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Abstract

We theoretically study the energy structure and the charge transport and transfer prop-
erties of m-conjugated molecular wires, using variants of the Tight-Binding Method.
Charge transport implies the use of leads and the application of external voltage. We
start with an analytical and numerical study of the spectral and transmission properties
of periodic Tight-Binding wires with a generic unit cell, focusing on the effect factors
such as the strength and asymmetry of coupling between the leads an the system in-
duce on the transmission profiles. Our method is then applied to the study of atomic
carbon wires (or carbynes). Carbynes represent the ultimate nanoscale structure, hav-
ing a thickness of just one carbon atom, and are promising for electronic applications.
We show that Ohmic, semiconducting or rectifying behavior occurs, depending on the
carbyne structure and the leads, and we reproduce experimental results regarding the
current-voltage curves. We move on to an examination of the energy structure, local-
ization and charge transport in periodic, deterministic aperiodic and random binary
DNA sequences. The ability to produce nucleic acid sequences of interest provides the
chance to create molecular wires with tailored properties. In our study, we focus on the
interplay between the sequence structure and the aforementioned properties. Charge
transfer means that an extra carrier (hole or electron), created or injected at a specific
location, moves to more favorable locations. We focus on aspects of this phenomenon
such as the frequency content of transfer, the mean over time probabilities to find the
carrier at each site of a DNA segment and the pure mean transfer rates. We start with
small DNA segments (composed of one, two, and three base pairs). Our results are
compared with the more complex, yet more computationally costly, Real-Time Time-
Dependent Density Functional Theory. We move on to the study of several classes of
periodic DNA segments (monomer-polymers, dimer-polymers, polymers with increas-
ing repetition unit). Finally, we compare periodic DNA segments with deterministic
aperiodic and random ones regarding charge transfer, and make some remarks regard-
ing experimental charge transfer rates.
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[TepiAnyn

To DNA mailel kaBopLotikd poLo 6TV avamtugn, AeLTOVPYL KL AVOTTapay®Yn TV
epPiwv opyoviopav, Kabang 1 aAAniovyia Twv alwTodXwV PAcE®V TOL PEpPEL TO YeVve-
TK6 ToLg Kwdka. H pedétn tov ouvnBwg cuvdéetal pe emoTnpovikovg KAGOUG OTTwg
1 yevetikr) ko 1 poprokt] frodoyic. Qotdc0, ot afloonpelnTeg OLOTNTEG TOL £X0UV Ke-
VTploel Ta TEAELTOLO X POVIX TO EVOLAPEPOV PLOG EVPELG DLETLGTNHOVIKTC KOLVOTNTAG.
Amtd 1 oxom tng Puoikic Zupmukvepévng YAnG, n niektpovikr] dopr kot ot tdLo-
NTEG peTapopdg kot petofifpoong goptiov tov DNA peletovron pe 6komod 1060 TV
KOTOVONGT) TNG OXE0NG HeTaD TNG evepyelarkng TOL SOUNG Kot TV PLOAOYLIKGOV TOV
AeLtovpyladyv, 660 Kot TIG duvnTikKéS TOoLg epappoyés. H adAniovyia twv (evyov Pa-
oe®dV ToL dnpovpyel Evav oxedov povodidotato T-dpopo, AOYw TNG EMKAALYNG TV
T HOPLAK®OV TPOYLOK®OV TOUG, O OTOL0G EMLTPETEL TN HETAKIVIION popTiov, dnAadr Tn
petapopd kai tn petaPifact. O 0pog petapopd (transport) AvoupéPETaL 6T HETAKLV)-
o1 QopTiov PHEGW TNG XPNONG NAEKTPOdiwV Kol TNG ePapHoYNG eEwTePLKNG dLpopag
duvaykov, eved 0 0pog petafifacn (transfer) avopépetar GTn PETAKIVNOT £VOG POPE-
o otd puo tomoBecion 6mov dnpiovpyeitan 1) eyxéeTal apyLkd oe GAAEG ELVOIKOTEPES
tomobfeciec.

[Tépav tov evdioépovtog oL TopovoLdlel amd PLOAOYIKAG KL VOVOETLGTNO-
vikng amoyng, To DNA pmopet v 1dw0el KL wg éva TpOTLTTO HOVOSLAGTATO HOPLAKO
ovppo. H tepdotio pelwon tov prkovg Tov kavallod (SLadAov) 6TIG NAEKTPOVIKEG
dratagelg kata Tig Televtaleg dekaetieg (amd mepimov 1 pm to 1984 oe mepinov 10
nm to 2014) NyeLpe TO EPOTNHA EAV KL TG PITOPOLV var xpnoipononfodv ce do-
TAEELC WG KOVAALX OPLOHEVA TTOAVHEPT), OALYOHEPT], (LOkpO)pHOpLa K.0.K.. Ml outd TG
Aéov amopaitnteg Tpovmobécelg mov Ba mpémel vor TAN POV TéTOLEG SOUEG TTPOKELE-
vou va ypnotporownoovv eivor n akopyia (persistence). To DNA Bpicketor avépeso
ota AoV Gxapnta (persistent) yvwotd moAvpepr), pe prkog axapyiog (persistence
length) mepimov 50 nm - pe &AAa Aoyia, mepimov 150 Levyn Pacewv. To prkog okot-
Ylag (persistence length) mocotikomotel tnv akapfior pia Sopng, vd TNV Evvola OTL
o SO e HRKOG HIKPOTEPO OO TO PNKOG AKOHUPING CUUTTEPLPEPETOL TTEPLTTOV WG €-
Ao Tk dOKOG, EVQ, ATtd TNV AAAT), SOHEG pe TTOAD peyadiTepo purkog eival mboavotepo
va koppBovv. IIEpav 6pwG Tov prkovg akapyiog tov, To DNA mapéyet Tn dvvatotnta
KOTOOKEVNG eTAeYPEVQOV aAAnlovyiov, Baciopévev ce éva adedPnto, mt. x. to {G,
A, C, T} 6mov G = Tovawvivy, A = Adevivy, C = Kutooivny, T = Oupivn]. Svvenng v-
TapYeEL 1) SuvaTOTNTA PUBULOTG TOV LOLOTATWV HLOG IATAENG HEG® TNG EMLAOYTNG TNG
KOUTAAANANG aAAnAovyiag Phoewv yio puo dedopévn Aettovpyia. Me avtov tov Tpo-
0, PITOPOVV VO KATACKEVAGTOVV TTOLKIAEG TTEPLODIKEG, VIETEPHLVIOTIKEG OITTEPLODLKEG
(71.X., OLOVEL KPLOTAAALKEG KL HOPPOKAACHATIKEG) 1) TUXOiEG OkoAoLBiES.
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Ed ko TovAdyiotov dvo dekaetieg yivovTal ommOmeLlpeg KATavVON oG TG HETOK -
vnong goptiov pécw tov DNA. Efpepa, yvopilovpe 0Tt vitdpyovv moAlol eEwyeveig
TOPAyovTeS (VOAPOTNTA, TAPOLGL AVTIGTAOULGTIKOV LOVT®VY —counter ions, dtaxdiko-
ol e€aywyng amd to KOTTAPOo, NAEKTPOdLIL, eTaPEg, KabopoTNnTa, LITOGTPWHL) AAAL
ko evdoyevelc mapdyovreg (aAAniovyio Levyov Baoewv, yeopeTpia), oL omoioL enn-
pealovv N petapopd kot T petaPifocn goptiov, 0dnydvtog oe molkiAa Kot TOA-
Aég popég avTikpovopeva cupmepacpata. H mapovoa Adaktopikr Atatpipn) eatialel
OTOV GNHOVTIKOTEPO LOWG EVOOYEVT TTAPAYOVTQ, O 0TTOLOG EMLTAEOV ETTAYEL OLALPOPOLG
tOmovg Tékng N atakiag, dnAadn otnv enidpoon tng arinlovyiog fhoewv, n omwoic
emnpedlel TNV NAEKTPOVLKT EMLKAALYT) KATA PKOG TOL T-OPOHOL.

M &AAY, amthovotepr tov DNA, m-culevypévn dopn, 1 omoia Oa propovoe va
elva vITOYNPLX WG HOPLAKO CUPHO elval TaL ATOHLKE CUpHATR GvBpaka 1) kKapPOveg.
Ot kapPoveg amoteAoOV TPOTOV TVA TNV AITOALTH VOVOSOpT], EXOVTAG TThX0G HOALG
EVOG ATOpOUL, auoteAolpeveg amd sp vPpLdtopéva atopa avBpaka. Ot dvo duvatég
Lo PPOGELG TOV KOPPLUVAOV Elvail 1] KOUHOVAEVLKT KAL 1) TTOALLVLKY. XTIV TTPOTN, T
dradoyikd atopa GvBpaka toaméxovy, eved otn devTepn oxL. Ot kapPoveg mTapovoiLi-
Covv evdLopEPouoeg LOLOTNTEG OTIWG TO PLOULCLHO EVEPYELOKO XAGHA, 1) AVOEKTLKOTN T
oe Oeppokpacio dwpatiov kot 1 peydAn axopyio. Exovv prikog axapiog mepimov 14
nm - pe GAax AoyLa, epimov 100 &ropa avBpaka, to omoio Tig kabLoTd TOAAK vITO-
OXOHEVES YL NAEKTPOVIKEG EQAPHOYEC.

H mapotoa Awdaxtopikn AtxtpiPr) amotedel pio cvotnpatikn Oewpntikr (cvadv-
TIKT) KoL aplOpUnTLKn) HEAETT) TNG EVEPYELAKTG QOUNG KOl TV LOLOTHTWOV HETOPOPAS KOL
petafifaong poptiov otig mpoavapepbeioeg dopég (DNA kot kapPoveg), oto TAaiolo
tov mpotimov Ioyvprg Aéopevong (Tight Binding). To mpotumo avtd amotedei puo
ypryopn ko amotedeopatikn péBodo, epappooiun oe peydho aptBpd mpofAnpatov,
Ta oTolot APOPOLV TNV NAEKTPOVIKT SopT] kat TIG WOLOTNTEG TNG DANG KoL AIToTovv
nolkidovg Pabpotg akpifelog. Xta Pacikd tng mAeovekTnpato meptAopPdvovton 1)
dtoueOnTiKn amAotnTd TG, N dvvaToTnTo EEAYWYNG AVOAVTIKOV ATTOTEAECPATWV G
TOAEG TTEPITTAOOELS, KOOGS Kol TO YOUUNAO NG LITOAoYLGTIKO KOoToG. To Tedevtaio
kabotd To mpodTLTo loyupric Aéopevong ePapproOGIO GE PEYRAX GLOTHHATA, TAL O-
mola el Tov ToPOVTOG dev eivar dloryelplotpa pe TG —Aemtopepéotepec— pebodovg
ot TPOTEG apxEG. Xe avtiBeon pe Tig pebodovg avtég, To mpodtumo loyvpng Aéopev-
ong elvol NHLEPTTELPLKO, LITO TNV évvola OTL YpeLdletal éva e€wTeplkd cOVOAO Tapo-
HETPWV TPOKELPEVOL VO EKTEAEGTOVV LITOAOYLoROL. Ot TTatpdpeTpoL avTég eivon (o) oL
eMLTOTLEG eVEPYELEG (on-site energies), OL 0TTOIEG AVTLOTOLYODV GTNV EVEPYELA TWV NAE-
KTpovinv oe k&Oe Oéon (site) Tov TAéypatog, ko (B') To oAoKANpOHOTR peTamhdnong
(hopping integrals) 1} evoaAlaktikd olokAnpopato petofifoaong (transfer integrals),
Ta omolot vTLoTOLYOUV TN oVLeVEN PETOED TV TPOXLOKDOV YELTOVIK®OV BéGewv TOL
nAéypatog. Ta tpoxiakd mov AapPavovrar vtoymn oTnv mtapovoa Adaktopikn Alx-
PP eivar to YYnAotepo Katethnppévo Moprocd Tpoyiakd (HOMO) ko to XopnAo-
tepo Mn-katetnppévo Moprokd Tpoyiakd (LUMO).

