ
pedÐou.

AnalÔontac ta peiramatik� dedomèna twn A. N. Aleshin et al. [117] parathroÔme
ìti h metabol  thc antÐstashc wc sun�rthsh tou F/T eÐnai diakrit� diaforetik  sth
jermokrasiak  perioq  50K èwc 90K ìpou parathroÔntai isqurìterec metabolèc
sthn antÐstash, sunart sei tou F/T , apì ekeÐnec se uyhlìterec jermokrasÐec, ìp-
wc apì 120K èwc 300K, gia tic Ðdiec timèc hlektrikoÔ pedÐou. Sthn an�lus  mac jew-
roÔme thn pr¸th perioq  wc perioq  qamhl¸n jermokrasi¸n, en¸ th deÔterh wc pe-
rioq  uyhl¸n jermokrasi¸n. Shmei¸noume ìti h sunj kh eα−1F ¿ 2kBT dikaiolo-
geÐ thn efarmog  twn proseggistik¸n mac sqèsewn sta peiramatik� dedomèna, de-
domènou ìti sthn perioq  twn qamhl¸n jermokrasi¸n pou exet�zoume, T = 50K
èwc 90K, h mègisth tim  thc èntashc tou hlektrikoÔ pedÐou pou ikanopoieÐ thn pros-
eggistik  mac sqèsh eÐnai antÐstoiqa F = 4.31×107Vm−1 èwc F = 7.75×107Vm−1.
Sthn perioq  twn uyhl¸n jermokrasi¸n pou exet�zoume, T = 120K èwc 300K, h
mègisth tim  thc èntashc tou hlektrikoÔ pedÐou pou ikanopoieÐ thn proseggistik 
mac sqèsh eÐnai antÐstoiqa F = 1.03× 108Vm−1 èwc F = 2.58× 108Vm−1.

• ApousÐa susqetism¸n

To sq ma 2.2 anaparist� thn apìklish thc hlektrik c antÐstashc parousÐa
enìc mètriac èntashc hlektrikoÔ pedÐou (eα−1F ¿ 2kBT , α−1 = 2Å [98, 99]) apì
thn wmik  thc tim , dhl. ∆ ln ρh = ln ρh(F, T ) − ln ρh(0, T ) wc sun�rthsh tou
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T−2/3, sÔmfwna me thn exÐswsh (2.25), gia di�forec timèc hlektrikoÔ pedÐou, sthn
perioq  twn uyhl¸n jermokrasi¸n [119]. Oi timèc ρ(0, T ) èqoun upologisteÐ apì
ta peiramatik� dedomèna twn A. N. Aleshin et al. [117] ρ− vs−F/T , me proekbol 
sto F = 0Vm−1. Sugkekrimèna, parousi�zetai h sun�rthsh ∆ ln ρh − vs − T−2/3

gia T = 120K, 160K, 240K, 300K kai F = 0.4 × 105Vm−1 (pl rh tetr�gwna),
F = 1.3 × 105Vm−1 (pl reic kÔkloi), F = 3.3 × 105Vm−1 (pl rh trÐgwna) kai
F = 6×105Vm−1 (antestramèna pl rh trÐgwna). Sto ènjeto parousi�zetai epÐshc
h wmik  sumperifor� thc antÐstashc, ln ρh(0, T ) − vs − T−2/3. Apì thn klÐsh thc
teleutaÐac kampÔlhc, h stajer� T h

0 upologÐzetai T h
0 ' 296K.
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Sq ma 2.2: ∆ ln ρh−vs−T−2/3 gia thn perioq  uyhl¸n jermokrasi¸n (T = 120K,
160K, 240K, 300K) kai di�forec timèc hlektrikoÔ pedÐou: F = 0.4× 105Vm−1,F =
1.3×105Vm−1, F = 3.3×105Vm−1 kai F = 6×105Vm−1. Sto ènjeto parousi�zetai
h wmik  sumperifor� thc antÐstashc ln ρh(0, T )− vs− T−2/3 [119].

To sq ma 2.3 anaparist� thn apìklish thc hlektrik c antÐstashc parousÐa
enìc mètriac èntashc hlektrikoÔ pedÐou (eα−1F ¿ 2kBT ) apì thn wmik  thc
tim , dhl. ∆ ln ρl = ln ρl(F, T ) − ln ρl(0, T ) wc sun�rthsh tou T−1/2, sÔmfwna
me thn exÐswsh (2.43), gia di�forec timèc hlektrikoÔ pedÐou, sthn perioq  twn
qamhl¸n jermokrasi¸n [119]. Sugkekrimèna, parousi�zetai h sun�rthsh ∆ ln ρl −
vs − T−1/2 gia T = 50K, 60K, 90K kai F = 0.6 × 105Vm−1 (pl rh tetr�gwna),
F = 1.6 × 105Vm−1 (pl reic kÔkloi), F = 2.5 × 105Vm−1 (pl rh trÐgwna) kai
F = 3.5 × 105Vm−1 (antestramèna pl rh trÐgwna). Sto ènjeto parousi�zetai
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epÐshc h wmik  sumperifor� thc antÐstashc, ln ρl(0, T )−vs−T−1/2. Apì thn klÐsh
thc teleutaÐac kampÔlhc, h stajer� T l

0 upologÐzetai T h
0 ' 1814K, tim  sugkrÐsimh

me thn antÐstoiqh tim  pou upolìgisan oi A. N. Aleshin et al. [117] jewr¸ntac wc
mhqanismì upeÔjuno gia th metafor� fortÐou variable range hopping.
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Sq ma 2.3: ∆ ln ρl− vs−T−1/2 gia thn perioq  qamhl¸n jermokrasi¸n (T = 50K,
60K, 90K) kai di�forec timèc hlektrikoÔ pedÐou: F = 0.6 × 105Vm−1, F = 1.6 ×
105Vm−1, F = 2.5× 105Vm−1 kai F = 3.5× 105Vm−1. Sto ènjeto parousi�zetai
h wmik  sumperifor� thc antÐstashc ln ρl(0, T )− vs− T−1/2 [119].

Apì ta sq mata 2.2 kai 2.3 gÐnetai fanerì ìti ta jewrhtik� mac apotelèsmata
ermhneÔoun ikanopoihtik� ta peiramatik� dedomèna twn A. N. Aleshin et al. [117],
gia exairetik� qamhl c èntashc hlektrikì pedÐo (F ' 0). To gegonìc autì mac
odhgeÐ sto sumpèrasma ìti h metafor� mikr¸n polaronÐwn mèsw alm�twn eÐnai pi-
jan¸c o upeÔjunoc mhqanismìc metafor�c sto sÔsthma PDA-PTS, sÔmfwna me ton
opoÐo h agwgimìthta akoloujeÐ ton T−2/3-nìmo, stic uyhlèc jermokrasÐec, en¸ stic
qamhlèc jermokrasÐec ton T−1/2-nìmo.

EpÐshc parathroÔme ìti gia polÔ qamhl c èntashc hlektrik� pedÐa h antÐstash,
  isodÔnama h agwgimìthta, akoloujeÐ to nìmo tou Ohm. Aux�nontac to hlektrikì
pedÐo h hlektrik  agwgimìthta emfanÐzei mh-wmik� qarakthristik� lìgw thc sune-
isfor�c tou hlektrikoÔ pedÐou sthn agwgimìthta h opoÐa se exairetik� qamhl c
èntashc hlektrik� pedÐa ofeÐleto apokleistik� kai mìno se jermik� upobohjoÔmena
�lmata twn forèwn. H met�bash apì thn wmik  sth mh-wmik  sumperifor� xekin� gi-
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a mikrìterec timèc tou hlektrikoÔ pedÐou ìso mikrìterh eÐnai h jermokrasÐa. EpÐshc
parathroÔme ìti h klÐsh twn kampÔlwn, h opoÐa perigr�fei to rujmì aÔxhshc thc
agwgimìthtac, eÐnai megalÔterh stic qamhlìterec jermokrasÐec, gia tic Ðdiec timèc
tou hlektrikoÔ pedÐou.

Sto sq ma 2.4 parousi�zetai h allhlosusqètish thc epÐdrashc tou hlektrikoÔ
pedÐou kai thc jermokrasÐac, gia thn perioq  twn uyhl¸n jermokrasi¸n. Sqedi�-
zoume to ∆ ln ρh = ln ρh(F, T )− ln ρh(0, T ) wc sun�rthsh tou F 2/T 2, gia di�forec
timèc tou hlektrikoÔ pedÐou sthn perioq  twn uyhl¸n jermokrasi¸n gia T = 300K
(pl reic rìmboi), T = 240K (pl rh trÐgwna), T = 160K (pl reic kÔkloi) kai
T = 120K (pl rh tetr�gwna) [119].
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Sq ma 2.4: ∆ ln ρh−vs−F 2/T 2 gia thn perioq  uyhl¸n jermokrasi¸n (T = 120K,
160K, 240K, 300K) [119].

Sto sq ma 2.5 parousi�zetai h allhlosusqètish thc epÐdrashc tou hlektrikoÔ
pedÐou kai thc jermokrasÐac gia thn perioq  twn qamhl¸n jermokrasi¸n. Sqedi�-
zoume to ∆ ln ρl = ln ρl(F, T ) − ln ρl(0, T ) wc sun�rthsh tou F 2/T 2, gia di�forec
timèc tou hlektrikoÔ pedÐou sthn perioq  twn qamhl¸n jermokrasi¸n gia T = 90K
(pl rh trÐgwna), T = 60K (pl reic kÔkloi) kai T = 50K (pl rh tetr�gwna) [119].

Ta sq mata 2.4 kai 2.5 parousi�zoun thn allhlosusqètish tou hlektrikoÔ
pedÐou kai thc jermokrasÐac sth sumperifor� thc hlektrik c antÐstashc. H aÔxhsh
tou hlektrikoÔ pedÐou apodunam¸nei thn epÐdrash thc jermokrasÐac odhg¸ntac to
sÔsthma apì ton mhqanismì jermik� upobohjoÔmenwn alm�twn (thermally assisted
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Sq ma 2.5: ∆ ln ρl− vs−F 2/T 2 gia thn perioq  qamhl¸n jermokrasi¸n (T=50K,
60K, 90K) [119].

hopping) ston mhqanismì alm�twn upobohjoÔmenwn apì to hlektrikì pedÐo (field
assisted hopping).

• ParousÐa susqetism¸n

Lamb�nontac upìyh thn epÐdrash twn susqetism¸n, sth sunèqeia efarmìzoume
ta jewrhtik� mac apotelèsmata sta Ðdia peiramatik� dedomèna [117], me skopì
na diereun soume to rìlo twn susqetism¸n sth sumperifor� thc hlektrik c ag-
wgimìthtac. EpÐshc diereun�me thn epÐdrash twn susqetism¸n sthn ex�rthsh thc
mègisthc apìstashc met�bashc apì to hlektrikì pedÐo kai th jermokrasÐa [124].