H petaxivnon goptiov propet va dwokpiBei oe: (i) pn ovvextikr (incoherent) rj Oep-
pukn (thermal) petamndnon petafd mTAnclecTépwy 1) o pokpLvev Bécewv, ko (ii) ov-
vektikn (coherent) petamndnon 1 povopevo onpayyog (tunneling) § vepavtaiioyn
(superexchange). O cLVEKTIKOG UNYOVIOHOG AVOHEVETOL VO KUPLOPYEL o€ XU AEG Oep-
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HoKpOoLes. XTO OepHLKO PNXOVIGHO O POPENS EVTOTLLETOL KO XVTAAAACGEL EVEPYELXL HLE
to meptparrov kata tn petafifact Tov. H mapodoa Adaktopikn AwetpiPr) apiepn-
VETOL GTT) oLVEKTIKT peTaPifoon kol HeTapopd PoPTiov. 2T GUVEKTLKY TEPINTTOOT,
LILaPYEL TETEPAGHEVT) TIOXVOTN T TXpOLGLOG TOL Popéa o€ k&be Béon, map’ GAo ov
QUTEG e TIG KATAAANAEG emLTOTLEG eVEPYeLeG —YLo dedopévn apyLkr) Tomobétnorn Tov
Qopéa— eLVOOVVTOL.

H Awaktopikn Awatpifiy dtapBpwvetan oe tpiar Mépn kan amotedeital amd evvéa
Kepdalouo.

To Mépog I (Eroaywyn) amoteAeiton and ta Kepaoro 1-2.

310 Ke@dhoto 1 avapépovTon Tor YEVIKE XOPAKTNPLOTIKE TWV VIO HEAETT) SOP®V
(DNA xai kopPovayv), Tapoustaletal To eTLGTNHOVIKO TAaioLo, 1 Pacikr) opoloyio
KO(L TOL EPEVVITIKA EPWOTHHATO TTOL HEAETOVTAL 6TO TAXiGLO TNG AdakTopikng ATpl-
Brig ko mapovodletal 1 SidpBpwaor) Tng.

10 Kegpdharo 2 mapovoidletol to Bewpntid mAaioto Tov mpotomov loyvprng Aé-
OHELONG Kol Ta HaONpaTIKG epyoeia oL Xpnoomotodvtal ot Adaktopikn Ala-
p1Pn. E€etalovton o yevikég ypappég povodidotata mpotuna Ioyvprg Aéopevong,
TOL OTTOLOL Y PTOLHOTOLOVVTOL YL TN HEAETH) TNG EVEPYELXKTIG OOUNG KL TV LOLOTHTWV
petopopag kat petofifacng @optiov oe opyovikd m-cLLEVYHEVO GUGTHHATA, T O-
mola elvort vITOYn YL WG poplakd cVOPHaTA. T HEAETOPEVX CLOTHHATX ATTOTEAOVVTOL
ortd N povopepr] ko L oadvoideg (N > L, kaBag exteivovton e pio dikotoon) Ko
TO TPOPANHA AVAYETOL OTNV ETIAVGT] TOL AEYOHEVOL GTAGLHOL GUOTHHATOG eELOGD-
oewv loyuprg Aéopevong, To omoio Looduvariel pe o SLtkPLTOTOLNHEVT) HOPOT] TNG
xpovoaveEdptntng eicwong Schrodinger. apovoidletar n pébodog twv IMivakwv
Metafipaong (Transfer Matrix Method) ko 1 xprion tng ywx T yevikr exilvon tov
OLOTNHATOC TV e€lo®oewV [oyvprig Aéopevong yia KUKALKT GUVOpLOKT) GLVONKT) Ko
Ylot GUVOPLAKT] GUVONKT] TAKTOHEVOV AKPwV. ZTN oLVEXELX, TapovaLtdlovTot dixpo-
peg mapalayég Tov mpotumov loyvprig Aéopevong oL 0moieg XPNOLHLOTOLODVTOL Yio
N perétn tov DNA: potumo cOppatog (wire), kAipoakog (ladder), emextopévng kAi-
pokog (extended ladder), Yapokodxadov (fishbone), kAipokac-Popoxodxarov (ladder-
fishbone). Té\og, mapatiBevtol opiopéva oToLyela Yo TIG VTETEPULVIGTLKES OTEPLOL-
K€G, aAAnAovyieg, TIg LOLOTNTEG TOLG KAL TNV KATNYOPLOTOLNGT) TOVG.

To Mépog II (Metaopa @optiov) anoteAdeitan and to Kepalona 3-5.

1o Kepdaharo 3 epoppoletar 1 péBodog twv mvakwv petofifocng yio tn perétn
NG evepyelokng dopng oAAX koL Tng SLEAELONG POPTLOL G TEPLODLKA TPOTLTTA GVP-
HOTOG pe piot YeVIKT) povada emavaAnyng. Andadn N = wm, 6mov u eivor o aptBpog
TWV HOVOHEPDV TaL 0TTolo dNULOLVPYODV TN HOVASa ETAVAANYNG, 1) OTTOloL ETTOtVaAOiL-
Béaveton m popéc. Méow Twv OLOTATWV TV TLVAK®V peTafifocnc, TpokdmTouy o)é-
0€LG OLOTTOPAG Kol vadPopLKol TOTTOL Yla TV TTPOTILOPLEHO TNG EVEPYELOKNG OOUTG,
Yl KUKALKT] GUVOpPLAKT] cLvONKN Kol GLVopLaKT GUVOTKY TUKTOHEVOV AKPWOV, VTi-
otolya. Melet®vTol €IONG OL TUKVOTNTEG KATACTACEWV. XTI GUVEXELX, HEAETMOVTOL
CUGTNHATIKA OL GUVTEAEGTEG SLEAELOTG LTTO UNOEVIKT] TAOT), HEGW® TNG CVVIECTG TV



CUCTNHATOV pe NHLATTELPOLS ok podékTes (nAektpodia, leads). Epevvartal n enidpoacn
TOPAYOVTOV OTTWG 1) Lo} UG Kol 1) AGVHHETPLa TNG 6VLEVENG CLGTHHATOG-OKPOEKTOV,
T0 £0POG KoL TO KEVTPO TNG {OVNG TV AKPOSEKTMOV KoL OL HETATNONGELS EVTOG TOL GU-
otnpoartog. Eilodyetal n ouvOnin Bédtiotng o0levéng, yio tpotn @opd ot PipAoypo-
@lor o€ LT T YEVIKT) HOPYPT), HETOED TOL GUGTHHATOG TWV AKPOJEKTOV Kol culnTeiTon
TO PUOLKO TNG TTEPLEXOHEVO.

Y10 Kepdahaio 4, 0 poppailopog kot To cupmepaopata tov Kepoalaiov 3 epoappo-
Covtal tpokepévou va peAetnBo0v 1 evepyetakt) SOUN KoL 1) HETXPOPE QOPTiOL O O-
TOPLKA cUppaTa AvOpaka (KOUHOVAEVLKES Kol TTOALLVLIKES KopPOveg). Aetyveton 6TL TO
TPOTLTTO CVPHATOG TTPOPAETEL TTOLKIAES PoOLKES TTTUYXEG TOV PALVOPEVOL KOl ALVOTTALPL-
YEL TOL GUUTTEPAGHATO TTPOCPATOV TELPAPATIKOV ATOTEAEGPATOV. T amoteAéopata
LT TEPLAAPPAVOLY TO EVEPYELOKO XAOH TWV TTOAVLVIKGOV KOXPPUVOV, TN HETOAAL-
K1 (NHLYWYIKT]) CURTEPLPOPE TOV XAPAKTNPLOTIKAOV KOUHUTTVADY peOHATOG-TAOTG G
KOUHOVAEVIKEG (TTOALLVLIKEG) KapPiveg, Tnv emtidpact tng eEacBévnong tng ovlevéng
peTaE TOL EVOG AKPOL TOL CLGTHHATOG HE TOVG akPodEKTES, KOOGS KoL TNV avopBwTL-
K1) GUHITTEPLPOPA TOV XOPAKTIPLOTIKOV PEVHATOG—TAONG OTav dev evBLYpappilovTon
ta entimeda Fermi Tov akpodekT®dV KOl TOL GLGTHHATOC.

310 Ke@aAato 5 peAeTOVTOL GLGTNUATIKA KXL GUYKPLTIKA, GTO TAQLGLO TOV TTPOTO-
TTOL GOPHATOC, SLAUPOPES KATNYOPLES TTEPLOSIKMV, VIETEPULVIOTIK®OV ATEPLOdIK®OV (0L0-
VEL KPUOTAAALKODV, HOPPOKAAGHATIKGOV Kot AAAwV) KOOGS kot Tuxaiwv dSuadik®dv o-
AnAovytov DNA wg tpog tnv evepyelakt) SOpT), TOV EVIOMLIGHO KL TT) HETOPOPA POP-
Tiov. Avadikég onpaivel ToG yio vor dnptovpynbovv ol adAnAovyieg xpnoLpomoLlon-
vtow evalhayég Tov AéEewv {G,A}. E€etaleton n oxéon peta&d tng mToAvTAOKOTNTOG
TOV AAANAOLXLOV (HEG® TNG CUXVOTNTAS EHPAVIONG KADE TOUPAPETPOL, TOV TPLASWV
CevydV Paoewv TOL EUTAEKOVTAL KOL TOV CUOYETIOEMV) KAL TOV TTPOAVOPEPOELEOV
wiothtwv. Ocov apopd TNV evepyelokt] Sopr|, TPOKVITTEL OTL 1) GLYVOTTA ERPAVIONG
TV TPLAdWV (evYDdV PACEOV AVTOUVAKAXTAL TNV OAOKANPWIEVT) TTUKVOTNTO KOLTO-
otaoewv. H tpuada (evyov Pacewv eivon n uoikn povada tov mpotimov Ioxvprig
Aéopevong, AapPavovtag v’ OYLv Tovg TphTovg yeitoveg. Emiong, n tpuada (evydv
Baoewv eivo avtd TOUL 6T popLakt] Prodoyia ctokahovv Kwdikovio (codon), k&Beva
ortd Ta omola petappaletal oe évo oapvo&l. Ilap ot oL eplodiég akorovBieg avoye-
VOpEVa 00N YOOV G€ TTOAD PeYaADTEPOL PEVHATA, TTPOKVITTEL OTL LVAAOYQ He TT) SOMT) KoL
TIG TTXPOPETPOVG, VITAPYOUV KATNYOPLEG VIETEPHLVIGTIKOV QITEPLOSIKOV AKOAOLOLDOV
Ol 07T0leG eivol ATTOTEAEGUATLKEG OGOV QLPOPX T HETAPOPLL, EVG OL TUYOLLES 0tkoAOVLDi-
£G TOTEAOVV T ALYOTEPO ATTOTEAECHATIKT TTEPUTTWOT).

To Mépog III (Metafifacn @poptiov) amotedeitat anod ta Kepadoro 6-9.

1o Kepdhawo 6 mapovoidletar n Pacikr) Bewpio oxeticd pe to TpoPAnpa tng
petafifaong evog emmAéov @optiov (0TS 1} NAEKTPOVIOD, HEGK TWV KATAGTACEWV
HOMO kot LUMO, avtiotouya) cOpgpwva pe o tpdtumo loyvpng Aéopevong. Enioncg,
elodryovTal Ta oLk peyéln mov Ba pedetnBolv oto emoOpEVa KeQAAoua.

To Kepdhoo 7 ectialel otn pedétn g petaPifoong poptiov, pEcw TwV TPOTO-
TWV GOPHATOG KOl ETEKTAPEVNG KAPAKAG, o8 pikpd THRpato DNA kol cuykekpipévo
o€ OAeg TIg duvatég aAAnAovyieg mov aoteAovvTo otd éva, dVo kot Tpic Levyn Pa-
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oewv. 20{NTovVTOL TTUYXEG TOL POLVOUEVOL OTTWG OL HEGES TLOAVOTNTEG TOLPOLGLAG TOV
emutAéov popéa oe k&Oe faon 1 Lebyog facewv, To GUYVOTIKO TTepLeOpeVO TG peTafi-
Baong poptiov ko ot kaxBapoli pésorl pubpot petafifpacng. Emutiéov, mepilappfaveton
KoL Lo ouykpLtikfy oulitnon tev tpoavapepféviwy tpotinwy loxvprig Aéopevong
pe tnv Aemtopepéotepn ab initio péBodo pe tnv ovopacio Real-Time Time-Dependent
Density Functional Theory. Ta amoteAéopota tov TpLodv pefddwv Ppickovtol oe KoAn
CUpPWViaL.

>to Kepdahato 8, n pedétn emexteivetan otnv e€étaomn g petaPipoacng goptiov
o€ peyoAVTepeg, meplodikég alAniovyieg DNA. Apyikd, e€etdlovtol cLYKPLTIKY, GTO
TAXLICLO TV TTPOTUTOV CUPHATOG KL ETTEKTAUEVNG KALHaKG, OAeG oL BavES TepLodi-
kég akolovBieg DNA pe povada emovaAnyng éva 1) dvo (evyn Paoewv. Meletovton
TO PACHR EVEPYELXKODV LOLOTIHDV, OL TUKVOTNTEG KATACTAGEWV, Ta Xaopoto HOMO-
LUMO, o1 péceg mibavotnteg mapovsiog Tov gopéa ot kabe faon 1} (evyog Paoewv, To
oLXVOTLKO TTepLeyOpevo g petaPifaong kot ot kabapoi pécol pubpoi petafifoong.
Ot dvo péBodol divouv GUUTANPWHATIKE ATTOTEAECHATA, HE TO TPOTLTO ETEKTAUEVNG
KAPOKOG, VO TTOLPEYEL TTEPLOGOTEPT) TTANPOPOPLA GYETLKA HE TT CUMTEPLPOPA TOV ETTL-
TAEOV POPTLOV. 2TT) GUVEYELD 1] HEAETT) TPOX WP OTNV EEETOGT) OPLOPEVOV TTEPLOSLKDOV
aAAnAovyidv DNA pe av€avopevn povado emavaAnyng, oL omoieg amoteAoOvVTaL eite
oo to 1o eite amd Srapopetikd Levyn Paoewv. XN cuvektikn petafifaocn vapyet
TETEPACHEVT) TOAVOTN T TTAPOLGLAG TOL POopén OTLG dLdpopes Béaelc, Opwg oL Béaelg
HE TIG KATAAANAOTEPEG EMLTOTLES EVEPYELES, YL OedOPEVT) aep)LkT) TOTTOOETN O TOL PO-
péa, evvoovvtal. Xto @uotkd DNA eival o mbovo va dnprovpynBel pia omr) oe pio
Tovavivn emeldn €xet To vYNAdTeEpo HOMO a6 0Aeg Tig faoelg ko éva NAeKTPOVLO ei-
va 7o Thavo va dnpovpynBet oe pio Bupiv emeldn awtn €xetl to xapnAotepo LUMO
amd Oleg Tig faoelg. Opwg, edd deiyvoupe CLOTNHATIKE TTOG — CLVEKTLKA - €4V, ETTL TTOX-
padetypartt, pia oty €xet dSnptovpynBel apyikd oe pa adevivn, n petaPifaocn goptiov
O yivel kuplog PHECH TOV AdEVIVOVY KoL TTOLPOROLWG YLa AAAeg apyLkég ouVOT|KeS.

1o Kepdharo 9 mapovoialovtal amotedéopata yu tn petofifoct goptiov o
VTETEPILVIOTIKEG OTTEPLOOLKES (OLOVEL KPLOTAUAALKES KAl HOPPOKAACHATIKES) KOL TU-
xaleg adAnhovyieg DNA, atotelolpeveg eite artd to id1o eite amd dropopetikd Ledyn
Bé&oewv, oto mAaiolo Tov TpoThIoL cUppatoc. [IpokinTel TwWG, oe 0,TL APOPAL TN PeTCL-
Bifocn poptiov owd To Eva dkpo NG akoAovBiag oto dAro, N petaPifoon dioxpécov
VTETEPPLVIOTIKOV QTTEPLOSLKOV XAANAOLYLOV elval yevikOTepa Katd TaEelg peyéfoug
HLKPOTEPT OTTO O,TL SLPEGOV TTEPLOSLK®OV aAANAovyLdv. Emtiong mpokvmtel mwg ta a-
TAOVOTEPQ TTEPLODLKA TTOAVpEPT], SNAADT) T OLOTTOALHEPT], ATTOTEAOVV ATTPOGLTO OPLO
yla Tig amepLodikég alAniovyieg. EmurAéov, to Tuyaio avakdtepo (evydv faoewy TV
VTETEPHULVIOTIKOV oTEPLODIKOV AAANAOLYLOV 00N Yel yevikd o€ apeAntéovg puBpotg
petaPifocnc. Qotoco, yio StopopeTiicég apyLkég TomobeToelg TOL emTALOV Yopéa,
TPOKDTITEL OTL OTIG VIETEPULVIOTIKEG aTePLodLikég aAAnlovyieg LITGpYOLY KOAG OpL-
OéVeEG TEPLOXEG OTLG OTToleg LITApxel TOAVOTNTA Tarpovsiag Tov wopéa. Télog, oo
Kepdloo avtd Katarypa@ovton Kol OpLoHEVES TTXPATIPTOELS OXETLKA HE TOUG TTELPOL-
poticovg pubpovg petafifacng optiov otn PpAoypapice.



xil



List of publications and conferences

We include a list of the published research activity of the author as a Ph.D. candidate.

Publications in refereed international scientific
journals

1. K. Lambropoulos, K. Kaklamanis, A. Morphis, M. Tassi, R. Lopp, G. Georgiadis,
M. Theodorakou, M. Chatzieleftheriou, and C. Simserides, “Wire and extended
ladder model predict THz oscillations in DNA monomers, dimers and trimers”,
J. Phys.: Condens. Matter 28, 495101 (2016) (19 pages).

2. K. Lambropoulos, M. Chatzieleftheriou, A. Morphis, K. Kaklamanis, R. Lopp,
M. Theodorakou, M. Tassi, and C. Simserides, “Electronic structure and car-
rier transfer in B-DNA monomer polymers and dimer polymers: Stationary and
time-dependent aspects of a wire model versus an extended ladder model”, Phys.
Rev. E 94, 062403 (2016) (22 pages).

3. M. Tassi, A. Morphis, K. Lambropoulos, and C. Simserides, “RT-TDDFT Study
of Charge oscillations in B-DNA Monomers and Dimers”, Cogent Physics 4,
1361077 (2017) (12 pages).

4. K. Lambropoulos, and C. Simserides, “Electronic structure and charge transport
properties of atomic carbon wires”, Phys. Chem. Chem. Phys. 19, 26890-26897
(2017).

5. K. Lambropoulos, and C. Simserides, “Spectral and transmission properties of
periodic 1D Tight-Binding lattices with a generic unit cell: an analysis within
the transfer matrix approach”, J. Phys. Commun. 2, 035013 (2018) (19 pages).

6. K. Lambropoulos, C. Vantaraki, P. Bilia, M. Mantela, and C. Simserides, “Periodic
polymers with increasing repetition unit: Energy structure and carrier transfer”,
Phys. Rev. E 98, 032412 (2018) (14 pages, 23 pages supplementary material).

7. K. Lambropoulos and C. Simserides, “Periodic, quasiperiodic, fractal, Kolakoski,
and random binary polymers: Energy structure and carrier transport”, Phys.
Rev. E 99, 032415 (2019) (17 pages).

xiil



Xiv

8. M. Mantela, K. Lambropoulos, M. Theodorakou and C. Simserides, “Quasi-Periodic
and Fractal Polymers: Energy Structure and Carrier Transfer”, Materials 12, 2177
(2019) (30 pages).

9. K. Lambropoulos and C. Simserides, “Tight-Binding Modeling of Nucleic Acid
Sequences: Interplay between Various Types of Order or Disorder and Charge
Transport”, Symmetry 11, 968 (2019) (26 pages).

Conference presentations

(presenting author’s name is underlined)

1. Biosensors 2016, 26th Anniversary World Congress on Biosensors, 25-27 May
2016, Gothenburg, Sweden.
-Poster: “Three methods predict THz oscillations in DNA monomers, dimers,
and trimers”
A. Morphis, K. Lambropoulos, M. Tassi, K. Kaklamanis, R. Lopp, G. Georgiadis,
M. Theodorakou, M. Chatzieleftheriou, and C. Simserides

2. 13th International Conference on Nanosciences & Nanotechnologies (NN16), 5-
8 July 2016, Thessaloniki, Greece.
-Poster: “Charge oscillations in DNA monomers and dimers”
M. Tassi, A. Morphis, K. Kaklamanis, K. Lambropoulos, R. Lopp, G. Georgiadis,
M. Theodorakou, M. Chatzieleftheriou, and C. Simserides

3. 32nd Panhellenic Conference on Solid-State Physics and Materials Science, 18-
21 September 2016, loannina, Greece.
-Talk: “Extra Carrier Transfer Oscillations in DNA Monomers, Dimers and Trimers”
M. Tassi, A. Morphis, K. Lambropoulos, K. Kaklamanis, R. Lopp, G. Georgiadis,
M. Theodorakou, M. Chatzieleftheriou, and C. Simserides

4. 39th Progress In Electromagnetics Research Symposium in Singapore (PIERS
2017 in Singapore), 19-22 November 2017, Singapore.
-Talk: “Two TB Approaches (a Wire Model and an Extended Ladder Model) as
Well as RT-TDDFT, Predict THz Oscillations in DNA Monomers, Dimers and
Trimers”
K. Lambropoulos, K. Kaklamanis, A. Morphis, M. Tassi, G. Georgiadis, and
C. Simserides
-Talk: “Frequency Content of Carrier Oscillations along B-DNA Polymers”
K. Lambropoulos, M. Mantela, and C. Simserides
-Poster: “RT-TDDFT Study of Charge Oscillations in B-DNA Monomers and
Dimers”
M. Tassi, A. Morphis, K. Lambropoulos, and C. Simserides

5. Mediterranean Institute of Fundamental Physics (MIFP), March Meeting 2018,
28 February-3 March 2018, Castelli Romani, Rome, Italy.



XV

-Invited talk: “Electronic structure and charge transport properties of atomic
carbon wires (carbynes)”
K. Lambropoulos and C. Simserides

6. 33rd Panhellenic Conference on Solid-State Physics and Materials Science, 17-19
September 2018, Nicosia, Cyprus.
-Talk: “Quasi-periodic and fractal polymers: energy structure and carrier trans-
fer”

M. Mantela, K. Lambropoulos, M. Theodorakou, and C. Simserides

7. 41st Photonlcs & Electromagnetics Research Symposium in Rome (PIERS 2019
in Rome), 17 - 20 June 2019, Rome, Italy.
-Talk: “Frequency Content of Carrier Oscillations along B-DNA Aperiodic and
Periodic Polymers”
M. Mantela, K. Lambropoulos, C. Vantaraki, P. Bilia, A. Morphis, and C. Sim-
serides

Conference proceedings

1. K. Lambropoulos, M. Mantela, and C. Simserides, “Frequency Content of Car-
rier Oscillations along B-DNA Polymers”, 2017 Progress in Electromagnetics Re-
search Symposium - Fall (PIERS - FALL), Singapore, 19-22 November.

2. M. Mantela, K. Lambropoulos, C. Vantaraki, P. Bilia, A. Morphis, and C. Sim-
serides, “Frequency Content of Carrier Oscillations along B-DNA Aperiodic and
Periodic Polymers”, Photonlcs & Electromagnetics Research Symposium in Rome
(PIERS 2019 in Rome), to be published.

Other

1. Participation of the group “Physics of Nanostructures and Biomaterials” at Re-
searchers Night at National Technical University of Athens (NTUA).
(a) 30 September 2016, Ch. Zacharaki, M. Mantela, K. Lambropoulos, A. Kosma,
M. Tassi, A. Morphis, C. Simserides
(b) 29 September 2017, M. Tassi, A. Morphis, K. Lambropoulos, K. Kaklamanis,
M. Mantela, Ch. Zacharaki, M. Theodorakou, C. Simserides

2. Participation of the group “Physics of Nanostructures and Biomaterials” in the
National and Kapodistrian University of Athens Open Day.
(a) 24 November 2017, K. Kaklamanis, K. Lambropoulos (presenters)
(b) 2 November 2018, K. Lambropoulos, M. Mantela (presenters)
(c) 1 March 2019, K. Lambropoulos, M. Mantela, C. Simserides (presenters)



XVi

3. Talks in the annual PhD student seminars organized by the Section of Condensed
Matter Physics of the Physics Department, National and Kapodistrian University
of Athens.

(a) K. Lambropoulos, “Electronic structure and charge transfer in periodic DNA
sequences: description within the wire model and the extended ladder, model”,
10 February 2017.

(b) K. Lambropoulos, “Charge transport in one-dimensional periodic systems
within the wire model: application in carbynes”, 9 February 2018.

(c) K. Lambropoulos, “Periodic, aperiodic, and random DNA sequences: Energy
structure and charge transport”, 8 February 2019.



List of abbreviations

We include a list of terms that are abbreviated in the present thesis, in alphabetical

order.