To sq ma 2.6 anaparist� thn apìklish thc hlektrik c antÐstashc parousÐa
enìc mètriac èntashc hlektrikoÔ pedÐou (eα−1F ¿ 2kBT ,α−1 = 2Å [98, 99]) apì
thn wmik  thc tim , dhl. ∆ ln ρl = ln ρl(F, T )− ln ρl(0, T ) wc sun�rthsh tou T−1/2,
sÔmfwna me thn exÐswsh (2.61), gia di�forec timèc hlektrikoÔ pedÐou, sthn perioq 
twn uyhl¸n jermokrasi¸n [124]. Oi timèc ρh,cr

1D (0, T ) èqoun upologisteÐ apì ta
peiramatik� dedomèna twn twn Aleshin et al. ρ − vs − F/T , me proekbol  sto
F = 0Vm−1. Sugkekrimèna, parousi�zetai h sun�rthsh ∆ ln ρh,cr − vs− T−1/2 gia
T = 120K, 160K, 240K, 300K kai F = 0.4 × 105Vm−1 (pl rh tetr�gwna), F =
1.3× 105Vm−1 (pl reic kÔkloi), F = 3.3× 105Vm−1 (pl rh trÐgwna) kai F = 6×
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105Vm−1 (antestramèna pl rh trÐgwna). Sto ènjeto parousi�zetai epÐshc h wmik 
sumperifor� thc antÐstashc ln ρh,cr

1D (0, T )−vs−T−1/2. Apì thn klÐsh thc teleutaÐac
kampÔlhc, h stajer� T h

0 upologÐzetai T h
0 ' 619K. Qrhsimopoi¸ntac thn exÐswsh

(2.59), upologÐsame epÐshc thn puknìthta katast�sewn, N0 = 1011m−1eV−1, tim 
realistik  gia monodi�stata sust mata.
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Sq ma 2.6: ∆ ln ρh,cr−vs−T−1/2 gia thn perioq  uyhl¸n jermokrasi¸n (T = 120K,
160K, 240K, 300K) kai di�forec timèc hlektrikoÔ pedÐou: F = 0.4× 105Vm−1,F =
1.3×105Vm−1, F = 3.3×105Vm−1 kai F = 6×105Vm−1. Sto ènjeto parousi�zetai
h wmik  sumperifor� thc antÐstashc ln ρh,cr(0, T )− vs− T−1/2 [124].

Sto sq ma 2.7 parousi�zetai h allhlosusqètish thc epÐdrashc tou hlektrikoÔ
pedÐou kai thc jermokrasÐac gia thn perioq  twn uyhl¸n jermokrasi¸n. Sqedi�-
zoume thn ∆ ln ρh,cr

1D = ln ρh,cr
1D (F, T ) − ln ρh,cr

1D (0, T ) wc sun�rthsh tou ìrou F 2/T 2

kai gia tic dÔo peript¸seic, autoÐ apousi�zoun apì to mhqanismì metafor�c (ken�
sÔmbola) kai ìtan oi susqetismoÐ lamb�nontai upìyh (sumpag  sÔmbola), gia di�forec
timèc tou hlektrikoÔ pedÐou, sthn perioq  twn uyhl¸n jermokrasi¸n, gia T = 300K
(rìmboi), T = 240K (trÐgwna), T = 160K (kÔkloi) kai T = 120K (tetr�gw-
na) [124].
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Sq ma 2.7: ∆ ln ρh−vs−F 2/T 2 apousÐa susqetism¸n (ken� sÔmbola) kai parousÐa
susqetism¸n (sumpag  sÔmbola) gia thn perioq  uyhl¸n jermokrasi¸n (T=120K,
160K, 240K, 300K) [124].

Apì to sq ma 2.7 gÐnetai emfanèc ìti h parousÐa susqetism¸n kajist� en-
tonìterh thn epÐdrash sthn agwgimìthta tou efarmozìmenou hlektrikoÔ pedÐo. Oi
timèc tou ∆ ln ρh,cr

1D , lamb�nontac upìyh touc susqetismoÔc, eÐnai sqedìn dipl�siec
apì tic antÐstoiqec apousÐa susqetism¸n, gia tic Ðdiec timèc tou hlektrikoÔ pedÐou
kai to Ðdio eÔroc jermokrasi¸n. Me �lla lìgia, h apìklish thc agwgimìthtac
apì thn wmik  sumperifor� aux�nontac th jermokrasÐa, gia dedomèno hlektrikì
pedÐo, emfanÐzetai dÔo forèc pio gr gora ìtan oi susqetismoÐ paÐzoun rìlo sto
upì melèth sÔsthma. Gia na mporèsoume na ektim soume posotik� thn epÐdrash
twn susqetism¸n sthn ex�rthsh thc agwgimìthtac apì to hlektrikì pedÐo kai th
jermokrasÐa, upologÐzoume to lìgo λ = ∆ ln ρh,cr

1D /∆ ln ρh
1D. SÔmfwna me ta jew-

rhtik� mac apotelèsmata λ = 0.84 · T 1/6. Gia T = 120K, 160K, 240K, 300K,
λ ' 2.

EpÐshc, diereun same thn ex�rthsh thc mègisthc apìstashc met�bashc apì to h-
lektrikì pedÐo kai th jermokrasÐa. SÔmfwna me ta apotelèsmat� mac (ex. (2.65) ) h
metabol  tou hlektrikoÔ pedÐou, gia èna eÔroc tim¸n pedÐou apì F = 0.2×105Vm−1

èwc F = 6 × 105Vm−1, metab�llei amelhtèa th mègisth apìstash met�bashc.
Gegonìc pou mac odhgeÐ sto sumpèrasma, ìti gia mètriac èntashc hlektrik� pedÐa
h mègisth apìstash met�bashc exart�tai kurÐwc apì th jermokrasÐa. H jewrhtik 
T−1/2-ex�rthsh sthn opoÐa katal xame gia th mègisth apìstash met�bashc sum-
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fwneÐ me to sumpèrasma twn A. N. Aleshin et al gia jermokrasÐec T > 50K.
Gia thn perioq  twn qamhl¸n jermokrasi¸n, h ex�rthsh thc agwgimìthtac apì

to hlektrikì pedÐo kai th jermokrasÐa, ìpwc prokÔptei apì touc jewrhtikoÔc mac
upologismoÔc lamb�nontac upìyh thn epÐdrash twn susqetism¸n, sumpÐptei me
ekeÐnh sthn opoÐa katal xame agno¸ntac touc, ìpwc  tan anamenìmeno. Ta fainìm-
ena susqetismoÔ epidroÔn kurÐwc sth sumperifor� thc agwgimìthtac sthn perioq 
twn uyhl¸n jermokrasi¸n, ìpwc èqei dhmosieuteÐ kai sto pareljìn [7, 16,19].

SunoyÐzontac, anaptÔxame èna jewrhtikì montèlo gia th jermokrasiak  ex�rthsh
thc hlektrik c agwgimìthtac upì thn epÐdrash mètriac èntashc hlektrik¸n pedÐwn,
tìso gia thn perÐptwsh uyhl¸n ìso kai qamhl¸n jermokrasi¸n, ìtan h agwgimìth-
ta ofeÐletai se energeiak� upobohjoÔmena �lmata mikr¸n polaronÐwn se �takta 1D
sust mata. Sthrizìmenoi se èna mhqanismì metafor�c, o opoÐoc perigr�fetai lep-
tomer¸c, katal xame se analutikèc ekfr�seic gia thn agwgimìthta kai th mègisth
apìstash met�bashc wc sun�rthsh tou hlektrikoÔ pedÐou kai thc jermokrasÐac, ag-
no¸ntac alla kai lamb�nontac upìyh thn epÐdrash twn susqetism¸n sthn an�lus 
mac. H efarmog  twn jewrhtik¸n mac apotelesm�twn se prìsfata peiramatik� de-
domèna anèdeixe thn allhlosusqètish thc jermokrasÐac kai tou efarmozìmenou h-
lektrikoÔ pedÐou sth met�bash tou sust matoc apì thn wmik  sth mh-wmik  sumper-
ifor� kaj¸c kai to rìlo twn susqetism¸n sth mh-wmik  sumperifor� thc hlektrik c
agwgimìthtac.

Ta jewrhtik� mac apotelèsmata brÐskontai, epÐshc, se sumfwnÐa me prohgoÔmenec
jewrhtikèc melètec. 'Opwc èqei dhmosieuteÐ [126�128], sta 1D sust mata emfanÐ-
zontai diakum�nseic sthn tuqaÐa katanom  twn entopismènwn katast�sewn oi opoÐec
dhmiourgoÔn diast mata �breaks� meg�lhc antÐstashc sto dÐktuo metafor�c twn
forèwn (hopping network). Oi M. E. Raikh kai I. M. Ruzin [128], diereÔnhsan
thn epÐdrash twn �breaks� sthn hopping agwgimìthta twn monodiast�twn susth-
m�twn kai anèferan ìti ta breaks pou èqoun sq ma diamantioÔ, èqoun mègejoc pou
exart�tai apì th jermokrasÐa kai parousi�zoun antÐstash pou uperbaÐnei kat� polÔ
ekeÐnh twn tupik¸n desm¸n sto dÐktuo. Aut� ta breaks se polÔ qamhl� hlek-
trik� pedÐa èqoun mia kurÐarqh suneisfor� sthn antÐstash h opoÐa emfanÐzei wmik 
sumperifor�. O M. M. Fogler kai h om�da tou [113] diereÔnhsan jewrhtik� thn
epÐdrash peperasmènhc èntashc hlektrik¸n pedÐwn sthn antÐstash twn at�ktwn
monodiast�twn susthm�twn, jewr¸ntac wc mhqanismì metafor�c to variable range
hopping hlektronÐwn, kai èrixan perissìtero fwc sto rìlo aut¸n twn �breaks�.
SÔmfwna me autoÔc, me thn aÔxhsh tou hlektrikoÔ pedÐou oi meg�loi antist�tec
katargoÔntai proodeutik� odhg¸ntac sthn mh-wmik  sumperifor� thc antÐstashc.
EpÐshc, sÔmfwna me touc M. E. Raikh kai I. M. Ruzin [128], to mègejoc twn �breaks�
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sq matoc diamantioÔ eÐnai antistrìfwc an�logo me th jermokrasÐa. 'Etsi, gia to
Ðdio efarmozìmeno pedÐo, ìso uyhlìterh eÐnai h jermokrasÐa, tìso mikrìtero eÐnai
to mègejoc twn �breaks�, kai, kat� sunèpeia, tìso megalÔterh eÐnai h agwgimìth-
ta, eidik� gia to eÔroc tim¸n F , ìpou ta �breaks� èqoun kurÐarqh suneisfor� sthn
agwgimìthta, dhlad  sta polÔ qamhl c èntashc hlektrik� pedÐa. Ta parap�n-
w sumper�smata brÐskontai se sumfwnÐa me ta apotelèsmata thc jewrhtik c mac
an�lushc ta opoÐa prokÔptoun apì thn efarmog  sta peiramatik� dedomèna twn A.
N. Aleshin et al.

Prìsfata, oi S. Ma et al. [115] dhmosÐeusan mia melèth p�nw sthn ex�rthsh
thc hlektrik c agwgimìthtac apì to hlektrikì pedÐo se monodi�stata susthm�ta
me off-diagonal ataxÐa. 'Opwc tìnisan, se polÔ qamhl c èntashc hlektrik� pedÐa,
to pedÐo den èqei sqedìn kamÐa epÐdrash sthn agwgimìthta, en¸ aux�nontac to
hlektrikì pedÐo parathreÐtai mh-wmik  sumperifor�.