ACF
ACS
BLA

CS
DFT
DNA
DOS
ELM
FIR
FLM
'M

GCS
GTM
HOMO
IDOS
LM
LUMO
MIR
NIR
PD
RNA
RS
RT-TDDFT
T

TB

TC

™
TWMF
U
UCTM
vHS
WM
WMF

Adenine

Autocorrelation Function
Asymmetric Cantor Set

Bond Length Alternation
Cytosine

Cantor Set

Density Functional Theory
Deoxyribonucleic Acid

Density of States

Extended Ladder Model
Far-Infrared

Fishbone Ladder Model
Fishbone Model

Guanine

Generalized Cantor Set

Global Transfer Matrix

Highest Occupied Molecular Orbital
Integrated Density of States
Ladder Model

Lowest Unoccupied Molecular Orbital
Mid-Infrared

Near-Infrared

Period-Doubling

Ribonucleic Acid

Rudin-Shapiro

Real-Time Time-Dependent Density Functional Theory
Thymine

Tight-Binding

Transmission Coefficient
Thue-Morse

Total Weighted Mean Frequency
Uracil

Unit Cell Transfer Matrix

van Hove Singularities

Wire Model

Weighted Mean Frequency

xvii



XViii




Part 1

Introduction






Charge transport and transfer
in DNA and carbynes

Nucleic acids are polymeric macromolecules consisting of units that are called nu-
cleotides. The term nucleic acids is the collective name of deoxyribonucleic acid (DNA)
and ribonucleic acid (RNA). DNA’s nucleotide sequence carries the genetic instructions
for the development, function, growth and reproduction of living organisms and sev-
eral viruses. Although RNA’s primary role is to carry out the instructions encoded in
DNA for protein synthesis, it also acts like a catalyst of biochemical reactions, while it
is the genetic material of many viruses.

For more than sixty years now, the double-stranded structure of DNA has been
known [1, 2]. The nucleotides of each strand are composed of one of four planar, hete-
rocyclic, nitrogenous bases, i.e., guanine (G), cytosine (C), adenine (A) or thymine (T),
a pentose sugar (deoxyribose), and a phosphate group. The four nitrogenous bases, to-
gether with uracil (U), which is exclusively found in RNA, are depicted in Fig. 1.1. Co-
valent, phosphodiester bonds between pentoses and phosphate groups of adjacent nu-
cleotides form an alternating sugar-phosphate backbone. These phosphodiester bonds
are formed between the 3’ and 5’ carbons of the sugars of successive nucleotides, so the
respective 5" and 3’ carbons at each end of the strand remain unbonded. Thus, DNA is
said to have directionality. The purines (G or A) of a nucleotide belonging to a strand
are joined together with the pyrimidines of the other strand (C or T, respectively) via
(three or two, respectively) hydrogen bonds, forming the double helix structure. Mov-
ing along the DNA growth axis, if the first strand has directionality 5" — 3’, the second
strand has directionality 3’ — 5’. The specificity in the way bases match ensures that
G is always bonded with C, and A is always bonded with T. Pairing between non-
complementary bases results in mutations that can be detrimental to the development
of an organism. In RNA, deoxyribose (whose 2-carbon is bonded with a hydrogen)
is replaced by ribose (whose 2-carbon is bonded with a hydroxyl group), and T is re-
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placed by U. Furthermore, RNA molecules are single-stranded; however, some viruses
possess double-stranded RNA (other viruses can contain even single-stranded DNA).

Purines
NH, o]
N SN N N -—H
’f an
<|\|19 4|i|/) <I\II 4;\'% N,
Adenine Guanine
Pyrimidines
o o
H HsC H
|5 ) 3N/ ‘5 ) 3N/
6&}&0 Erlljk\o
| |
Cytosine Uracil Thymine

Figure 1.1: The nitrogenous bases found in nucleic acids. Adenine and Guanine (purines,
composed of two rings) and Cytosine (pyrimidine, composed of one ring) are native in both
DNA and RNA. Thymine / Uracil (pyrimidines) are native only in DNA / RNA. Image source:
https://commons.wikimedia.org/wiki/File:Nucleotides_1.svg. Cropped from the original.

In B-DNA, which is the most common DNA conformation, successive base pairs
are separated and twisted approximately by 3.4 A and 36°, respectively, relatively to
the (right-handed) double helix growth axis (Fig. 1.2).

Although the study of nucleic acids is mainly associated with molecular biology
and genetics, today, a broad interdisciplinary community is interested in biological
systems, such as nucleic acids and analogues. The base-pair stack of nucleic acids cre-
ates a nearly one-dimensional 7-stack, due to the overlap of their m molecular orbitals,
that allows charge carrier movement, i.e., charge transfer and transport. Let us distin-
guish between these two terms: transfer means that a carrier, created or injected at
a specific location, moves to a more favorable one, while transport implies the use of
electrodes and the application of external voltage between them.

Charge transfer in biological molecules attracts considerable scientific attention,
because it constitutes the basis of many biological processes e.g. in various proteins [3]
including metalloproteins [4] and enzymes [5] with medical and bioengineering appli-
cations [6, 7]. Charge transfer plays a central role in DNA damage and repair [8-10].
Charge transport might be an indicator to distinguish pathogenic from non-pathogenic
mutations at an early stage [11]. It could also probe DNA of different origin or organ-
isms [12], mutations, and diseases [13, 14]. From a physicist’s point of view, the charge
transfer and transport properties of DNA are studied in order to obtain a deeper un-
derstanding of its biological functions as well as for potential applications, such as


https://commons.wikimedia.org/wiki/File:Nucleotides_1.svg

Figure 1.2: Schematic representa-
tion of B-DNA, i.e., the most com-
mon DNA conformation. (top)
Front view. (bottom) top view.
Since successive base pairs are
separated and twisted approxi-
mately by 3.4 A and 36°, respec-
tively, then, approximately, the
helix step is 34 A and contains 10
base pairs. Image source: Dna-
conformations by Mauroesguer-
roto, used under CC BY-SA 4.0.
Cropped from the original.

nanosensors, nanocircuits or molecular wires, due to their high yield synthesis, near-
unity purification, and nanoscale self-organization [15-17].

Apart from its biological and nanoscientific importance, DNA can be viewed as a
prototype system for one-dimensional molecular wires. The remarkable reduction of
channel lengths in electronics during the past decades (from L ~ 1 pm in the 1980s to
L ~ 10 nm in 2014, cf. Fig. 1.3, which for a lattice constant of ~ 0.5 nm corresponds
to 20 atoms) raises the question whether polymers, oligomers, (macro)molecules etc.
can be recruited in devices as channels. Stiffness is one of the necessary characteris-
tics such structures should posses for this purpose. DNA is among the stiffest known
polymers with £, ~ 50 nm or 150 base pairs [18], where /, is the persistence length.
The persistence length of a polymer somehow quantifies its stiffness, in the sense that
a piece shorter than £, behaves rather like a flexible elastic beam, while much longer
pieces are more likely to bend. On the other hand, if we stretch and join the DNA of all
chromosomes of a single cell, that would give us a length of the order of a meter and
would consist of billions of base pairs. Apart from its persistence length, DNA pro-
vides the ability to construct sequences of interest based on an alphabet, i.e., {G, A, C,
T}, so to potentially tailor the properties of a device by choosing the appropriate ones
for a given task. This way, e.g. various periodic as well as deterministic aperiodic (e.g.,
quasiperiodic, fractal) or random sequences can be constructed. Hence, this gives us
the opportunity to study various aspects of order or disorder, using DNA sequences,
cf. Fig. 1.4.

For at least 20 years, we try to understand carrier movement through DNA [19-
29]. Today, we know that there are many external (aqueousness, presence of coun-
terions, extraction process, electrodes, contacts, purity, substrate), and internal (such
as the base-pair sequence and geometry) factors that affect carrier motion. Favoring
geometries and base-pair sequences, the use of non-natural bases [30], isomers and


https://commons.wikimedia.org/wiki/File:Dnaconformations.png
https://commons.wikimedia.org/wiki/File:Dnaconformations.png
https://commons.wikimedia.org/wiki/User:Mauroesguerroto
https://commons.wikimedia.org/wiki/User:Mauroesguerroto
https://creativecommons.org/licenses/by-sa/4.0/
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S channel D

Figure 1.3: Schematic representation of a Source (S)-Channel-Drain (D) device. The urge to achieve
continuously smaller channel lengths, L, in such devices, raises the question whether (macro)molecules
such as DNA oligomers and polymers or carbynes can be recruited.

) _peri(_)_dic_

. period-doubling

TP I I I
random

Figure 1.4: The ability to build nucleic acid sequences of choice, e.g. periodic (top), deterministic ape-
riodic (period doubling, middle) or random (bottom), based on the alphabet constructed by its building
blocks, gives the ability to choose the appropriate segment for a given task. This picture refers, for
simplicity, to binary double-stranded sequences, i.e., built by two letters only, e.g. G and A (with the
complementary bases, C and T, respectively, being implied).

tautomers of the bases [31], the use of the triplet acceptor anthraquinone for hole in-
jection [32], and so on, are being investigated. Structural fluctuations [33] is another
important factor which influences carrier movement through DNA [34-37]. Charge
transport in oxidatively damaged DNA under structural fluctuations has also been in-
vestigated [38]. Also, electric charge oscillations govern the serum response factor-
DNA recognition [39]. G runs support delocalization over four to five G bases and
resistance oscillations in such DNA segments have been observed theoretically and
experimentally [40]. Finally, the carrier transfer rate through DNA can be manipu-
lated by chemical modification [41]. Various degrees of order or disorder are present
in DNA, e.g. random attachment of cations (K*, Ca**, Na™) due to the presence of neg-
ative charges at the backbone, structural variability, since DNA is soft and its structure
changes, (generally) non periodicity in the base sequence, etc. In this thesis, we mainly
focus on maybe the most important of the intrinsic factors which also induces various
types of order or disorder, i.e. the effect of alternating the base sequence, which affects
the electronic overlaps across the 7-stack.

Charge movement is usually ascribed to two types of mechanisms [42]: (i) inco-
herent or thermal hopping between nearest neighboring or more distant sites and (ii)
coherent hopping or tunneling or superexchange. The term tunneling implies quantum



mechanical tunneling, between two sites, e.g., the carrier donor and the carrier accep-
tor, through a bridge. The term superexchange, not to be confused with the similar
term in magnetism, emanates from the distant interaction between the two sites, e.g.,
the donor and the acceptor, through a bridge. The coherent mechanism is expected
to dominate carrier movement in the low temperature regime. Typically, in thermal
hopping, charge is localized, the carrier exchanges energy with the environment dur-
ing its transfer and this way it can travel far longer than via the coherent mecha-
nism. If dy is a typical nearest neighbor distance, e.g., 3.4 A, and two base pairs stand
off Ar having energy difference AF, then, maybe one could presume an equation
like k = koexp(-AE/kgT) exp(-Ar/dy) —or a similar one with other mathematical
form- to qualitatively describe thermal hopping [43-54]. In this PhD thesis, we will
focus on the coherent case. In this case, all sites have finite occupation probabilities,
but, for a given parametrization, those with adequate on-site energies and for a par-
ticular initial placement of the carrier are more favored [55-60]. In natural DNA, it is
more likely that a hole will be created at guanine because its Highest Occupied Molec-
ular Orbital (HOMO) has the largest energy among all bases and an electron will be
created at thymine because its Lowest Unoccupied Molecular Orbital (LUMO) has the
smallest energy among bases [61]. However, coherently, if, e.g., a hole is created at an
adenine, charge transfer will mainly be through adenines; cf. e.g. Ref. [58].

Another, simpler than DNA, 7-conjugated structure that could be candidate for
a molecular wire is atomic carbon wires or carbynes. They represent the ultimate
nanoscale structure, having a thickness of just one atom, and is made of carbon atoms
that adopt sp hybridization. Each one of them is connected to its neighbors with
sp.sp.o bonds and has two (one p, and one p,) electrons that form two, energy-
degenerate, 7-stacks. The two possible conformations of carbynes are cumulenic and
polyynic. In the former, there is no difference between the distances of consecutive
atoms [i.e., the bond length alternation (BLA) is zero]; in the latter, BLA is non-zero.
Carbynes possess interesting properties, such as tunable band gap, extreme stiffness
and elastic modulus, high flexibility, and room temperature persistence. They have
a persistence length ¢, ~ 14 nm, that is, ~ 100 carbon atoms, which makes them
promising for electronic applications.