Sth mèqri t¸ra èreun� mac to endiafèron mac epikentr¸jhke se hlektrik� pedÐ-
a mètriac èntashc. Aux�nontac thn èntash tou hlektrikoÔ pedÐou anamènetai o
field-assisted hopping mhqanismìc metafor�c na kuriarq sei ènanti tou jermik� up-
obohjoÔmenou qarakt ra thc agwgimìthtac kai telik� h agwgimìthta gia pedÐa
arket� uyhl c èntashc na exart�tai apokleistik� apì to efarmozìmeno hlektrikì
pedÐo. H efarmog  uyhl c èntashc hlektrik¸n pedÐwn eÐnai pijanì na eunoeÐ ta
�lmata twn forèwn kurÐwc proc thn antÐjeth kateÔjunsh tou efarmozìmenou hlek-
trikoÔ pedÐou, kajist¸ntac polÔ mikr  thn pijanìthta alm�twn tou forèa proc thn
kateÔjuns  tou. H pijanìthta aut  epib�llei thn efarmog  thc “Kateujunìmenhc
JewrÐac Diafug c” (“Directed Percolation”) [129, 130] gia thn perÐptwsh uyhl c
èntashc hlektrik¸n pedÐwn.



Kef�laio 3

EPIDRASH UYHLHS ENTASHS
HLEKTRIKWN PEDIWN STH HLEKTRIKH
AGWGIMOTHTA MONODIASTATWN
ATAKTWN SUSTHMATWN

3.1 Ex�rthsh thc hlektrik c agwgimìthtac
apì uyhl c èntashc hlektrikì pedÐo kai
th jermokrasÐa

H jewrhtik  mac an�lush sto prohgoÔmeno kef�laio od ghse se analutikèc ekfr�-
seic thc hlektrik c agwgimìthtac twn monodiast�twn at�ktwn susthm�twn sunart -
sei thc jermokrasÐac kai mètriac èntashc hlektrik¸n pedÐwn.

Sto parìn kef�laio h jewrhtik  mac an�lush genikeÔetai me skopì na diere-
un soume thn epÐdrash sth sumperifor� thc hlektrik c agwgimìthtac hlektrik¸n
pedÐwn opoiasd pote èntashc kai idiaÐtera thn epÐdrash uyhl c èntashc hlektrik¸n
pedÐwn, par�llhla me th jermokrasiak  thc ex�rthsh.

SÔmfwna me th jewrÐa diafug c, oi entopismènec katast�seic, tuqaÐa katanemh-
mènec energeiak� kai qwrik�, diamorf¸noun èna �q¸ro alm�twn� (hopping space) ta
�shmeÐa� tou opoÐou kajorÐzontai apì tic qwrikèc kai energeiakèc sunist¸sec pou u-
peisèrqontai ston endogen  rujmì metabashc, an�loga me thn perioq  jermokrasi¸n
pou mac endiafèrei. To pio pijanì �lma tou forèa apì mia sugkekrimènh arqik  en-
ergeiak  kat�stash Ei eÐnai ekeÐno pou pragmatopoieÐtai proc to mh-kateilhmmèno
�shmeÐo� pou brÐsketai sth mikrìterh �apìstash�, dhl. proc ton �plhsièstero geÐ-
tona� sto �q¸ro� twn alm�twn. Me autì to �lma sundèetai mia pragmatik  fusik 
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metatìpish, h opoÐa upì thn epÐdrash tou hlektrikoÔ pedÐou eÐnai pio pijanì na
sumbaÐnei proc thn antÐjeth kateÔjunsh apì aut  tou hlektrikoÔ pedÐou. H �kateu-
juntikìthta� aut  twn alm�twn ephre�zei kajoristik� th metatìpish ìtan to efar-
mozìmeno hlektrikì pedÐo eÐnai uyhl c èntashc. O upologismìc thc �protimhtèaς�
mèshc apìstashc met�bashc, RF , (average real forward hopping distance) ston
pragmatikì q¸ro kÐnhshc tou forèa epitrèpei ton upologismì thc eukinhsÐac gi-
a dedomènh arqik  enèrgeia tou forèa Ei, h opoÐa, lamb�nontac upìyh ìlec tic
dunatèc arqikèc energeiakèc katast�seic pou mporeÐ na brejeÐ, odhgeÐ telik� ston
upologismì thc agwgimìthtac tou sust matoc.

Dedomènou ìti h pijanìthta �lmatoc tou forèa exart�tai apì ton endogen 
rujmì met�bashc, o opoÐoc diaforopoieÐtai gia ta mikr� polarìnia an�loga me thn
perioq  jermokrasi¸n sthn opoÐa anaferìmaste (G.M.C.M), parousi�zoume sth
sunèqeia thn an�lus  mac gia thn perioq  twn uyhl¸n kai qamhl¸n jermokrasi¸n
antÐstoiqa.

3.1.1 Perioq  uyhl¸n jermokrasi¸n
'Opwc eÐdame (enìt. 1.1.2), o endogen c rujmìc met�bashc stic uyhlèc jermokrasÐec
dÐnetai apì thn exÐswsh (1.34)

γh
ij = γh

0 exp(−2αRij) exp
(
− ε2

kBT

)
×

{
exp[−(Ej − Ei)/2kBT ] , Ej > Ei

exp[(Ei − Ej)/2kBT ] , Ej < Ei

ìpou γh
0 = (J2/h̄)(π/4ε2kBT )1/2 kai ε2 = [Eb(i) + Eb(j)]/4.

H pijanìthta �lmatoc tou forèa metaxÔ dÔo entopismènwn katast�sewn exart�tai
apì th qwrik  touc apìstash kai thn enèrgei� touc. Sunep¸c, mporoÔme na an-
tistoiqÐsoume to k�je �lma tou forèa me èna �lma se èna trisdi�stato �q¸ro�
pou orÐzetai apì mia qwrik  kai dÔo energeiakèc suntetagmènec (hopping space).
Me �lla lìgia, oi entopismènec katast�seic tou forèa, tuqaÐa katanemhmènec en-
ergeiak� kai qwrik�, mporoÔme na jewr soume ìti diamorf¸noun èna �q¸ro� apì
�shmeÐa�, an�mesa sta opoÐa kineÐtai o forèac, upì thn epÐdrash tou hlektrikoÔ
pedÐou, pragmatopoi¸ntac �lmata. Sto �q¸ro� autì to pio pijanì �lma tou forèa,
ìtan brÐsketai se mia sugkekrimènh arqik  energeiak  kat�stash Ei, eÐnai ekeÐno
pou pragmatopoieÐtai proc to mh-kateilhmmèno shmeÐo pou brÐsketai se mikrìterh
�apìstash� sto q¸ro twn alm�twn. Autì kajorÐzei th jèsh tou �plhsièsterou geÐ-
tona�. 'Opwc èqoun deÐxei analutik� oi N. Apsley kai H. P. Hughes [131], h mèsh
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�apìstash� twn �plhsièsterwn geitìnwn� ston �q¸ro� twn alm�twn kajorÐzei thn
agwgimìthta tou sust matoc. Sunep¸c, to prìblhm� mac ègkeitai ston upologismì
aut c thc posìthtac.

Apì thn èkfrash gia ton endogen  rujmì met�bashc tou forèa metaxÔ twn
katast�sewn i kai j ston pragmatikì q¸ro, orÐzoume thn �apìstash� <(h)

ij sto
�q¸ro� twn alm�twn wc,

<(h)
ij = 2αRij +

(
ε2

kBT

)
+

{
(Ej − Ei)/2kBT , Ej > Ei

−(Ei − Ej)/2kBT , Ej < Ei
(3.1)

Jewr¸ntac thn enèrgeia tou forèa kurÐwc polaronikoÔ qarakt ra [5], kai qrhsi-
mopoi¸ntac ton sumbolismì Ei antÐ tou Eb(i) kai Ej antÐ tou Eb(j) gia eukolÐa,
èqoume ε2 = (Ei + Ej)/4, kai h �apìstash� <(h)

ij dÐnetai apì thn exÐswsh

<(h)
ij = 2αRij +

3Ej − Ei

4kBT
, (3.2)

me Ej > Ei gia thn perÐptwsh thc aporrìfhshc kai Ei/3 < Ej < Ei gia thn
perÐptwsh thc ekpomp c. Eis�gontac tic anhgmènec metablhtèc R′

ij = 2αRij, E ′
i =

Ei/2kBT kai E ′
j = Ej/2kBT , h �apìstash� <(h)

ij gr�fetai

<(h)
ij = R′

ij +
3

2
E ′

j −
1

2
E ′

i, (3.3)

me E ′
j > E ′

i gia thn perÐptwsh thc aporrìfhshc kai E ′
i/3 < E ′

j < E ′
i gia thn

perÐptwsh thc ekpomp c.
Upì thn epÐdrash enìc exwterikoÔ hlektrikoÔ pedÐou, F , h enèrgeia pou qrei�ze-

tai o forèac gia thn pragmatopoÐhsh enìc �lmatoc metab�lletai wc

3

2
E ′

j −
1

2
E ′

i −→
3

2
E ′

j −
1

2
E ′

i +
β

2
R′

ij cos θ, (3.4)

ìpou β = eF/2αkBT . OrÐzontac wc:

arqik  enèrgeia �lmatoc : U ′ = 1
2
E ′

i

telik  enèrgeia �lmatoc : E ′ = 3
2
E ′

j + β
2
R′

ij cos θ,
(3.5)

h �apìstash� sto q¸ro twn alm�twn gr�fetai

<(h) = R′ + E ′ − U ′, (3.6)
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me E ′ > 3U ′ gia thn perÐptwsh thc aporrìfhshc kai U ′ < E ′ < 3U ′ gia thn
perÐptwsh thc ekpomp c. Oi deÐktec apì ta <(h)

ij , R′
ij èqoun paralhfjeÐ.

Gia ton upologismì thc mèshc �apìstashς� twn �plhsièsterwn geitìnwn�, <(h)

nn , ja
prèpei na upologÐsoume ton arijmì twn mh-kateillhmènwn jèsewn se �apìstash� <(h)

apì èna sugkekrimèno shmeÐo arqik c enèrgeiac U ′, wc sun�rthsh thc jermokrasÐac
kai tou hlektrikoÔ pedÐou, N (<(h)). O trisdi�statoc �q¸roς� alm�twn tou forèa
mporeÐ na antiproswpeujeÐ, gia dedomènh gwnÐa θ, apì èna didi�stato di�gramma
(sq ma 3.1).

Sq ma 3.1: To contour stajeroÔ <(h) gia arqik  enèrgeia tou forèa U ′. 'Olec oi
telikèc energeiakèc katast�seic pou mporeÐ na brèjeÐ o forèac, N (<(h)), brÐskontai
entìc   p�nw sto contour <(h), gia dedomènh gwnÐa θ.

Gia ta �lmata tou forèa se �apost�seiς� mikrìterec   Ðsec me <(h) pou xekin�ne
apì sugkekrimèno �shmeÐo� arqik c enèrgeiac U ′, oi telikèc energeiakèc katast�seic
ja brÐskontai entìc   p�nw sto contour <(h), gia dedomènh gwnÐa θ. Dhlad , sto
q¸ro pou orÐzetai apì tic sqèseic U ′ < E ′ < (<(h) + U ′) − R′ kai 0 < R′ <
<(h) (sq ma 3.1). Sunep¸c, o arijmìc twn mh-kateillhmènwn katast�sewn pou
perikleÐontai apì to contour <(h) dÐnetai apì thn exÐswsh

N (<(h)) =
∑

0,π

∫ <(h)

0

∫ 1
3
[2<(h)+E′i−2R′(1+β

2
cos θ)]

1
3
(E′i−βR′ cos θ)

N(E ′
j)[1− F (E ′

j)]
kBT

α
dE ′

jdR′, (3.7)

ìpou N(E ′
j) h puknìthta katast�sewn kai F (E ′

j) h katanom  Fermi-Dirac kai qrhsi-
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mopoi same tic exis¸seic (3.5). IsodÔnama

N (<(h)) = C(h)
∑

0,π

∫ <(h)

0

{
ln

[
1 + exp

(
2

3

[
2<(h) + E ′

i − 2R′
(

1 +
β

2
cos θ

)])]

− ln
[
1 + exp

(
2

3
[E ′

i − βR′ cos θ]
)]}

dR′, (3.8)

ìpou C(h) = N0kBT
2α

kai jewr same stajer  puknìthta katast�sewn, N(E ′
j) =

N(E ′
i) = N0.