Both ab initio calculations [62-70] and model Hamiltonians [14, 71-81] have been
used to theoretically explore the variety of experimental results that predict electrical
behavior, ranging from metallic to insulating, as well as the underlying mechanisms.
In this PhD thesis, we analytically and numerically study the coherent charge trans-
port and transfer properties of DNA sequences, as well as the transport properties of
carbynes, in the context of one of the most widely applied theoretical methods, i.e.,
with Tight-Binding (TB). Our main goal is to gain insight on the interplay between the
sequential order or disorder of DNA segments and their charge transport and transfer
properties, taking into account both diagonal and off-diagonal disorder in the Hamil-
tonian by using realistic TB parametrizations. In Chapter 2, we introduce and discuss
the TB method and its variants that are used to study the properties of molecular wires
more generally, and specifically of DNA. We also present some details regarding one-
dimensional aperiodic substitutional sequences. The second part of this PhD thesis is
dedicated to charge transport. In Chapter 3, we study the spectral and transmission
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properties of periodic wires with a generic unit cell within the simplest variant of TB.
The formalism developed there allows us to theoretically (analytically and numerically)
study and reproduce experimental results of cumulenic and polyynic carbynes; this is
done in Chapter 4. Next, in Chapter 5, we comparatively study the energy structure
and charge transport properties of periodic, deterministic aperiodic and random binary
DNA sequences. The third part of this PhD thesis focuses on charge transfer. In Chap-
ter 6, we delineate the basic theory for TB modeling of the transfer of an extra hole
or electron along DNA, and we also introduce the physical quantities studied. Chap-
ter 7 is dedicated to charge transfer in small DNA segments, i.e., all possible monomers,
dimers, and trimers, which are studied within two TB variants. A discussion regarding
comparison between TB and the more detailed ab-initio Real-Time Time-Dependent
Density Functional Theory (RT-TDDFT) is also included. In Chapter 8, we move on
to examine several classes of periodic DNA polymers; monomer-polymers and dimer-
polymers, comparatively within two TB variants, and polymers with increasing rep-
etition unit. Finally, in Chapter 9, we discuss results regarding charge transfer in de-
terministic aperiodic and random DNA sequences, and make some remarks regarding
experimental charge transfer rates.



Theoretical Framework!

TB is an approximate method widely used in condensed matter physics to determine
the electronic structure of a solid through the expansion of its wavefunction as a super-
position of the wavefunctions corresponding to the isolated moieties located at each
lattice site [83]. As the name of the model suggests, the main hypothesis in TB is that
the system’s orbitals are tightly bound at the sites at which they belong, so that the
overlap with neighboring orbitals is small. Hence, the electronic wavefunction of the
moiety that occupies a lattice site is rather similar to the orbital of the free moiety.
As a result, the corresponding energy of the electron will be somehow close to the
(negative) ionization energy of the free moiety due to the weak interaction with its
neighbors. This picture is applicable at the bands formed by the core electrons of met-
als, the valence and conduction bands of insulators and semiconductors, as well as the
valence and conduction bands arising from localized d or f states (e.g., in transition
metals and rare earths).

Today, several decades after its introduction [84], TB has evolved into a fast and
efficient approach, employable to numerous problems regarding the electronic struc-
ture and properties of matter, requiring various degrees of accuracy [85, 86]. Its main
advantages include its intuitive simplicity, the ability it gives to obtain analytic results
in several cases, and its low computational cost [87]. The latter makes TB applicable
to large systems, currently unreachable by the more sophisticated ab initio methods,
such as Density Functional Theory (DFT). In contrast to those methods, TB is semi-
empirical, in the sense that an external set of parameters is needed in order to perform
calculations. These parameters are (a) the on-site energies that correspond to the en-
ergy of the electrons that belong to each lattice site, and (b) the hopping (or transfer)
integrals that correspond to the coupling of orbitals which belong to neighboring sites.
The orbitals under consideration here are the HOMO and the LUMO.

A brief version of the content of this chapter can be found published in Ref. [82], under CC BY 4.0.
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Over the last few decades, TB has been widely used to describe, among others,
polymers and organic systems. One-dimensional TB models are commonly applied
to study the energy structure and thermal, magnetic as well as charge transfer and
transport properties of m-conjugated organic systems that are candidates for molecu-
lar wires, such as nucleic acids and analogues. Those models have varying degrees of
complexity, and each one of them requires a different number of parameters. Gener-
ally, the studied systems consist of N monomers extended at L chains (L < N, since
nucleic acids are approximately one-dimensional). The problem is reduced to the solu-
tion of the so-called TB system of equations, which is a system of coupled stationary,
algebraic equations or differential equations of first order, equivalent to a discretized
form of the time-independent or time-dependent Schrodinger equation.

2.1 The stationary Tight-Binding system of
equations

The HOMO or LUMO Hamiltonian of a system consisting of N x L sites is

H=) H"+V, (2.1)

n,l

where A\ is the Hamiltonian of the isolated moiety that lies at monomer n (n =
1,2,...,N)and at chain [ ({ = 1,2,..., L), and V is the difference between the ac-
tual energy of the system and the total energy of the isolated moieties. Within TB,
we consider the states {|n,[)} of the isolated moieties as localized enough so that
(n',U'|n,l) = 0y nOry, ie., so that they form a complete orthonormal basis. If this was
not the case, an overlap matrix should be taken into account. Due to completeness of
{|n, 1)}, H can be written as

H=Y e n,lXn, 1|+ Y (n, V' V) |n, )0, V| (2.2)
n,l

I
n,l,n’l

where e, is the eigenenergy of the isolated moiety. If we suppose the vacuum state

|0}, and define the operators

al = In, 1%0] (2.32)
any = |0Xn, | (2.3b)

as creation and annihilation operators, respectively, of state |n, (), then Eq. (2.2) takes
the form
H=> eal jan+ Y (n VI 1) af . (2.4)
n,l

1]’
n,l,n’,l

If, within TB, we consider as non-negligible only the interactions between the moieties
in two successive chains in the same monomer (i.e., between n, [ and n, [+ 1), between
the moieties in two successive monomers in the same chain (i.e, between n, [ and n +
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1,1), and between diagonally located moieties in the previous and next chain of two
successive monomers (i.e., between n,l andn + 1,0l + 1 as wellasn — 1,/ £ 1), then
the following hopping integrals can be defined:

(n,1[V|n, 1) =t
(n, |V |n,1+1) = hiF!
(n, [|[Vin£1,1) =t (2.5)
(mAVin+1,1+1) = &,
n,|[Vin—1,1£1) = a1,
Hence, Eq. (2.4) becomes
H= " (daljan + 5% a0+ 570 a0 +
1 At At
! + tiz,nﬂal,zanﬂ,l + tfz,nflajz,zanfl,l (2.6)
LI+1 At » LI+1 At » :
+ t,{,:ila;lanﬂ,lﬂ + tﬁ7:i1aj.b7lan—1,l+1
Li-1 At « Li-1 At «
+ tﬁ,n+1aiz,zan+1,l—1 + tﬁ,n—1al,zan—1,l—1)>
where
e =€t 4 (2.7)

is the on-site energy of the moiety. It is common in TB models to consider only the
energy of the isolated moiety as the on-site energy, without the correction that comes
from its presence in the lattice, since, typically, in numeric calculations, the param-
eters are recruited from experimental data obtained for isolated moieties. This is a
first approach, but it is not always the case. For example, in Ref. [61], in which a TB
parametrization that will be used in this PhD thesis was presented, the on-site energies
of Carbon, Nitrogen and Oxygen within planar organic molecules with sp* hybridiza-
tion were obtained (and are different from the isolated atoms ionization energies) by
fitting with TB experimental data of the ionization energy and the first 7 — 7" transi-
tion of those molecules. This experimental data was obtained e.g. by absorption and
photoelectron spectroscopy; see, e.g., Refs. [133-148] of Ref. [61], and Ref [88].
From Eq. (2.6) it can be seen that, if we define the matrices

1 41,2
62” tn2 2,3
71 K
tor e t
€, = , (2.8)
L-2 -1 _L-1 4L-1,L
fn inL ! L
L—1
tn En
which represents the “on-site energy” of the monomer,
1 1,2
tn,n:i:l tn,n:i:l
(21 2 23
n,n+1l n,n+1 n,n+1l
Tnntl = ’ .. .. ; (29)
fL=2L-1 4L-1  4L-1L
n,n+t1l n,ntl n,n+1
L,L—1 tL

n,n+1l n,ntl
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which represents the “transfer parameter” from monomer n to monomer n + 1, and

Qn1

Q2
a, = o (2.10)

On L

which represents the annihilation operator of monomer n, then the Hamiltonian can
by compactly written as

N
H=> ale,a, +alnni1 + @} 7016, 1. (2.11)

n=1
Since H is an Hermitian operator, i.e.,
H=HT, (2.12)

and given that the on-site energies and the hopping integrals are real numbers, it holds
that
€, = €L (2.13a)

n?
Tontl = Toiin- (2.13b)

Hence, €,, is a symmetric matrix containing the on-site energies of all moieties belong-
ing to monomer 7, €., in its main diagonal, and the hopping integrals, t!'', between the
sites of the monomer that belong to different chains in its superdiagonal and subdiag-
onal. 7, ,4 are (generally) not symmetric matrices containing the hopping integrals
between successive monomers, i.e. between the moieties of a monomer and the ones
that lie in the same (main diagonal), next (superdiagonal), and previous (subdiagonal)
chain of the next (n + 1) or previous (n — 1) monomer, i.e. tﬁwil, ti{f:jﬂ, and tiz_,;ip
respectively. Both €, and 7, 11 are tridiagonal matrices of order L. We notice that
if we took interactions between more chains into account, the number of non-zero
off-diagonals of the matrices in Egs. (2.8) and (2.9) would increase (by 2 for each ad-
ditional chain), while, if we took interactions between more monomers into account,
the number of 7 matrices would increase (by 2 for each additional monomer).
To simplify the matrix notation, we define

Tontl = Tn. (2.14)

Hence, given Eq. (2.13b)

Ton—1 = 'rnT_Ln =7l 1- (2.15)

n—

Thus, the Hamiltonian of Eq. (2.11) is rewritten as
N
H=>ale,a, + almman + a7, a1 (2.16)
n=1

The situation is schematically presented in Fig. 2.1.
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Figure 2.1: Schematic representation of a TB model consisting of N monomers, extended at L chains.
Within the model, we take into account (a) the on-site energies of each site, €, and the inter-chain
hopping integrals, tﬁ , i.e., between the sites of the monomer (blue), as well as (b) the inter-monomer
hopping integrals, ¢/ ,, i.e., between each site of a monomer and the neighboring sites of the previous
(red) and the next (green) monomers. The former are contained in the matrix €,,, while the latter in the
matrices 7,,—1 and T, respectively.

Since the states of the isolated moieties, {|n, )}, constitute a complete basis, the
state of the whole system, | V), can be written as a linear combination of them, i.e.,

=> Wk In1), (2.17)
n,l

where 1!, is the occupation probability amplitude in the moiety that lies in strand / of
monomer n. If we define the state of the isolated monomer n as

n)=(n,1) [n,2) ... |n,L)) (2.18)

and the probability amplitudes that correspond to monomer n as

Uy
U, = w’% , (2.19)
ot
then |U) can be written as
‘?1
W=y 2 .. V)| (2.20)
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or N
) = |n) @,,. (2.21)
n=1

Since, obviously, (n'|n) = I¢,, ,, where I is the identity matrix of order L, {|n) }, form
a complete basis, on which the operators a! and a,, act.
Substituting Egs. (2.16) and (2.21) in the time-independent Schrédinger equation

H|U) = E|D) (2.22)
we get

N0y B = 37 (@hentn + @l b + @bl ) ) B
n' n,n’
= " |n) ¥ + n) T Wiy + )T B, (2.23)
n

Hence, multiplying by (n”| from the left, we conclude that the derivation of the eigenen-
ergies and eigenstates of the system is reduced to the solution of a system of /V coupled
L-order matrix equations of the form

- -

E\f’n - En‘Iln + T'rzil ‘i}n—l + Tn\I’n+17 (224)
foralln=1,2,..., N.

2.2 Solution of the system of equations

The solution of Eq. (2.24) is equivalent with the solution of the problem

ET — €1 —T1 \I_{l TOT\fIO
—TlT FEI — €9 —T9 \I]Q
- , = . (2.25)
—7L ., EIl—ex1 —Tn_1 Uy, ~
_sz;—l ET — EN ‘I_;N TN\IIN+1

The boundaries of the problem are determined by \170 and U ~+1. From Bloch’s theo-
rem, it holds that ¥ Nin = C U, where ( represents a phase factor. We will use this
general form for ¢ and then impose either fixed of cyclic boundaries (( = 0 or ( = 1,
respectively). So, Eq. (2.25) reaches the form of the eigenvalue-eigenvector problem

HVY — BV, (2.26)
where
€ T &
f e ™
H— (2.27)
Tn_9 €EN—-1 TN-1
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is the Hamiltonian matrix, which is a block-tridiagonal matrix of order N (with blocks
of order L) with perturbed corners, and

7,
- v,
=] 1. (2.28)
Ty
Since H is Hermitian, it must hold that 7y = 7. This matrix can be numerically

diagonalized for either fixed or cyclic boundaries.