Apì ton arijmì twn mh-kateillhmènwn katast�sewn, N (<(h)), pou brÐskontai
se dedomènh �apìstash� <(h), h mèsh �apìstash� twn �plhsièsterwn geitìnwn� tou
forèa, <(h)

nn , ìtan autìc brÐsketai se arqik  kat�stash enèrgeiac E ′
i, dÐnetai apì

thn exÐswsh [131]

<(h)

nn =
∫ ∞

0
<(h)Pnn(<(h))d<(h) =

∫ ∞

0
<(h)∂N (<(h))

∂<(h)
exp[−N (<(h))]d<(h), (3.9)

  isodÔnama

<(h)

nn =
∫ ∞

0
exp[−N (<(h))]d<(h). (3.10)

O upologismìc tou <(h)

nn , dÐnei thn �apìstash�, ston trisdi�stato �q¸ro� pou orÐsame,
ìpou up�rqei �plhsièsteroc geÐtonaς� gia na p�ei o forèac ìtan xekin sei to �lma
tou apì mia arqik  energeiak  kat�stash E ′

i. Wstìso, den dÐnei k�poia plhroforÐa
gia thn kateÔjunsh tou �lmatoc tou forèa.

An jewr soume, ston trisdi�stato �q¸ro� pou orÐsame, ìla ta �shmeÐa� ìpou
o forèac èqei arqik  enèrgeia E ′

i, kai upojèsoume ìti ìla ta �lmata apì aut� ta
�shmeÐa� gÐnontai se �apìstash� <(h)

nn , tìte ston pragmatikì q¸ro, aut� ta �lmata
ja gÐnontai proc tuqaÐec kateujÔnseic, all�, gia ta �lmata proc thn Ðdia telik 
enèrgeia, o forèac ja phd� se megalÔterh pragmatik  apìstash ìtan to �lma tou
gÐnetai proc thn antÐjeth kateÔjunsh apì aut  tou hlektrikoÔ pedÐou. Sunep¸c,
ajroÐzontac se ìlec tic telikèc energeiakèc katast�seic, ìtan h arqik  enèrgeia tou
forèa eÐnai E ′

i, ja up�rqei mia mèsh pragmatik  �proc ta mproς� apìstash (“average

real forward distance”), R
(h)
F sthn opoÐa ja metafèretai sthn pragmatikìthta o

forèac:

R
(h)
F =

R′(h)
F

2α
. (3.11)
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H apìstash R
(h)
F upologÐzetai apì to mèso ìro thc posìthtac R′ cos θ ìtan

<(h)

nn = σταθ., (3.12)

Sq ma 3.2: To contour stajeroÔ <(l) = <(h)

nn , gia arqik  enèrgeia tou forèa U ′ kai
dedomènh gwnÐa θ, gia ton upologismì tou R′(h)

F .

dhlad , me th bo jeia tou sq matoc 3.2, apì thn exÐswsh

R′(h)
F =

I1

I2

, (3.13)

ìpou

I1 =
∑

0,π

∫ 1
3
(2<(h)

nn +E′i)

1
3
(E′i−β<(h)

nn cos θ)
N(E ′

j)[1− F (E ′
j)]


<

(h)

nn − 3
2
E ′

j + 1
2
E ′

i

1 + β
2

cos θ


 cos θdE ′

j, (3.14)

kai

I2 =
∑

0,π

∫ 1
3
(2<(h)

nn +E′i)

1
3
(E′i−β<(h)

nn cos θ)
N(E ′

j)[1− F (E ′
j)]dE ′

j, (3.15)

ìpou oi koinoÐ ìroi pou proèrqontai apì thn eisagwg  twn anhgmènwn metablht¸n
èqoun aplopoihjeÐ.
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Gia ton arijmhtikì upologismì twn oloklhrwm�twn I1 kai I2, kaj¸c gia β =
−2/ cos θ ta ìri� touc gÐnontai Ðsa me apotèlesma na apoklÐnoun, akoloujoÔme
allag  metablht¸n kai oloklhr¸noume wc proc R′. 'Eqoume,

I1 =
∑

0,π

∫ <(h)
nn

0
N

(
2

3

[
<(h)

nn −R′
(

1 +
β

2
cos θ

)
+

E ′
i

2

])

[
1− F

(
2

3

[
<(h)

nn −R′
(

1 +
β

2
cos θ

)
+

E ′
i

2

])]
R′ cos θdR′, (3.16)

kai

I2 =
∑

0,π

∫ <(h)
nn

0
N

(
2

3

[
<(h)

nn −R′
(

1 +
β

2
cos θ

)
+

E ′
i

2

])

[
1− F

(
2

3

[
<(h)

nn −R′
(

1 +
β

2
cos θ

)
+

E ′
i

2

])]
dR′. (3.17)

'Eqontac upologÐsei thn apìstash R′(h)
F , kai jewr¸ntac ìti h pijanìthta prag-

matopoi shc tou k�je �lmatoc eÐnai exp(−<(h)

nn ), orÐzoume to mèso rujmì metafor�c
twn forèwn (mèsh taqÔthta) wc νphR′(h)

F exp(−<(h)

nn ), ìpou νph eÐnai h hopping at-
tack frequency, thc t�xhc thc suqnìthtac twn fwnwnÐwn, h opoÐa jewroÔme ìti
eÐnai Ðdia gia ìla ta �lmata twn forèwn.

Sunep¸c, h eukinhsÐa twn mikr¸n polaronÐwn enèrgeiac E ′
i, dÐnetai apì thn exÐsw-

sh

µ(E ′
i) = −νph

F

R′(h)
F

2α
exp(−<(h)

nn ), (3.18)

kai h agwgimìthta tou sust matoc upologÐzetai apì thn exÐswsh

σ(h)(F, T ) = −
∫ ∞

−∞
eN(E ′

i)F (E ′
i)µ(E ′

i)kBTdE ′
i. (3.19)

3.1.2 Perioq  qamhl¸n jermokrasi¸n
O endogen c rujmìc met�bashc stic qamhlèc jermokrasÐec dÐnetai apì thn exÐswsh
(1.35)

γl
ij = γl

0 exp(−2αRij)×
{

exp[−(Ej − Ei)/kBT ] , Ej > Ei

1 , Ej < Ei
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ìpou γl
0 = (ω0/π)[πJ exp(−2ε2/h̄ω0)/h̄ω0]

2[(4ε2/h̄ω0)
∆ij/h̄ω0/(∆ij/h̄ω0)!]. Akolou-

j¸ntac antÐstoiqh mejodologÐa me aut  twn uyhl¸n jermokrasi¸n, antistoiqÐzoume
to k�je �lma tou forèa me èna �lma se èna trisdi�stato �q¸ro� pou orÐzetai apì
mia qwrik  kai dÔo energeiakèc suntetagmènec (hopping space). Oi entopismènec
katast�seic tou forèa, tuqaÐa katanemhmènec energeiak� kai qwrik�, jewroÔme
ìti diamorf¸noun èna �q¸ro� apì �shmeÐa�, an�mesa sta opoÐa kineÐtai o forèac
pragmatopoi¸ntac �lmata, kai h mèsh �apìstash� twn �plhsièsterwn geitìnwn� sto
�q¸ro� autì kajorÐzei thn agwgimìthta tou sust matoc.

Apì thn èkfrash gia ton endogen  rujmì met�bashc tou forèa metaxÔ twn
katast�sewn i kai j ston pragmatikì q¸ro, orÐzoume thn �apìstash� <(l)

ij sto �q¸ro�
twn alm�twn wc,

<(l)
ij =

{
2αRij + (Ej − Ei)/kBT , Ej > Ei

2αRij , Ej < Ei
(3.20)

Eis�gontac tic anhgmènec metablhtèc R′
ij = 2αRij, E∗

i = Ei/kBT kai E∗
j =

Ej/kBT , h �apìstash� <(l)
ij gr�fetai

<(l)
ij =

{
R′

ij + E∗
j − E∗

i , E∗
j > E∗

i

R′
ij , E∗

j < E∗
i

(3.21)

Upì thn epÐdrash enìc exwterikoÔ hlektrikoÔ pedÐou, F , h enèrgeia pou qrei�zetai
o forèac gia thn pragmatopoÐhsh enìc �lmatoc metab�lletai wc

E∗
j − E∗

i −→ E∗
j − E∗

i + βR′
ij cos θ, (3.22)

ìpou β = eF/2αkBT . Opìte h �apìstash� sto q¸ro twn alm�twn gr�fetai

<(l) =

{
R′(1 + β cos θ) + E∗

j + E∗
i ,E∗

j > E∗
i − βR′ cos θ

R′ ,E∗
j < E∗

i − βR′ cos θ
(3.23)

ìpou oi deÐktec apì ta <(l)
ij kai R′

ij èqoun paralhfjeÐ. OrÐzontac wc:

arqik  enèrgeia �lmatoc : U∗ = E∗
i

telik  enèrgeia �lmatoc : E∗ = E∗
j + βR′ cos θ,

(3.24)

h �apìstash� sto q¸ro twn alm�twn mporeÐ na grafteÐ wc

<(l) =

{
R′ + E∗ + U∗ ,E∗ > U∗

R′ ,E∗ < U∗ (3.25)
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Gia ton upologismì thc mèshc �apìstashς� twn �plhsièsterwn geitìnwn� ston �q¸ro�
twn alm�twn, <(l)

nn, ja prèpei na upologÐsoume ton arijmì twn mh-kateillhmènwn
jèsewn se �apìstash� <(l) apì èna sugkekrimèno shmeÐo arqik c enèrgeiac U∗, wc
sun�rthsh thc jermokrasÐac kai tou hlektrikoÔ pedÐou, N (<(l)). O trisdi�statoc
�q¸roς� alm�twn tou forèa mporeÐ na antiproswpeujeÐ, gia dedomènh gwnÐa θ, apì
èna didi�stato di�gramma (sq ma 3.3),

Sq ma 3.3: To contour stajeroÔ <(l) gia arqik  enèrgeia tou forèa U ′. 'Olec oi
telikèc energeiakèc katast�seic pou mporeÐ na brèjeÐ o forèac, N (<(l)), brÐskontai
entìc   p�nw sto contour <(l), gia dedomènh gwnÐa θ.