2.2.1 The Transfer Matrix method

Another way to address the problem, is to write Eq. (2.24) in the alternate form

‘I_}n—s—l \i}n
) —pE) (o : 2.29
( ‘IIn ) ( ) (‘I’n—l) ( )
with . L
T, (Bl —€,) —T, T,_
P,(E) - ( w ELmen) o 1) , (2.30)

where 0 is the zero matrix of order L. The block matrix of order 2 (with elements of
order L), P,, is called the Transfer Matrix of monomer n. From Eq. (2.30) it is obvious
that, in order for P, to be well-defined, 7, must be invertible for all n, i.e., it must hold
that det(7,,) # 0% Since we have N monomers, we can write

‘f’NH ‘f’l
N = My(BE) (= 2.31
(") =mvm (3). (2:31)
where )
My(E) = [[ P.(E) = PyPy_1 ... PP, (2.32)
n=N

is called the Global Transfer Matrix (GTM) of the system. For T N+1=C( U, and U, =
(*Wy, Eq. (2.31) takes the form

My (E) (é;) = (é;) . (2.33)

Hence, ( is an eigenvalue of the GTM with an eigenvector composed of U, and U,
Then, given the eigenvector of the GTM, and through successive applications of Eq.
(2.29), the full eigenvector U of the Hamiltonian for E can be constructed. Thus E
corresponds to an eigenvalue of H. In other words, Eq. (2.26), which gives the eigen-
values and eigenvectors of H is satisfied if and only if Eq. (2.33) is simultaneously
satisfied [90].

*There are cases in which a transfer matrix can be constructed for non-invertible 7,,, but this holds
when only 7, is nilpotent of index 2, i.e., when 7'3 = 0 [89]. However, this is not generally true for
those models presented for DNA in Sec. 2.3 that include a non-invertible 7,.
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2.2.2 Properties of the GTM

Recursive relations

The block elements of the GTM are recursively given by

MV = 7 Y (BT — en) MY — 5w L MM (2.34a)
M = p 0P, (2.34b)
with initial conditions
M!" = '(EI — ¢), (2.35a)
M? = -7 '7, (2.35b)
M =T, (2.35¢)
M;? = 0. (2.35d)

From Egs. (2.34) and (2.35) it is obvious that the elements of My occur, for every N,
from the knowledge of the first row of My_; and My _o.

Determinant

The determinant of the GTM is

1 1 d T d T
wion) = ey - L5 1 oo
n=N n=N

In other words, the Hermitianity of the Hamiltonian imposes that the GTM is unimod-
ular by construction.

Symplectic property
The inverse Transfer Matrix of a monomer has the form [91]
PAET" = (et i, (51 - ) 237
The inverse GTM is
My (E)=(PyPy_,... BP) ' =P 'P' ... P! Py' (2.38)
If we define the matrices O 1
5, = (_Tn O”) . Vn, (2.39)

for which it holds that [91]

1
s, = ((TIQ)—l 8‘ ) , (2.40)
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we notice that
Pl=s5"1Pls,. (2.41)

Hence, the inverse GTM becomes
My' =s,'P'Pl ... Pl Pisy. (2.42)
Thus, since sy = 59, we conclude that
My"' = sy Misy. (2.43)
From Eq. (2.43), it also follows that
MisyMy = sy. (2.44)

Eq. (2.44) defines the symplectic property of the GTM. The GTM itself is called symplec-

tic. This is the property that imposes that the GTM is unimodular. Hence, the GTM

belongs in the real symplectic group Sp(2L, R), which is a subgroup of the special lin-

ear group SL(2L, R) of the unimodular real square matrices of order 2L.
Furthermore, the symplectic property [Eq. (2.44)] implies that

U ) Eq. (233
MT M _‘1 _ _»1 q.
gy (1) = (3,
i) (8

T
MPsy (?) = sy (él) . (2.45)

Thus (* is an eigenvalue of M. Due to Eq. (2.43), M and M ' are similar, hence (* is
also an eigenvalue of My,'. Then, given that My and M7 have the same eigenvalues
(since they are transpose to one another), then the eigenvalues of GTM, its transpose
and its inverse will come in the pairs ¢ and (*.

2.2.3 Imposing the boundaries

Fixed Boundaries

For fixed boundaries, i.e. when ( = (* = 0 (\I_}O = \le—i-l = 0), Eq. (2.33) takes the
form
M}, =00, (2.46)

hence, the energy eigenvalues of the system can be found by the condition

det(My') = 0. (2.47)
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Cyclic Boundaries

For non-trivial ¢, the general form of the characteristic polynomial of My is

det(C]gL - MN) = 07 (2.48)
det(C*IQL - MN) = 0, (2.49)

since My is symplectic. Eq. (2.48) can equivalently be written as [92]

> (D' A(E) =0, (2.50)

where

—1)PH AL (E) Tr((My)?), VI>0 (2.51)

FjN

with initial condition Ay(E) = 1. Tr(My) is the trace of M. The coefficients A;(E)
are 2L + 1 in number. However, if we multiply Eq. (2.50) by (¢*)?* we can deduce that

AYE) = Agr(E), VL. (2.52)

Thus, the characteristic polynomial is palindromic and their number of different A;(E)
coefficients is reduced to L + 1. Exploiting this fact, we multiply Eq. (2.50) by (¢*)!, to
get

(—1)LAL(E Z ¢E (¢ D] = 0. (2.53)
Hence, for cyclic boundaries (( = (* = 1), the eigenvalues of the system are given by
solving the polynomial

B -ram = (259
=0

[y

i.e., only GTM traces up to the Lth power are needed.

If the cyclically bounded system is periodic, with a unit cell of © monomers repeated
m times, then My = (M,,)"™, M, is the Unit Cell Transfer Matrix (UCTM). In this case,
Bloch theorem implies that { = e’fua where ua is the lattice constant, so Eq. (2.53) for
the UCTM takes the form of the dispersion relation (with a change in indices)

L
—I—Z Vet AL (E) cos(kual) = 0. (2.55)
=1

Furthermore, by definition,

cos(kual) = T)(x), (2.56)
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where T} () are the Chebyshev polynomials of the first kind, of degree [ with respect to
the variable x := cos(kua), which occur from the determinant of a tridiagonal matrix
of order [ that has the form

r 1
1 2z 1
T = | (2.57)
1 2z
They are recurrently given by
Ti(z) = 22T (z) — Ti—a(x), VI =2, (2.58)
with initial conditions
Ti(x) =z, (2.59a)
To(x) = 1. (2.59b)

The coeflicients of the Chebyshev polynomials of the first kind up to degree 21 can be
found, e.g., in Tables C.2a and C.2b of Ref. [93].
Hence, Eq. (2.53) reaches the form

(_1)LAL2<E ) 4 N ()AL (E)T(x) = 0. (2.60)

=1

Eq. (2.60) is a polynomial of degree L with respect to x = cos(kua), the solutions of
which give the energy eigenvalues of the system in the form of a dispersion relation.
The only things to determine are the traces of the powers of the UCTM (cf. Eq. (2.51))
and the Chebyshev polynomials of the first kind up to degree L. For each of the -m
in number- values of k, the dispersion relation gives L solutions for z, each of which
is a polynomial of energy of degree u, thus creating uL energy bands. Furthermore,
since cos(kua) = cos(—kua), the number of discrete eigenvalues will be 2424, for
even m and & +4 [ for odd m. In other words, there are N ;2“ L degenerate eigenvalues
for even m and

N 5L degenerate eigenvalues for odd m.

2.3 Models for DNA

The above analysis holds for any TB system composed of N monomers and L chains.
As far as nucleic acids —and especially DNA- are concerned, the most widely applied
models employed include, inter alia, the Wire Model (WM), the Ladder Model (LM),
the Extended Ladder Model (ELM), the Fishbone Model (FM) and the Fishbone Ladder
Model (FLM), which are briefly described below. The form of the matrices involved in
Eq. (2.24) for each of these models is presented in Table 2.1.
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=

Table 2.1: Form of the matrices ¥,,, €,, and 7, in the TB system of equations [Eq. (2.24)] for several
models used to describe nucleic acids and especially DNA: the Wire Model (WM), the Ladder Model
(LM), the Extended Ladder Model (ELM), the Fishbone Model (FM) and the Fishbone Ladder Model
(FLM).

‘ Model H L v, €n Th ‘
WM 1 wn €n tn,n+1

- ()
|

1
ELM | 2 <g

= el th?2 0 0 0 0
FM | 3 2 21 & t?ﬁ) (0 trpe1 O

M 0 2 & 0 0 0

- el L2 0 0 0 0 0

- 2l 2 23 0 t2,,0 0 0
B 4| e 0 #2 & | (o 0 B, 0

= 0 0 3 ¢ 0 0 0 0

2.3.1 Wire Model

WM is the simplest TB model to describe nucleic acids and analogues [94, 95]. It can be
applied to mimic either single-stranded nucleic acids and hairpins at the single-base
level [96] or double-stranded ones [55] at the base-pair level. In other words, if the
WM refers to a single-stranded nucleic acid, then the on-site energies are related to
the energy levels of the four possible bases and the hopping integrals to the interaction
between bases, while, if it refers to a double-stranded nucleic acid, then the on-site en-
ergies are related to the energy levels of the two possible base-pairs (incorporating the
hydrogen bonding) and the hopping integrals to the interaction between base-pairs. It
consists of just one chain (L = 1) and the parameters needed for its employment are
the on-site energies of the bases or base pairs, €,, and the hopping integrals between
successive bases or base pairs, ¢,,. A schematic representation of the WM is shown in
Figure 2.2(a).

2.3.2 Ladder Model

LM is the simplest model that can address the influence of base-pairing in the ener-
getics of nucleic acids [94, 97]. It consists of two chains (L. = 2) and the parameters
needed for its employment are the on-site energies of the bases, ¢/, the intra-strand
hopping integrals between successive bases, tZ,nil, and the intra-base-pair hopping

integrals, ¢/, due to the hydrogen bonds between the complementary bases in a pair.

> Yoo

A schematic representation of the LM is shown in Figure 2.2(b).
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2.3.3 Extended Ladder Model

ELM is a more detailed version of the LM, including the inter-strand hopping integrals,
tﬁf’n 11, between the bases of successive base pairs [58, 97]. A schematic representation
of the ELM is shown in Figure 2.2(c).

2.3.4 Fishbone Model

FM is the simplest model that can take into account the effect of the sugar-phosphate
backbone [71, 77, 94]. It consists of three chains (L = 3). The central one corresponds
to the base pairs, with each one being interconnected with the top and bottom chains,
which represent the backbone sites. The latter are not connected with each other since
the sugars are separated by phosphate groups from one another [15, 98, 99]. Hence,
the parameters needed for its employment are the on-site energies, ¢, of the base pairs
(I = 2) and of the backbone sites (I = 1, 3), the intra-strand hopping integrals between
successive base pairs, i’iil, and the inter-strand hopping integrals, /', between the
base pairs and the backbone sites. A schematic representation of the FM is shown in
Figure 2.2(d).

2.3.5 Fishbone Ladder Model

FLM is a combination of the LM and the FM [77, 94]. It thus includes both the effect
of base-pairing and the presence of the sugar-phosphate backbone. It consists of four
chains (L. = 4). The two central ones (I = 2, 3) correspond to the nitrogenous bases
and the edge ones (I = 1, 4) to the backbone sites. Hence, the parameters needed for its
employment are the on-site energies, ¢/, of the base pairs (I = 2, 3) and the backbone
(I = 1,4), the intra-strand hopping integrals between base pairs, t%}nil (Il =2,3)and
the inter-strand hopping integrals between the bases of a base pair as well as between
each base and the backbone, tff/. A schematic representation of the FLM is shown in
Figure 2.2(e).

2.3.6 Additional Remarks

Apart from the models described above, one can introduce several other variants to
describe nucleic acids. For example, an obvious extension would be a fishbone ex-
tended ladder model. Additionally, several other models have been proposed, in-
cluding intra-backbone interactions [75, 97, 100], single-stranded nucleic acids with
a backbone [100] and explicit inclusion of helicity [101] strain [102], and spin—orbit
coupling [103] effects. We also mention that more complex models can be reduced
to simpler ones via a renormalization scheme, which reduces the degrees of freedom
of the system. Then, the on-site energies of the renormalized Hamiltonian become
energy-dependent. This procedure is important when environmentally induced effects
are considered [77]. For example, the FLM can be reduced into an LM via a one-step
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Figure 2.2: Schematic representation of the TB models listed in Table 2.1. (a) Wire Model (WM); (b)
Ladder Model (LM); (c) Extended Ladder Model (ELM); (d) Fishbone Model (FM); (e) Fishbone Ladder
Model (FLM).

renormalization procedure [104], or to an even simpler WM via a two-step renormal-
ization procedure [105, 106].

Several techniques can be applied to solve the models, depending on what is stud-
ied, such as the numerical diagonalization of the Hamiltonian in Equation (2.16) [56, 58,
59], the transfer matrix method [89, 107, 108] outlined above, and the Non-Equilibrium
Green’s Function technique [109]. As discussed in Subsec. 2.2.1, the transfer matrix
method is not applicable if the matrices 7,, are singular. Generally, this is the case,
e.g., for the FM and the FLM (cf. Table 2.1). Then, a renormalization scheme is needed
to apply the transfer matrix method.

Relevant parametrizations for nucleic acids have been proposed in many works
and used within various TB models. For example, for on-site energies and hopping in-
tegrals, cf. Refs. [61, 64, 65, 68, 110], for on-site energies, cf. Refs. [31, 111-116], and for
hopping integrals, cf. Refs. [117-119]. Such parametrizations allow researchers to go
beyond chemically unrealistic treatments, such as the assumptions that all hopping
integrals or on-site energies are equal, i.e., disorder in the Hamiltonian is either purely
diagonal or off-diagonal, respectively, and address in more detail the complexity of
nucleic acid energy structure. In this PhD thesis, we take into account both diagonal
and off-diagonal disorder using such realistic TB parametrizations.

2.4 Aperiodic One-Dimensional Wires

The dichotomy between the notions of order and disorder has expanded beyond a
simple distinction between periodicity and aperiodicity, since the first observation of
icosahedral diffraction patterns in the spectrum of an Al gsMng 14 alloys [120] (2011
Nobel Prize in Chemistry for Prof. Dan Shechtman). The discussion that opened in
the scientific community following this and other relevant discoveries led to a change
in the very definition of the term crystal by the International Union of Crystallogra-
phy in 1992, expanding it from referring solely to periodically arranged structures to
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“any solid having an essentially discrete diffraction diagram” [121]. This extended no-
tion of crystals encompasses a whole family of structures, called quasi-periodic crys-
tals or quasicrystals. Quasicrystals do not possess the translation symmetry that is
inherent to classical (periodic) crystals; however, they possess inflation/deflation sym-
metry which leads to long-range order as well. Since their first discovery, more than
100 types of synthetic quasicrystals have been grown. Up to 2016, three naturally
formed quasicrystals have been discovered in the Khatyrka meteorite; the first one,
i.e., Alg3CuyyFeyy has icosahedral symmetry, and is called icosahedrite [122]; the sec-
ond one, Al;Niy,Fes, has decagonal symmetry, and is called decagonite [123]; the
third one, Al (s)Cusi.o(s)Fes.s4), has also icosahedral symmetry, and is the first ex-
ample of a quasicrystal discovered in nature prior to being synthesized in the labora-
tory [124]. The electron and X-ray diffraction patterns of natural quasicrystals show
a higher degree of structural perfection than their synthetic counterparts [125]. The
electron diffraction spectra of icosahedrite and decagonite are presented in Fig. 2.3.

Figure 2.3: (left) The electron diffraction pattern of icosahedrite, the first discovered natural quasicrys-
tal. Image source: https://commons.wikimedia.org/wiki/File:Icosahedrite_Diffraction_Pattern.jpg, used
under CC BY-SA 4.0. (right) The electron diffraction pattern of decagonite, the second discovered natural
quasicrystal. Image reproduced from Ref. [126], used under CC BY 4.0. Cropped from the original.

Another interesting category of structures are fractals. Fractals do posses infla-
tion/deflation symmetry. However, structurally, fractals constitute a class of aperiodic
systems that is distinct from quasicrystals. A quasicrystalline lattice is composed by
two (or more) incommensurate lattices, while a fractal one is not [127].

Advances in the field of quasicrystals and other related structures have turned sci-
entific interest into the study of specific one-dimensional aperiodic lattices, modeled
with TB [128], that is, described by Eq. (2.24). The lattices are typically created us-
ing substitutional sequences. Apart from the interest the study of such systems has
in itself, it is applicable, among other systems of physical relevance, in nucleic acids.
The ability to produce synthetic, de novo, nucleic acid sequences of interest [129],
using mainly the phosphoramidite method [130] (although other promising methods
have recently been proposed [131]), provides a chance not only to examine theoreti-
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cal predictions regarding aperiodic structures, but also to create molecular wires with
tailored properties. Below, we present some details about substitutional sequences as
well as some of the most commonly used ones in the literature of one-dimensional
wires generally, and nucleic acids specifically.

2.4.1 Substitutional Sequences

Aperiodic substitutional sequences are based on an alphabet, e.g., A = {A,B,C,D,...}
equipped with substitution rules that apply to each of its letters, s(j),Vj € A. In the
case of nucleic acids, the alphabet letters correspond to nitrogenous bases, i.e., G, C,
A, T, U (for double-stranded chains, the complementary strand is implied). The se-
quences start with a seed, i.e., a letter belonging to the alphabet (Oth generation of the
sequence). The substitution rules replace each alphabet letter by finite words consist-
ing of alphabet letters, i.e., s(j) = 7175, - . - jy, Vj € A. Iterating this procedure g times
constructs the gth generation of the sequence.

Substitutional sequences can, in most cases, be described by introducing the substi-
tution matrix, S. It is a square, non-negative matrix of order card(.A) (the cardinality
of a set is the number of elements of the set), and its elements are S;; = n;[s(j)], where
n;[s(j)] is the number of times the letter i is present in the substitution rule s(j). No-
tice that, by definition, S does not contain information about the ordering of letters in
the sequence, hence more than one substitutions can have the same substitution ma-
trix. However, the substitution matrix reveals much information about the underlying
order and other properties of the corresponding sequence at the thermodynamic limit.
Below we present some details about the most widely-known deterministic aperiodic
sequences. Those, as well as some other sequences, together with their substitution
rules and matrices, are presented in Table 2.2.

Fibonacci

The Fibonacci sequence, named after the Italian mathematician Leonardo Pisano (Fi-
bonacci) who introduced it in his 1212 book Liber Abaci, in a study of the population
growth of rabbits [132], is a number sequence the terms of which are generated by
the addition of the two previous terms, with given initial conditions. However, this
sequence appears many centuries before in Indian mathematics, in connection with
Sanskrit prosody [133]. For example, the possible ways to arrange short (S) and double,
long (L) syllables with given total duration measured as g S syllables is the Fibonacci
number of the g + 1 generation. If NV, is the Fibonacci number of generation ¢, and
we set Ny = N; = 1, the recurrence relation Ng = Ng_1 + N,_2 produces the number
sequence 1,1,2,3,5,8,13,21,34.... Using the two-letter alphabet { A, B}, we can de-
fine the Fibonacci word F; by the substitution rule s(A) = AB, s(B) = A, starting with
Fy=B.F, = A F, = AB, F; = ABA, F, = ABAAB, etc. Obviously, the length of the
word F, is N.
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Thue-Morse

The Thue-Morse (TM) sequence (aka Prouhet-Thue-Morse sequence) was studied by
Eugene Prouhet in the field of number theory [134], defined by Alex Thue in the field
of combinatorics [135], and rediscovered by Marston Morse in the context of differen-
tial geometry [136]. It is a binary sequence of Os and 1s, starting with 0, with its g't
generation constructed by appending the Boolean complement of the previous gener-
ation to the sequence. With the two-letter alphabet { A, B}, we can define the TM word
TM, by the substitution rule s(A) = AB, s(B) = BA, starting with TM, = A. TM; = AB,
TM, = ABBA, TM3 = ABBABAAB, etc. The length of the word TM, is 29.

Period-Doubling

The Period-Doubling (PD) sequence is closely connected with the TM sequence. Specif-
ically, its elements are given by the first differences of the elements of the TM binary
sequence modulo 2. Using the two-letter alphabet {A, B}, we can define the PD word
PD, by the substitution rule s(A) = AB, s(B) = AA, starting with PDy = A. PD, = AB,
PD, = ABAA, PD; = ABAAABARB, etc. The length of the word PD, is 29.

Rudin-Shapiro

The Rudin-Shapiro (RS, aka Golay-Rudin-Shapiro) sequence is the sequence of the ap-
pended coefficients of the RS polynomials [137, 138]. It contains only 41 and is gen-
erated by starting with +1, +1 and employing the rules

1,41 = +1,+1,41, -1
41, -1 = 41,41, -1, +1
1,41 —1,—-1,41, -1
—1,-1— —1,-1,—1,+1.

Using the four-letter alphabet {A, B, C, D}, we can define the RS word RS, by the
substitution rule s(A) = AB, s(B) = AC, s(C) = DB, s(D) = DC, starting with RS, = A.
RS, = AB, RS, = ABAC, etc. The length of the word RS, is 29.

Cantor Set

The Cantor Set (CS), named after mathematician Georg Cantor who introduced it [139],
is one of the most well-known deterministic fractals. It is obtained as follows: given
the continuous interval [0, 1], the middle third, (3, %) is deleted, resulting in the union
[0, ]U[3, 1]. Then, the open middle third of each remaining interval is deleted, and the
process is repeated ad infinitum. Using the two-letter alphabet {A, B}, we can define
the CS word CS, by the substitution rule s(A) = ABA, s(B) = BBB, starting with CS, =
A. CS; = ABA, CS; = ABABBBABA, etc. All generations are palindromic words. The

length of the word CS, is 37.
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Generalized Cantor Set

In accordance with the rationale described above, one can imagine the construction of
a generalized CS word, GCS,(t, d), produced by the two-letter alphabet {A, B}, where
t is the total number of letters substituting each letter of the sequence in the next gen-
eration and d is the number of letters that correspond to the “deleted” middle segment
(t > d). t and d are mutually odd or even, to preserve the palindromicity of the words.
For example, the generalized word GCS, (4, 2) is given by the rule s(A) = ABBA, s(B)
= BBBB, starting with GCSy(4, 2) = A. The length of the word GCS, is 9.

Asymmetric Cantor Set

Similarly, the Asymmetric Cantor Set (ACS) is built by splitting a straight line segment
in four, removing the second quarter, then removing the second quarter of each of the
three new straight line segments, and the process is repeated ad infinitum. Using, e.g.,
the two-letter alphabet {A, B}, the ACS word AC'S,, is defined by the substitution rules
s(A) = ABAA, s(B) = BBBB, starting with ACSy(4, 2) = A. The length of the word GCS,
is t9.

Kolakoski

The Kolakoski {p, ¢} sequences are a family of sequences of the integers p # ¢ that
are their own run length encodings (a run is defined here as the maximal subsequence
of identical numbers). The classic and most well-known sequence of this class, i.e.,
Kolakoski(1, 2) [140], also referred to as Oldenburger-Kolakoski sequence, was pop-
ularized by recreational mathematician William Kolakoski [141], but it was indepen-
dently introduced by Rufus Oldenburger [142]. This family of sequences possesses
different properties in different cases. For example, for specific values of p and g,
they may show pure-point or continuous diffraction spectra [143]. Each generation,
KOL,(p, q), of the sequences can be seen as the run length encoding of the next gen-
eration, starting with KOLy(p, q) = ¢* and following the substitution rule

s(q) = p? if ¢ was at odd n,
s(q) = q* if ¢ was at even n,
s(p) =p if p was at odd n,
s(p) =¢° if p was at even n.

For example KOLy(1,2) = 2, KOLy(1,2) = 11, KOL,(1,2) = 12, KOL;(1,2) = 122,
KOL,(1,2) = 12211, KOL5(1,2) = 1221121, etc. Accordingly, using the two-letter
alphabet {A, B}, we can define the KOL(p, ¢) word KOL,(p, ¢) by assigning A to p and
B to ¢. Thus, e.g., KOL5(1,2) = ABBAABA. The length of KOL(1, 2) as the generation
increases is given by the OEIS sequence A001083 [144]. Generally, the length of the
word KOL,(p, q) is equal to the sum of the terms of KOL,_;(p, q).
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Table 2.2: Some of the most well-known substitutional sequences, together with the alphabets through
which they are defined and the corresponding substitution rules and substitution matrices. In the last
row, the subscripts o and e denote substitutions that are applied on odd and even positions in the se-
quence, respectively.