Gia ta �lmata tou forèa se �apost�seiς� mikrìterec   Ðsec me <(l) pou xekin�ne
apì sugkekrimèno �shmeÐo� arqik c enèrgeiac U∗, oi telikèc energeiakèc katast�seic
ja brÐskontai entìc   p�nw sto contour <(l), gia dedomènh gwnÐa θ. Dhlad , sto
q¸ro pou orÐzetai apì tic sqèseic −∞ < E∗ < (<(l) + U∗) − R′ kai 0 < R′ <
<(l) (sq ma 3.3). Sunep¸c, o arijmìc twn mh-kateillhmènwn katast�sewn pou
perikleÐontai apì to contour <(l) dÐnetai apì thn exÐswsh

N (<(l)) =
∑

0,π

∫ <(l)

0

∫ <(l)+E∗i +R′(1+β cos θ)

−∞
N(E∗

j )[1− F (E∗
j )]

kBT

2α
dE∗

j dR′, (3.26)

ìpou qrhsimopoi same tic exis¸seic (3.24). IsodÔnama,

N (<(l)) = C(l)
∑

0,π

∫ <(l)

0
ln[1 + exp(<(l) + E∗

i −R′(1 + β cos θ))]dR′, (3.27)
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ìpou C(l) = N0kBT
2α

kai jewr same stajer  puknìthta katast�sewn, N(E∗
j ) =

N(E∗
i ) = N0.

H mèsh �apìstash� twn �plhsièsterwn geitìnwn�, <(l)

nn, tou forèa ìtan brÐsketai
se arqik  kat�stash enèrgeiac E∗

i , dÐnetai apì thn exÐswsh

<(l)

nn =
∫ ∞

0
<(l)Pnn(<(l))d<(l) =

∫ ∞

0
<(l)∂N (<(l))

∂<(l)
exp[−N (<(l))]d<(l), (3.28)

pou telik� gr�fetai
<(l)

nn =
∫ ∞

0
exp[−N (<(l))]d<(l). (3.29)

Akolouj¸ntac antÐstoiqh mejodologÐa me thn perÐptwsh twn uyhl¸n jermokra-
si¸n, jewroÔme ìla ta �shmeÐa� ìpou o forèac èqei arqik  enèrgeia E∗

i , kai upo-
jètoume ìti ìla ta �lmata apì aut� ta �plegmatik�� shmeÐa gÐnontai se �apìstash�
<(l)

nn ston trisdi�stato �q¸ro� twn alm�twn. Tìte ston pragmatikì q¸ro aut� ta
�lmata ja gÐnontai proc tuqaÐec kateujÔnseic, all�, gia ta �lmata proc thn Ðdia
enèrgeia E∗

j o forèac ja phd� se megalÔterh pragmatik  apìstash ìtan to �lma tou
gÐnetai proc thn antÐjeth kateÔjunsh apì aut  tou hlektrikoÔ pedÐou. Sunep¸c,
ajroÐzontac se ìlec tic telikèc energeiakèc katast�seic, ìtan h arqik  enèrgeia
tou forèa eÐnai E∗

i , upologÐzoume th mèsh pragmatik  �proc ta mproς� apìstash
(“average real forward distance”), R

(l)
F , sthn opoÐa pragmatopoieÐ �lmata o forèac.

R
(l)
F =

R′(l)
F

2α
. (3.30)

H apìstash R
(l)
F upologÐzetai apì to mèso ìro thc posìthtac R′ cos θ ìtan

<(l)

nn = σταθ., (3.31)

dhlad , apì thn exÐswsh

R′(l)
F =

I1 + I2

I3 + I4

, (3.32)

ìpou

I1 =
∑

0,π

∫ E∗i +<(l)
nn

E∗i −β<(l)
nn cos θ

N(E∗
j )[1− F (E∗

j )]


<

(l)

nn − E∗
j + E∗

i

1 + β cos θ


 cos θdE∗

j , (3.33)

I2 =
∑

0,π

∫ E∗i −β<(l)
nn cos θ

−∞
N(E∗

j )[1− F (E∗
j )]<(l)

nn cos θdE∗
j , (3.34)
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Sq ma 3.4: To contour stajeroÔ <(l) = <(l)

nn, gia arqik  enèrgeia tou forèa U ′ kai
dedomènh gwnÐa θ, gia ton upologismì tou R′(l)

F .

I3 =
∑

0,π

∫ E∗i +<(l)
nn

E∗i −β<(l)
nn cos θ

N(E∗
j )[1− F (E∗

j )]dE∗
j , (3.35)

kai

I4 =
∑

0,π

∫ E∗i −β<(l)
nn cos θ

−∞
N(E∗

j )[1− F (E∗
j )]dE∗

j , (3.36)

ìpou oi koinoÐ ìroi èqoun aplopoihjeÐ. Kaj¸c ta oloklhr¸mata I1 kai I3 apoklÐnoun
gia β = −1/ cos θ, gia ton arijmhtikì upologismì touc all�zoume metablhtèc kai
oloklhr¸noume wc proc R′:

I1 =
∑

0,π

∫ <(l)
nn

0
N(<(l)

nn−R′(1+β cos θ)+E∗
i ))[1−F (<(l)

nn−R′(1+β cos θ)+E∗
i )]R

′ cos θdR′,

(3.37)
kai

I3 =
∑

0,π

∫ <(l)
nn

0
N(<(l)

nn−R′(1+β cos θ)+E∗
i ))[1−F (<(l)

nn−R′(1+β cos θ)+E∗
i )]dR′.

(3.38)
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'Eqontac upologÐsei thn apìstash R′
F , kai jewr¸ntac ìti h pijanìthta prag-

matopoi shc tou k�je �lmatoc eÐnai exp(−<(l)

nn), orÐzoume to mèso rujmì metafor�c
twn forèwn (mèsh taqÔthta) wc νphR′(l)

F exp(−<(l)

nn), ìpou νph eÐnai h hopping attack
frequency, thc t�xhc thc suqnìthtac twn fwnonÐwn, h opoÐa jewroÔme ìti eÐnai Ðdia
gia ìla ta �lmata twn forèwn.

Sunep¸c, h eukinhsÐa twn mikr¸n polaronÐwn enèrgeiac E∗
i , dÐnetai apì thn

exÐswsh

µ(E∗
i ) = −νph

F

R′(l)
F

2α
exp(−<(l)

nn), (3.39)

kai h agwgimìthta tou sust matoc upologÐzetai apì thn exÐswsh

σ(l)(F, T ) = −
∫ ∞

−∞
eN(E∗

i )F (E∗
i )µ(<(l))kBTdE∗

i . (3.40)
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3.2 Apotelèsmata-Sqìlia
Sth sunèqeia èqontac upologÐsei arijmhtik�, me b�sh th jewrhtik  mac an�lush,
thn hlektrik  agwgimìthta wc sun�rthsh thc jermokrasÐac kai tou hlektrikoÔ
pedÐou parousi�zoume th sumperifor� thc. DiakrÐnontac dÔo perioqèc jermokrasi¸n,
thn perioq  qamhl¸n jermokrasi¸n h opoÐa ekteÐnetai apì T = 10K èwc T = 150K
kai thn perioq  uyhl¸n jermokrasi¸n h opoÐa ekteÐnetai apì T = 160K èwc
T = 300K, melet�me thn epÐdrash hlektrik¸n pedÐwn apì F = 5 × 103Vm−1 èwc
5× 108Vm−1.

I. Perioq  qamhl¸n jermokrasi¸n

Gia thn perioq  jermokrasi¸n T = 10 − 150K sto sq ma 3.5 parousi�zontai
ta apotelèsmat� mac gia thn agwgimìthta wc sun�rthsh tou T−1/2 gia di�forec
timèc tou hlektrikoÔ pedÐou: F = 5× 103 − 5× 108Vm−1, puknìthta katast�sewn
N0 = 1011eV−1m−1, α−1 = 2Å [98, 99] kai νph = 1012s−1. Oi epilegmènec timèc twn
paramètrwn jewroÔntai realistikèc me b�sh peiramatikèc kai jewrhtikèc melètec
( [117,132,133] kai anaforèc ekeÐ). H parousÐash twn apotelesm�twn mac sunart -
sei tou T−1/2 ja mac bohj sei na deÐxoume thn orjìthta twn apotelesm�twn mac,
gia qamhl c èwc mètriac èntashc hlektrik� pedÐa, sugkrÐnontac ta arijmhtik� mac
apotelèsmata me th sumperifor� thc hlektrik c agwgimìthtac (ln σ ∝ T−1/2) sth-
n opoÐa katal xame analutik� (ex. (2.75) ) lamb�nontac upìyh thn epÐdrash twn
susqetism¸n, se prohgoÔmeno kef�laio (enìt. 2.2.2) [124],

σl,cr(F, T ) ∝ exp


−

(
T l,cr

0

T

)1/2 (
1− F 2

g(T )

)1/2

 ,

ìpou
T l,cr

0 =
1.96α

kBN0

. (3.41)

'Opwc parathroÔme, gia timèc thc èntashc tou hlektrikoÔ pedÐou, F = 5×103−
1×106Vm−1, h agwgimìthta akoloujeÐ thn T−1/2 sumperifor�, ìpwc anamèname apì
thn analutik  èkfrash sthn opoÐa katal xame gia th jermokrasiak  ex�rthsh thc
agwgimìthtac upì thn efarmog  qamhl c èwc mètriac èntashc hlektrik¸n pedÐwn,
met� apì analutikoÔc upologismoÔc akolouj¸ntac diaforetik  mejodologÐa (enìt.
2.2.2) [124]. Mia mikr  kampÔlwsh twn grafik¸n parast�sewn stic uyhlìterec
jermokrasÐec mporeÐ na apodojeÐ ston proekjetikì ìro.
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Sq ma 3.5: ln σ−vs−T−1/2 gia hlektrik� pedÐa èntashc F = 5×103−5×108Vm−1

kai puknìthta katast�sewn N0 = 1011eV−1m−1.

Gia megalÔterec timèc thc èntashc tou hlektrikoÔ pedÐou, kaj¸c mei¸netai h
jermokrasÐa parathroÔme apìklish thc hlektrik c agwgimìthtac apì thn T−1/2-
sumperifor� h opoÐa eÐnai megalÔterh ìso megalÔterh eÐnai h èntash tou hlektrikoÔ
pedÐou. H apìklish aut  ofeÐletai sto gegonìc ìti to hlektrikì pedÐo arqÐzei
na aux�nei shmantik� ton arijmì twn diajèsimwn �plegmatik¸n� shmeÐwn sta opoÐa
mporeÐ na p�ei o forèac, me apotèlesma h �apìstash� <(l)

nn na mhn exart�tai plèon
mìno apì th jermokrasÐa. Kaj¸c h jermokrasÐa mei¸netai peraitèrw, gia arket�
uyhl c èntashc hlektrik� pedÐa, h �apìstash� <(l)

nn exart�tai apokleistik� apì to
efarmozìmeno hlektrikì pedÐo, kaj¸c ousiastik� ìla ta �lmata tou forèa gÐnontai
proc qamhlìterec enèrgeiec. Wc apotèlesma h agwgimìthta den exart�tai plèon
apì th jermokrasÐa kai parathreÐtai h met�bash apì thermally-assisted hopping se
field-assisted hopping.

Sto sq ma 3.6 parousi�zetai h ex�rthsh thc agwgimìthtac apì to hlektrikì
pedÐo, ln σ − vs − ln F gia di�forec jermokrasÐec T = 10 − 150K, puknìthta
katast�sewn N0 = 1011eV−1m−1 kai α−1 = 2 Å. 'Opwc parathroÔme h agwgimìth-
ta akoloujeÐ wmik  sumperifor� gia hlektrik� pedÐa qamhl c èntashc. H èktash
thc wmik c perioq c aux�netai me thn aÔxhsh thc jermokrasÐac katadeiknÔontac
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thn allhlosusqètish thc epÐdrashc thc jermokrasiac kai tou hlektrikoÔ pedÐou.
Gia mètriac èntashc hlektrik� pedÐa arqÐzei h met�bash sth mh-wmik  sumperifor�
me apotèlesma gia uyhl c èntashc plèon hlektrik� pedÐa h agwgimìthta na eÐnai
apokleistik� field-dependent.

103 104 105 106 107 108 109 1010
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Sq ma 3.6: ln σ − vs − ln F gia jermokrasÐec T = 10 − 150K kai puknìthta
katast�sewn N0 = 1011 eV−1m−1.

Sto sq ma 3.7(a) parousi�zetai h ex�rthsh thc agwgimìthtac apì to hlektrikì
pedÐo, ln σ−vs−F , gia jermokrasÐec T = 10−150K, puknìthta katast�sewn N0 =
1011eV−1m−1 kai α−1 = 2Å. Gia hlektrik� pedÐa mètriac èntashc h agwgimìthta
faÐnetai na akoloujeÐ thn F 2-sumperifor� (sq ma 3.7(b) ), ìpwc anamèname apì thn
analutik  èkfrash sthn opoÐa katal xame gia thn ex�rthsh thc agwgimìthtac apì
to hlektrikì pedÐo stic qamhlèc jermokrasÐec, met� apì analutikoÔc upologismoÔc
(ex. (3.42) ) akolouj¸ntac diaforetik  mejodologÐa [119,124].

Sugkekrimèna, ìtan ikanopoieÐtai h sunj kh F 2/g(T ) ¿ 1, dhl. eα−1F ¿
2kBT , h èkfrash gia thn agwgimìthta deÐxame ìti mporeÐ na grafteÐ wc

ln σl,cr(F, T ) ∝ ln σl,cr(0, T ) + h(F )/f l,cr(T ),

ìpou

ln σl,cr(0, T ) = −
(

T l,cr
0

T

)1/2

,
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Sq ma 3.7: (a) ln σ − vs − F gia jermokrasÐec T = 10 − 150K kai puknìthta
katast�sewn N0 = 1011eV−1m−1, (b) megèjunsh thc sumperifor�c ln σ − vs − F
gia T = 10K kai (c) prosarmog  sthn ln σ − vs − F−1/2 gia T = 10K kai F =
5× 107 − 5× 108Vm−1.

f l,cr(T ) =


1

2

(
T l,cr

0

T

)1/2
1

g(T )



−1

,

kai

h(F ) = F 2.

Gia uyhl c èntashc hlektrik� pedÐa h agwgimìthta gÐnetai anex�rthth apì th
jermokrasÐa kai faÐnetai na akoloujeÐ thn 1/F 1/2-sumperifor� (sq ma 3.7(c) ).
Sthn perioqh an�mesa sthn F 2 kai 1/F 1/2, h agwgimìthta faÐnetai na aux�netai
sqedìn grammik� me to hlektrikì pedÐo.

SÔmfwna me ta prohgoÔmena, h sumperifor� thc hlektrik c agwgimìthtac exar-
t�tai tìso apì to hlektrikì pedÐo ìso kai apì th jermokrasÐa. To mègejoc thc
ex�rthshc thc hlektrik c agwgimìthtac apì thn tautìqronh epÐdrash twn F kai
T gÐnetai akìma pio emfanèc apì to sq ma 3.8 ìpou parousi�zetai to σ/σ0 − vs−
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eF/2αKBT , ìpou σ0 h hlektrik  agwgimìthta ìtan to pedÐo eÐnai qamhl c èntashc
(wmik  perioq ), gia T = 10 − 150K, puknìthta katast�sewn N0 = 1011eV−1m−1

kai α−1 = 2Å. 'Opwc parathroÔme, o bajmìc thc epÐdrashc tou hlektrikoÔ pedÐou
sthn agwgimìthta exart�tai apo thn tim  thc jermokrasÐac kai eÐnai pio meg�loc gia
qamhlìterec jermokrasÐec, en¸ antÐjeta gia megalÔterec timèc thc jermokrasÐac o
bajmìc thc epÐdras c tou mei¸netai shmantik�.
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Sq ma 3.8: σ/σ0−vs−eF/2αKBT gia jermokrasÐec T = 10−150K kai puknìthta
katast�sewn N0 = 1011eV−1m−1. Sto ènjeto di�gramma parousi�zetai megèjunsh
tou σ/σ0 − vs− eF/2αKBT sth perioq  twn �uyhlìterwn� jermokrasi¸n.

Tèloc ta sq mata 3.9 kai 3.10 parousi�zoun thn sumperifor� thc hlektrik c
agwgimìthtac wc sun�rthsh thc jermokrasÐac kai tou hlektrikoÔ pedÐou antÐstoiqa
gia di�forec timèc puknìthtac katast�sewn: N0 = 109eV−1m−1, 1010eV−1m−1 kai
1011eV−1m−1. 'Opwc anamèname, aux�nontac thn puknìthta katast�sewn aux�netai
h agwgimìthta tou sust matoc kaj¸c o forèac èqei sth di�jes  tou perissìterec
energeiakèc katast�seic gia na ton filoxen soun. EpÐshc, h epÐdrash tou hlek-
trikoÔ pedÐou eÐnai megalÔterh ìso pio mikr  eÐnai h jermokrasÐa kai ìso pio mikr 
eÐnai h puknìthta katast�sewn.
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Sq ma 3.9: ln σ−vs−T−1/2 gia hlektrik� pedÐa èntashc F = 5×103−1×108Vm−1

kai puknìthta katast�sewn: (a) N0 = 1011eV−1m−1, (b) N0 = 1010eV−1m−1 kai
(c) N0 = 109eV−1m−1.
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Sq ma 3.10: ln σ − vs − ln F gia jermokrasÐec T = 10 − 40K kai puknìthta
katast�sewn: (a) N0 = 1011eV−1m−1, (b) N0 = 1010eV−1m−1 kai (c) N0 =
109eV−1m−1.



103

II. Perioq  uyhl¸n jermokrasi¸n

Gia thn perioq  jermokrasi¸n T = 160− 300K sto sq ma 3.11 parousi�zontai
ta apotelèsmat� mac gia thn agwgimìthta wc sun�rthsh tou T−1/2 gia di�forec
timèc tou hlektrikoÔ pedÐou: F = 5× 103 − 5× 108Vm−1, puknìthta katast�sewn
N0 = 1011eV−1m−1 kai α−1 = 2Å [98, 99]. H parousÐash twn apotelesm�twn mac
sunart sei tou T−1/2 ja mac bohj sei na deÐxoume thn orjìthta twn apotelesm�twn
mac, gia qamhl c èwc mètriac èntashc hlektrik� pedÐa, sugkrÐnontac ta arijmhtik�
mac apotelèsmata me th sumperifor� thc hlektrik c agwgimìthtac (ln σ ∝ T−1/2)
sthn opoÐa katal xame analutik� (ex. (2.60) ) lamb�nontac upìyh thn epÐdrash
twn susqetism¸n, se prohgoÔmeno kef�laio (enìt. 2.2.1) [124],

σh,cr(F, T ) ∝ exp


−

(
T h,cr

0

T

)1/2 (
1− F 2

g(T )

)1/2

 ,

ìpou

T h,cr
0 =

1.18α

kBN0

.

'Opwc parathroÔme, gia timèc thc èntashc tou hlektrikoÔ pedÐou, F = 5×103−
1×108Vm−1, h agwgimìthta akoloujeÐ thn T−1/2 sumperifor�, ìpwc anamèname apì
thn analutik  èkfrash sthn opoÐa katal xame gia th jermokrasÐak  ex�rthsh thc
agwgimìthtac upì thn efarmog  qamhl c èwc mètriac èntashc hlektrik¸n pedÐwn,
met� apì analutikoÔc upologismoÔc akolouj¸ntac diaforetik  mejodologÐa (enìt.
2.2.1) [124].

Gia megalÔterec timèc thc èntashc tou hlektrikoÔ pedÐou, parathroÔme apìklish
thc hlektrik c agwgimìthtac apì thn T−1/2-sumperifor� h opoÐa eÐnai megalÔterh
ìso megalÔterh eÐnai h èntash tou hlektrikoÔ pedÐou. H apìklish aut  ofeÐletai
sto gegonìc ìti to hlektrikì pedÐo arqÐzei na epib�llei �kateujuntikìthta� sta �l-
mata tou forèa me apotèlesma na dusqeraÐnei thn epÐdrash thc jermokrasÐac. Gia tic
mikrìterec timèc jermokrasÐec thc sugkekrimènhc perioq c uyhl¸n jermokrasi¸n,
Tε[160−220]K perÐpou, h hlektrik  agwgimìthta emfanÐzetai na paÐrnei mikrìterec
timèc ìso uyhlìterhc èntashc eÐnai to hlektrikì pedÐo. To gegonìc autì ofeÐletai
ston antagwnistikì rìlo tou hlektrikoÔ pedÐou, pou lìgw thc �kateujuntikìthtaς�
pou eis�gei sto mhqanismì metafor�c dusqeraÐnei thn kÐnhsh tou forèa h opoÐ-
a eÐnai �jermik� upobohjoÔmenh�. O antagwnistikìc autìc rìloc eÐnai isqurìteroc
stic qamhlìterec jermokrasÐec. Sthn perioq  aut , se antÐjesh me thn perioq  twn
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Sq ma 3.11: ln σ−vs−T−1/2 gia hlektrik� pedÐa èntashc F = 5×103−5×108V m−1

kai puknìthta katast�sewn N0 = 1011eV −1m−1.

qamhl¸n jermokrasi¸n pou melet same nwrÐtera (T = 10−150K), den parathreÐtai,
h met�bash apì thermally-assisted hopping se field-assisted hopping, kaj¸c, ed¸,
oi jermokrasÐec eÐnai arket� meg�lec ¸ste o antagwnistikìc rìloc tou hlektrikoÔ
pedÐou na periorÐzetai sth meÐwsh thc hlektrik c agwgimìthtac, pou mèqri t¸ra
 tan lìgw twn uyhl¸n jermokrasi¸n apokleistik� thermally-assisted, qwrÐc na eÐ-
nai ìmwc arket� isqurìc, lìgw tou ìti oi jermokrasÐec t¸ra eÐnai uyhlèc, ¸ste na
kuriarq sei, gia tic sugkekrimènec timèc paramètrwn pou èqoume epilèxei, odhg¸n-
tac se field-assisted hopping, ìpwc sthn periptwsh twn qamhl¸n jermokrasi¸n.

'Oso aux�netai h jermokrasÐa, Tε[220 − 300]K perÐpou, h jermokrasÐa eÐnai
plèon tìso uyhl  ¸ste o antagwnistikìc rìloc tou hlektrikoÔ pedÐou lìgw thc
�kateujuntikìthtaς� pou eis�gei sto mhqanismì metafor�c na anaireÐtai. To h-
lektrikì pedÐo leitourgeÐ plèon sunergatik� me th jermokrasÐa sthn aÔxhsh thc
agwgimìthtac. Dhlad , ìso megalÔterh eÐnai h tim  tou tìso megalÔterec timèc
paÐrnei h agwgimìthta, dedomènou ìti h jermokrasÐa eÐnai tìso uyhl  ¸ste o
forèac na èqei th dunatìthta epilog c polÔ perissìterwn �jèsewn� ap' ìti se
qamhlìterec jermokrasÐec gia th met�bash stic opoÐec to pedÐo leitourgeÐ suner-
gatik�. Sto shmeÐo autì ja prèpei na shmei¸soume ìti o antagwnistikìc rì-
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loc tou pedÐou kai thc jermokrasÐac den emfanÐzetai sthn perioq  twn qamhl¸n
jermokrasi¸n (T = 10 − 150K) pou melet same nwrÐtera (sq ma 3.5), kaj¸c oi
timèc twn jermokrasi¸n den eÐnai arket� meg�lec ¸ste na leitourg soun antag-
wnistik� wc proc thn �kateujuntikìthta� tou pedÐou. EpÐshc, mia pio prosektik 
mati� sto di�gramma mac epitrèpei na parathr soume ìti h jermokrasÐa, Tcros, ìpou
parathreÐtai h allag  tou rìlou tou pedÐou sthn agwgimìthta (crossing) exart�tai
apì thn èntas  tou. Sugkekrimèna, ìso pio meg�lh eÐnai h èntash tou hlektrikoÔ
pedÐou tìso pio meg�lh eÐnai h tim  Tcros, dhlad  tìso perissìtero kajustereÐ h
jermokrasÐa na �antistrèyei� to rìlo tou (sq ma 3.12).
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Sq ma 3.12: Megèjunsh tou ln σ − vs − T−1/2 gia hlektrik� pedÐa èntashc F =
5×103−5×108Vm−1 kai puknìthta katast�sewn N0 = 1011eV−1m−1 (sq ma 3.11)
sthn perioq  pou parathreÐtai h allag  thc epÐdrashc tou pedÐou sthn agwgimìthta.
Me bèlh shmei¸nontai ta shmeÐa ìpou emfanÐzetai aut  h allag  (Tcros) gia F =
3× 108Vm−1, 4× 108Vm−1 kai F = 5× 108Vm−1.

Sto sq ma 3.13 parousi�zetai h ex�rthsh thc agwgimìthtac apì to hlektrikì
pedÐo, ln σ − vs − ln F gia di�forec jermokrasÐec T = 160 − 300K, puknìthta
katast�sewn N0 = 1011eV−1m−1 kai α−1 = 2Å. 'Opwc parathroÔme h agwgimìthta
akoloujeÐ wmik  sumperifor� gia hlektrik� pedÐa qamhl c èwc kai mètriac èn-
tashc. H wmik  perioq  ekteÐnetai se uyhlìterhc èntashc hlektrik� pedÐa, sug-
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kritik� me thn wmik  perioq  sthn perÐptwsh twn qamhl¸n jermokrasi¸n, kaj¸c
ìpwc sumper�name kai apì to antÐstoiqo sq ma 3.13, h èktash thc wmik c perioq c
aux�netai me thn aÔxhsh thc jermokrasÐac. Gia arket� uyhl c èntashc hlektrik�
pedÐa arqÐzei h met�bash sth mh-wmik  sumperifor� kai parousi�zetai h metabol 
tou rìlou tou hlektrikoÔ pedÐou sthn hlektrik  agwgimìthta ìpwc parathr same
kai sto sq ma 3.11.

103 104 105 106 107 108 109 1010
5x10-17

6x10-17

7x10-17

8x10-17

9x10-17

10-16

N
0
=1011 (eV-1m-1)

    T (K)
 300
 290
 280
 270
 260
 250
 240
 230
 220
 210
 200
 190
 180
 170
 160

σ

F (Vm-1 )

Sq ma 3.13: ln σ − vs − ln F gia jermokrasÐec T = 160 − 300K kai puknìthta
katast�sewn N0 = 1011eV−1m−1.

SÔmfwna me ta prohgoÔmena, h sumperifor� thc hlektrik c agwgimìthtac exart�tai
tìso apì to hlektrikì pedÐo ìso kai apì th jermokrasÐa. To mègejoc thc ex�rthsh-
c thc hlektrik c agwgimìthtac apì thn tautìqronh epÐdrash twn F kai T gÐnetai
akìma pio emfanèc sto sq ma 3.14 ìpou parousi�zetai to σ/σ0− vs− eF/2αKBT ,
ìpou σ0 h hlektrik  agwgimìthta ìtan to hlektrikì pedÐo eÐnai qamhl c èntashc
(wmik  perioq ), gia T = 160− 300K, puknìthta katast�sewn N0 = 1011eV−1m−1

kai α−1 = 2Å. ParathroÔme ìti, o rìloc kai o bajmìc thc epÐdrashc tou hlektrikoÔ
pedÐou sthn agwgimìthta exart�tai apo th jermokrasÐa. Gia tic �qamhlìtereς�
jermokrasÐec, thc perioq c uyhl¸n jermokrasi¸n, to σ/σ0 mei¸netai me thn aÔxhsh
thc èntashc tou hlektrikoÔ pedÐou. H meÐwsh xekin� se mikrìterhc èntashc h-
lektrik� pedÐa ìso pio mikr  eÐnai h jermokrasÐa. AntÐjeta, gia tic �uyhlìtereς�
jermokrasÐec thc perioq c uyhl¸n jermokrasi¸n h agwgimìthta aux�netai me thn
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aÔxhsh thc èntashc tou hlektrikoÔ pedÐou. H aÔxhsh aut  xekin� se mikrìterhc
èntashc hlektrik� pedÐa, ìso pio meg�lh eÐnai h jermokrasÐa.
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Sq ma 3.14: σ/σ0−vs−eF/2αKBT gia jermokrasÐec T = 160−300K kai puknìthta
katast�sewn N0 = 1011eV−1m−1.

Ta sq mata 3.15 kai 3.16 parousi�zoun thn sumperifor� thc hlektrik c ag-
wgimìthtac sunart sei thc jermokrasÐac kai tou hlektrikoÔ pedÐou, gia puknìthta
katast�sewn N0 = 1011eV−1m−1 kai qwrik  èktash thc entopismènhc hlektroni-
ak c kumatosun�rthshc: α−1 = 3 kai 4Å, antÐstoiqa. 'Opwc parathroÔme, o rìloc
kai o bajmìc thc epÐdrashc tou hlektrikoÔ pedÐou sthn hlektrik  agwgimìthta
exart�tai, pèra apo th jermokrasÐa, kai apì thn èktash thc entopismènhc hlek-
troniak c kumatosun�rthshc. Sugkekrimèna, ìso pio meg�lo eÐnai to α−1, dhlad 
ìso asjenèstera entopismènoc eÐnai o forèac, h tim  thc jermokrasÐac sthn opoÐ-
a parathreÐtai antistrof  tou rìlou tou pedÐou sthn agwgimìthta, Tcros, eÐnai
mikrìterh. Kat� sunèpeia aux�nontac th qwrik  èktash thc entopismènhc kumato-
sun�rthshc, α−1, mikraÐnei h perioq  twn jermokrasi¸n ìpou to hlektrikì pedÐo
antagwnÐzetai th jermokrasÐa kai megal¸nei h perioq  ìpou energeÐ sunergatik� me
aut  sthn aÔxhsh thc agwgimìthtac.
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Sq ma 3.15: ln σ − vs − T−1/2 gia hlektrik� pedÐa èntashc F = 5 × 103 − 5 ×
108Vm−1, puknìthta katast�sewn N0 = 1011eV−1m−1 kai èktash thc entopismènhc
hlektroniak c kumatosun�rthshc α−1 = 3Å.
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Sq ma 3.16: ln σ − vs − T−1/2 gia hlektrik� pedÐa èntashc F = 5 × 103 − 5 ×
108Vm−1, puknìthta katast�sewn N0 = 1011eV−1m−1 kai èktash thc entopismènhc
hlektroniak c kumatosun�rthshc α−1 = 4Å.



109

EpÐshc, ìson afor� to bajmì epÐdrashc tou hlektrikoÔ pedÐou sthn agwgimìth-
ta, parathroÔme ìti auxanomènhc thc tim c tou α−1 aux�netai h agwgimìthta tou
sust matoc gia tic Ðdiec timèc èntashc tou hlektrikoÔ pedÐou kai tic Ðdiec jermokrasÐec.
Autì eÐnai emfanèc kai sto sq ma 3.17 ìpou parousi�zetai h ex�rthsh thc ag-
wgimìthtac apì to hlektrikì pedÐo, ln σ − vs − ln F gia di�forec jermokrasÐec
T = 160 − 300K, puknìthta katast�sewn N0 = 1011eV−1m−1 kai α−1 = 2, 3 kai
4Å.
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Sq ma 3.17: ln σ − vs − ln F gia jermokrasÐec T = 160 − 300K, puknìthta
katast�sewn N0 = 1011eV−1m−1 kai èktash thc entopismènhc hlektroniak c ku-
matosun�rthshc: α−1 = 2, 3 kai 4Å.

Tèloc, h ex�rthsh tou rìlou kai tou bajmoÔ thc epÐdrashc tou hlektrikoÔ
pedÐou sthn hlektrik  agwgimìthta apì thn èktash thc entopismènhc hlektroni-
ak c kumatosun�rthshc eÐnai akìma pio emfan c, gia dedomènh jermokrasÐa, apì ta
sq mata 3.18 kai 3.19 ìpou parousi�zetai to σ/σ0−vs−eF/2αKBT , gia puknìthta
katast�sewn N0 = 1011eV−1m−1 kai α−1 = 2, 3 kai 4Å, gia jermokrasÐa T = 160K
kai 300K, antÐstoiqa. ParathroÔme epÐshc, ìti ìso megalÔterh eÐnai h tim  tou α−1,
o bajmìc thc epÐdrashc tou hlektrikoÔ pedÐou sthn agwgimìthta eÐnai pio meg�loc
gia tic �uyhlìtereς� jermokrasÐec thc perioq c twn uyhl¸n jermokrasi¸n, kai pio
mikrìc gia tic �qamhlìtereς� jermokrasÐec.
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Sq ma 3.19: σ/σ0 − vs − eF/2αKBT gia jermokrasÐa T = 300K, puknìthta
katast�sewn N0 = 1011eV−1m−1 kai α−1 = 2, 3 kai 4Å.
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SunoyÐzontac, anaptÔxame èna jewrhtikì montèlo gia th diereÔnhsh thc epÐdrash-
c hlektrik¸n pedÐwn opoiasd pote èntashc sth sumperifor� thc hlektrik c ag-
wgimìthtac, kai idiaÐtera thn epÐdrash uyhl c èntashc hlektrik¸n pedÐwn, par�llh-
la me th jermokrasÐa. Lamb�nontac upìyh thn �kateujuntikìthta� tou hlektrikoÔ
pedÐou sto mhqanismì metafor�c genikeÔsame thn prohgoÔmenh jewrhtik  mac an�-
lush pou aforoÔse hlektrik� pedÐa qamhl c èwc kai mètriac èntashc. Prag-
matopoi¸ntac arijmhtikoÔc upologismoÔc diereun same th sumperifor� thc hlek-
trik c agwgimìthtac upì thn epÐdrash uyhl c èntashc hlektrik¸n pedÐwn, tìso gia
tic uyhlèc ìso kai tic qamhlèc jermokrasÐec. Apì ta apotelèsmat� mac anadeÐqthke
o antagwnistikìc   sunergatikìc rìloc tou hlektrikoÔ pedÐou kai thc jermokrasÐac.
EpÐshc diereun same thn epÐdrash thc puknìthtac katast�sewn kai thc qwrik c èk-
tashc thc entopismènhc kumatosun�rthshc tou forèa sthn ex�rthsh thc hlektrik c
agwgimìthtac apo th jermokrasÐa kai to hlektrikì pedÐo gia ta monodi�stata �tak-
ta sust mata.

Ta sumper�smata twn M. M. Fogler kai R. S. Kelly [113], M. E. Raikh kai I. M.
Ruzin [128] kaj¸c kai S. Ma et al. [115] ta opoÐa anafèrjhkan sto kef�laio 2 pou
aforoÔn sth met�bash tou sust matoc apì thn wmik  sth mh-wmik  sumperifor�
sumfwnoÔn me ta arijmhtik� mac apotelèsmata, tìso gia tic qamhlèc ìso kai tic
uyhlèc jermokrasÐec. Se arket� uyhl c èntashc hlektrik� pedÐa, oi epishm�nseic
twn M. M. Fogler kai R. S. Kelly [113], twn M. Pollak kai I. Riess [120], kaj¸c
kai tou B. I. Shklovskii [134], ìti mìno ta �lmata twn forèwn �proc ta mprìς� ja
prèpei na lhfjoÔn upìyh kat� th melèth tou mhqanismoÔ metafor�c, sumfwnoÔn me
th jewrhtik  mac an�lush.

EpÐshc, oi D. Bourbie et al [135] melèthsan jewrhtik� thn hlektrik  agwgimìth-
ta 3D at�ktwn susthm�twn sta plaÐsia tou variable range hopping mhqanismoÔ.
Kat� thn efarmog  uyhl c èntashc hlektrik¸n pedÐwn shmeÐwsan oti h kÐnhsh twn
hlektronÐwn gÐnetai monodi�stath kai h hlektrik  agwgimìthta aux�netai me thn
èntash tou efarmozìmenou hlektrikoÔ pedÐou. 'Otan ìmwc to efarmozìmeno hlek-
trikì pedÐo eÐnai arket� uyhlì, kat� touc D. Bourbie et al, h agwgimìthta mei¸netai
me thn aÔxhsh thc èntashc tou hlektrikoÔ pedÐou diìti h aÔxhsh tou hlektrikoÔ
pedÐou odhgeÐ ston apokleismì k�poiwn drìmwn diafug c. Ta parap�nw sumper�s-
mata brÐskontai se sumfwnÐa me ta arijmhtik� mac apotelèsmata gia thn antÐstoiqh
perioq  twn uyhl¸n jermokrasi¸n.
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AntÐ Epilìgou

Sthn paroÔsa diatrib  epiqeir jhke h diereÔnhsh thc sumperifor�c thc hlek-
trik c agwgimìthtac monodiast�twn at�ktwn susthm�twn sta opoÐa o mhqanismìc
metafor�c fortÐou ofeÐletai se kÐnhsh mikr¸n polaronÐwn me �lmata jermik� u-
pobohjoÔmena upì thn epÐdrash hlektrikoÔ pedÐou. H �mikroskopik � melèth thc
kÐnhshc twn mikr¸n polaronÐwn sthrÐqthke sto Genikeumèno Moriakì Krustal-
likì Montèlo kai sth JewrÐa grammik c apìkrishc. H �makroskopik � sumperi-
for� thc hlektrik c agwgimìthtac diereun jhke me jewrhtikèc analÔseic oi opoÐec
skopì eÐqan thn paragwg  analutik¸n ekfr�sewn thc ex�rthshc thc hlektrik c
agwgimìthtac (a) upì thn efarmog  qamhl c èntashc hlektrik¸n pedÐwn, (b) mè-
triac èntashc hlektrik¸n pedÐwn kai (g) uyhl c èntashc hlektrik¸n pedÐwn me thn
ektèlesh arijmhtik¸n upologism¸n.

Oi analutikèc ekfr�seic aut¸n twn exart sewn epètreyan na dojeÐ, gia pr¸th
for�, mia sunep c ermhneÐa thc peiramatik� parathroÔmenhc ex�rthshc thc hlek-
trik c agwgimìthtac, tìso apì th jermokrasÐa ìso kai apì to hlektrikì pedÐo
sto DNA, kaj¸c kai se monodi�stata polumer  gia ta opoÐa mèqri s mera eÐqan
epiqeirhjeÐ na dojoÔn mìno fainomenologikèc ermhneÐec.

Par�llhla, h jewrhtik  an�lush gia opoiasd pote èntashc hlektrikì pedÐo
apok�luye thn allhlosusqètish thc epÐdrashc tou hlektrikoÔ pedÐou kai thc jermo-
krasÐac sth sumperifor� thc hlektrik c agwgimìthtac, idiaÐtera gia uyhl c èntashc
hlektrik� pedÐa, se sumfwnÐa me jewrhtikèc melètec �llwn ereunht¸n se parìmoiec
fusikèc katast�seic.

ApoteleÐ endiafèron ereunhtikì pedÐo sto mèllon mia jewrhtik  an�lush ba-
sismènh sta prohgoÔmena, h opoÐa ja perilamb�nei kai �lla fusik� qarakthristik�
twn susthm�twn aut¸n, pou ja katal gei kai se posotik� sumper�smata anaforik�
me thn tim  thc peiramatik� metroÔmenhc agwgimìthtac, kaj¸c kai h efarmog  twn
jewrhtik¸n mac apotelesm�twn kai se sunaf  fusik� sust mata, wc kai diat�xeic
touc.
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Par�rthma Aþ

Epidrash twn susqetismwn sth mh-wmikh
sumperifora thc hlektrikhc agwgimothtac
3D ataktwn susthmatwn

Aþ.1 Perioq  uyhl¸n jermokrasi¸n

Gia thn perioq  twn uyhl¸n jermokrasi¸n sta 3D sust mata, o antÐstoiqoc mèsoc
arijmìc twn �plegmatik¸n� shmeÐwn ta opoÐa diatÐjentai se èna desmì o opoÐoc xekin�
apì èna dedomèno �plegmatikì� shmeÐo enèrgeiac E

′
i , dÐnetai apì thn exÐswsh

P (<̃h|E ′
i) = C̃1

h
∫ π

0

∫ <̃h−E
′
i

0

(∫ R̃h∗

0
R
′2
ijdR

′
ij

)
dE

′
j sin θdθ

+ C̃1
h
∫ π

0

∫ <̃h−E
′
i

E
′
i

(∫ R̃h∗

0
R
′2
ijdR

′
ij

)
dE

′
j sin θdθ, (Aþ.1)

ìpou <̃h eÐnai gia th 3D perÐptwsh h �apìstash� metaxÔ twn katast�sewn se èna
penta-di�stato �q¸ro� ìpwc autìc orÐzetai apo tic paramètrouc R

′
ij, E

′
i kai E

′
j,

kai h perispwmènh (∼) qrhsimopoieÐtai gia na dhl¸sei thn 3D perÐptwsh. EpÐshc,
C̃1

h
= πk

′
BTN0/2α

3 kai R̃h∗ = [<̃h − (E
′
i + E

′
j)]/(1 + λ cos ϑ).

H mèsh �apìstash� metaxÔ twn plhsièsterwn geitìnwn, <̃h
nn, upologÐzetai wc

<̃h
nn =

Γ(5
4
)

(C̃2
h
)1/4

, (Aþ.2)
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ìpou C̃2
h

= 5Ch
1 /[36(1 − λ2)2] kai h agwgimìthta, σh,cr

3D (F, T ), dÐnetai telik� apì
thn exÐswsh

σh,cr
3D (F, T ) ∝ exp


−


 T̃0

h,cr

T




1/4 (
1− F 2

g(T )

)1/2

 , (Aþ.3)

ìpou
T̃0

h,cr
=

2.29α3

kBN0

. (Aþ.4)

'Otan ikanopoieÐtai h sunj kh F 2/g(T ) ¿ 1,   diaforetik� eα−1F ¿ 2kBT , h
èkfrash gia thn agwgimìthta paÐrnei th morf 

ln σh,cr
3D (F, T ) ∝ ln σh,cr

3D (0, T ) + h(F )/f̃h,cr(T ), (Aþ.5)
ìpou

ln σh,cr
3D (0, T ) = −


 T̃0

h,cr

T




1/4

, (Aþ.6)

f̃h,cr(T ) =




1

2


 T̃0

h,cr

T




1/4

1

g(T )




−1

, (Aþ.7)

kai
h(F ) = F 2. (Aþ.8)

'Eqontac upologÐsei ton ìro <̃h
nn, h mègisth apìstash met�bashc, gia eα−1F ¿

2kBT , dÐnetai wc

Rh,cr
m,3D(F, T ) =

(T̃0
h,cr

)1/4α−1

2
T−1/4

(
1− F

g(T )1/2

)−1 (
1− F 2

2g(T )

)
. (Aþ.9)

Aþ.2 Perioq  qamhl¸n jermokrasi¸n
Gia thn perioq  qamhl¸n jermokrasi¸n,

P (<̃l|E∗
i ) = C̃1

l
∫ π

0

∫ E∗i

0

(∫ R̃l∗

0
R
′2
ijdR

′
ij

)
dE∗

j sin θdθ

+ C̃1
l
∫ π

0

∫ <̃l

E∗i

(∫ R̃l∗′

0
R
′2
ijdR

′
ij

)
dE∗

j sin θdθ, (Aþ.10)
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ìpou <̃l eÐnai gia thn 3D perÐptwsh h �apìstash� metaxÔ twn katast�sewn se è-
na tetra-di�stato �q¸ro� ìpwc autìc orÐzetai apo tic paramètrouc R

′
ij, E∗

i kai E∗
j .

C̃1
l
= πkBTN0/2α

3, R̃l∗ = (<̃l−E∗
i )/(1 + λ cos ϑ) kai R̃l∗′ = (<̃−E∗

j )/(1 + λ cos ϑ).
H mèsh �apìstash� twn plhsièsterwn geitìnwn <̃l

nn dÐnetai t¸ra apì thn exÐswsh

<̃l
nn =

Γ(5
4
)

(C̃2
l
)1/4

, (Aþ.11)

ìpou C̃2
l
= 5C l

1/[42(1− λ2)2]. Opìte, h agwgimìthta, σl,cr
3D (F, T ), metab�lletai wc,

σl,cr
3D (F, T ) ∝ exp


−


 T̃0

l,cr

T




1/4 (
1− F 2

g(T )

)1/2

 , (Aþ.12)

me

T̃0
l,cr

=
3.6α3

kBN0

. (Aþ.13)

Gia F 2/g(T ) ¿ 1, dhl. eα−1F ¿ 2kBT , h èkfrash pou perigr�fei thn ag-
wgimìthta mporeÐ na grafeÐ wc

ln σl,cr
3D (F, T ) ∝ ln σl,cr

3D (0, T ) + h(F )/f̃ l,cr(T ), (Aþ.14)

ìpou

ln σl,cr
3D (0, T ) = −
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1/4

, (Aþ.15)

f̃ l,cr(T ) =




1

2


 T̃0

l,cr

T




1/4

1

g(T )




−1

, (Aþ.16)

kai
h(F ) = F 2. (Aþ.17)

H mègisth apìstash met�bashc, ìtan eα−1F ¿ 2kBT , dÐnetai apo thn exÐswsh

Rl,cr
m,3D(F, T ) =

(T̃0
l,cr

)1/4α−1

2
T−1/4

(
1− F

g(T )1/2

)−1 (
1− F 2

2g(T )

)
. (Aþ.18)
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