{A, B} s(A) = AB s(B)=A (1 1)
10
{A, B} s(A) = A"B s(B) = A (” 1)
10
{A, B} s(A) =B"'AB s(B) =B"'A (1 ! )
n n—1
{A, B} s(A) = A"B™ s(B) = A (" 1)
m 0
{A, B} s(A) = AB" s(B) = A 1 1)
n 0
{A, B} s(A) = AB s(B) = AA 1 3)
{A, B} s(A) = AB s(B) = BA 1 1)
1 100
ABCD s(A) = AB s(B) = AC 1010
tA B, C.D} 5(C) = DB s(D) = DC 010 1
00 1 1
{A, B} s(A) = ABA s(B) = BBB (i 2)
{A,B} s(A) = ABAA s(B) = BBBB (? Z)
{A, B} s(A)=At%dBdAt%d s(B) = B! (t:ld 2)
{A=pp,B=qq}  s(A)=A"B™ s(B) = A"B" (m ")
m n
{A=pp, B=pq, s(A) = A"BC" 5(B) = A"'BC" T T T
C=qq} s(C) =A"BC"
m mnm n
= p? s,(p) =
{p,q} ZZEZ; :Zq ZGE];; =ZZ undefinable
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2.4.2 Primitive Substitutions and the Perron—-Frobenius
Eigenvalue

The substitution matrix S (and, hence, the substitution) is called primitive if there ex-
ists a natural number k such that S* is a positive matrix. For primitive substitutions,
the Perron—Frobenius theorem [145, 146] guarantees that S has a largest, unique, real,
positive eigenvalue, App, and its corresponding (left and right) eigenvectors can be
chosen to have strictly positive entries. The components of the right eigenvector associ-
ated with \pp, normalized such as their sum is unity, give the asymptotic (g — 00) rel-
ative frequencies of the letters in A. Hence, using S, one can determine the asymptotic
occurrence percentage of each nucleotide in a substitutional nucleic acid sequence.

2.4.3 Induced Substitutions

In addition to the previous discussion, it is also possible to determine the letter fre-
quencies of the legal words of length £ in a substitutional sequence with primitive
S (corresponding to nucleotide k-plets). This can be done as follows [147]; let W =
{w = jijs...Jx, Vj € A} be the set of the legal k-letter words in the sequence
and s(w) = s(j1)s(j2) ... s(Jk) = 7145 ... j, the word constructed from a letter-by-
letter substitution of the word w. Then, the induced substitution of a k-letter word,
sp(w) = (3195 - - - J1)(G8d5 - - - Jrer) - - - (Gidls1 - - - Jion—1)» Where [ is the number of let-
ters in s(j; ), is also primitive. Hence, an induced primitive substitution matrix Sy, can
be defined, from which the asymptotic letter frequencies of the legal k-letter words of the
sequence can be determined using the Perron—Frobenius theorem. For sequences in which
S is defined via a helping alphabet (see, Chapter 5), k-letter word frequencies can be
deduced in the same fashion from the legal 2k-letter words of the helping alphabet.

Let us demonstrate, for illustration, the procedure to determine the induced sub-
stitution matrix S5 of the possible 3-letter words of the Period-Doubling sequence, for
illustration. In this case, k = 3, W = {AAA, AAB, ABA, BAA, BAB} and [ is always
2. Hence,

(AAA) = ABABAB — s5(AAA) = (ABA)(BAB),
(AAB) = ABABAA — s5(AAB) = (ABA)(BAB),
s(ABA) = ABAAAB — s3(ABA) = (ABA)(BAA),
(BAA) = AAABAB — s5(BAA) = (AAA)(AAB),
( (

So, the induced primitive substitution matrix S3 reads

(2.61)

530

Il
—_ o = O O
_ o = O O
O = = OO
OO O ==
OO O = =
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2.4.4 ‘'The Pisot Property

A real algebraic integer (i.e., a real solution of a monic integer polynomial) is said
to be a Pisot-Vijayaraghavan number if its modulus is larger than unity, and all its
algebraic conjugates (i.e., the other solutions of the polynomial) have modulus strictly
less than unity [148]. A substitution has the Pisot property if the matrix S has a largest,
unique, real, positive eigenvalue which is a Pisot-Vijayaraghavan number, and for all
the other eigenvalues, ), it holds that |\| < 1. If the characteristic polynomial of S
is irreducible over the rationals, the Pisot substitution is called irreducible. Irreducible
Pisot substitutions are a subclass of primitive substitutions [149].

Let us remember some definitions. Given n linearly independent vectors 51, 62, e
b, € R™, the lattice generated by them is defined as L’(I;l, 62, . I;n) => .xb,z; €
Z,. We call the set 51, 52, o En a basis of the lattice. We say that the rank of the lattice
is n and its dimension is m. The Fourier transform of the (direct) lattice is a lattice
called the reciprocal lattice.

Furthermore, according to the Lebesgue’s decomposition theorem [150], any mea-
sure on R can be decomposed into three parts: a pure point (or discrete) part, an ab-
solutely continuous part, and singularly continuous part. This theorem helps to cate-
gorize the energy or Fourier spectra of aperiodic substitutional sequences.

The first connections between the irreducible Pisot property and the Fourier spec-
trum of a substitutional sequence were reported in Refs. [151, 152], where it was con-
jectured that if the Perron-Frobenius eigenvalue of a substitutional system is a Pisot-
Vijayaraghavan number, then the system is quasiperiodic. Later studies have revealed
more details, providing a more sophisticated classification of substitutional systems
with respect to the nature of their diffraction spectrum. In the one-dimensional case,
sequences produced from irreducible Pisot substitutions have pure point Fourier spec-
tra [153]. (I) The Pisot property, together with (II) the extra condition A # 0, provide
the means to distinguish between:

(1) strictly quasiperiodic sequences, in which the rank of the reciprocal lattice n, is
finite and larger than the dimension of the physical space of the sequence m,
and

(2) limit-quasiperiodic sequences, in which the rank of reciprocal lattice n, is count-
ably infinite (i.e., in a 1-1 correspondence with the natural numbers or integers).

The distinction criterion between categories (1) and (2) is the value of the determi-
nant of S: unimodular S [i.e. det(S) = £1] implies strict quasiperiodicity, otherwise
the structure is limit-quasiperiodic [154-156]. Limit-quasiperiodic structures can be
interpreted as a superposition of an infinite number of strictly quasiperiodic structures.
Examples of strictly quasiperiodic structures are the classical Fibonacci sequence as
well as all the precious means sequences [157] and the Fibonacci-class sequences [158]
(cf. Table 2.2). Limit-quasiperiodic structure representatives are the mixed means se-
quences with n > m [159] (cf. Table 2.2).

For substitutions not satisfying the above-mentioned conditions (I) and (II), the sit-
uation is more complex. In such cases, the Fourier spectrum can be:
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(3) limit-periodic, i.e., a superposition of countably infinite periodic structures. Some
examples are the Period-Doubling sequence and metallic means sequences with
n=1[(1+1) [160],

(4) singular continuous, i.e., non-constant, non-decreasing, continuous and has zero
derivative, everywhere that the derivative exists. Examples are the Thue—Morse
sequence [134-136] and metallic means sequences with n # [(I + 1) [160],
or even

(5) absolutely continuous, such as the Rudin—-Shapiro sequence.

Apart from the above-mentioned sequences, there are others for which the sub-
stitution is not primitive or the matrix S cannot even be defined at all. Examples of
non-primitive substitutions include the sequences inspired by the Cantor set (cf. Ta-
ble 2.2). A sequence for which a substitution matrix cannot be defined is the classical
Kolakoski(1, 2) sequence, and generally Kolakoski(p, ¢) sequences where p is odd and
¢ even or vice versa [143]. The situation is different when p and ¢ are both even or odd;
then, a primitive S can be defined (cf. Table 2.2). In the former case, the sequences have
been classified as limit-periodic [161]. In the latter case, the irreducible Pisot property
holds when 2(p + q) > (p — ¢)?, and S is also unimodular when p = ¢ 4= 2 [143].
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Periodic Wire Model
with a generic unit cell®

As mentioned previously, the one-dimensional TB lattice with one orbital per site and
nearest neighbor hoppings, i.e., the WM, can be applied to study, among others, the
charge transfer and transport properties of m-conjugated organic systems which are
candidates for molecular or atomic wires, such as single- and double- stranded DNA
chains, as well as cumulenic and polyynic carbynes . In this chapter, we focus on
the periodic WM with a generic unit cell composed of u cites, which is repeated m
times. Hence, we have u different on-site energies and u different hopping integrals.
Many works that study the electronic structure of periodic TB models refer only to
specific cases and make a number of simplifying assumptions, such as supposing equal
hoppings within the lattice and/or between the lattice and the leads. Here, we address
the matter in its generality. We explicitly take into account the difference in the on-
site energies and the hopping integrals between different moieties inside the unit cell, as
well as between the lattice and the leads. The solution of the TB system of equations is
equivalent to the diagonalization of a real symmetric tridiagonal u-Toeplitz matrix of
order N = mu with (cyclic boundaries) or without (fixed boundaries) perturbed upper
right and lower left corners. The properties of such matrices have been extensively
studied in the literature [162-166] due to their theoretical interest and their many
applications. Apart from the interest these systems have in themselves, they could also
serve as a starting point to gain more understanding about the inclusion of chemical
complexity effects in the electronic structure of periodic lattices, as well as of quasi-
periodic, fractal and amorphous atomic or molecular lattices.

Various quantum chain models, studied in the context of low-dimensional systems,
have been treated with the transfer matrix method [89, 167-170]. Here, we use the

*Part of this chapter can be found published in Ref. [108], under CC BY 3.0.
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transfer matrix method [171, 172] to solve the TB system of equations and determine
expressions for its eigenvalues, for both cyclic and fixed boundary conditions, by com-
bining the spectral duality relations [90, 173] with the connection of the elements of
the powers of a 2 X 2 unimodular matrix to the Chebyshev polynomials of the second
kind [127, 174]. For cyclic boundaries, we derive the dispersion relation, while, for
fixed boundaries, we show that the spectrum of eigenvalues (eigenspectrum) is pro-
duced by a recurrent relation containing the Chebyshev polynomials of the second
kind and the elements of the transfer matrix of the unit cell. We discuss the disper-
sion relations and eigenspectra through representative examples for systems with unit
cells composed by u = 1, 2, 3, 4 sites, supposing different on-site energies and hopping
integrals, that is, the most general case. We examine the density of states (DOS) and
the occurrence of van Hove Singularities (vHS) and provide analytical relations for
u = 1,2,3,4. We determine the transmission coefficient (TC) at zero bias, by inter-
connecting the systems to semi-infinite leads The situation is interpreted in Fig 3.1.
Many works have been dedicated to the TC determination, within various contexts cf.
e.g. Refs. [175-181]. Here, we analyze in detail the transmission profiles of periodic TB
systems, examining the influence of the strength and asymmetry of the system-leads
coupling, the leads bandwidth and band center, and the intrinsic hoppings of the system.
Such a systematic study reveals the significant effects each parameter induces to the
transmission profile, and addresses aspects, such as the coupling asymmetry, that, al-
though are not regularly taken into account in the literature, play a crucial role in the
degree of the system’s transparency to the incident waves. The number and position
of the transmission peaks is determined in all cases, and representative examples are
given for unit cells consisting up to u = 6 sites. We introduce a generic optimal cou-
pling condition and demonstrate its physical meaning. This condition generalizes for
any periodic one-dimensional TB chain the condition reported in Ref. [180], where a
periodic single-stranded DNA chain with v = 4 and symmetric coupling to the leads
was studied, with the hopping integrals of the system assumed identical.

Em Em Em €1 E1 &3 €, & & & . g, g & & e, &, &, €,
9900000066066 0 00 0 0606
tn th t, b - t, t & £, e . 4 4 tn th

Figure 3.1: Schematic representation of a WM with a generic unit cell of u sites, sandwiched between
two semi-infinite metallic leads, and connected to them from the left (right) side with hopping integral
t1, (tr). This setup addresses the situation in its generality, going beyond simplifying assumptions, such
as supposing equal hoppings within the lattice and/or between the lattice and the leads.
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3.1 Transfer matrix method — Wire Model

The TB system of equations of a WM with N sites is

Ewn = enl/)n + tn,n—1¢n—l + tmn-{—ld)n—&—l» (31)

If the system is periodic, with a unit cell composed of u sites, and repeated m times,
so that N = mu, the solution of Eq. (3.1) is reduced to the diagonalization of the
Hamiltonian matrix [cf. Eq. (2.27)]

€1 tl C*tu

tu—2 €u—1 tu—l

H(C) = tu—l €y tu s (32)

Ctu tu,1 €y

which is a tridiagonal real symmetric u-Toeplitz matrix of order NV, with (for ¢ = 1, i.e.
for cyclic boundaries) or without (for ¢ = 0, i.e. for fixed boundaries) perturbed upper
left and lower right corners. Here, we have simplified the notation for the hopping
integrals, so that ¢,, , 11 1= 5, tn n—1 := t,—1. Hence, for the site with index n = u+1,
it holds that ¢,,; = t;. The condition det(EIy — H(()) = 0, i.e. the roots of the
characteristic polynomial of H (¢), which is a polynomial of energy of degree N, gives
the eigenvalues of the system.

Within the transfer matrix method, Eq. (3.1) can equivalently be written in the
form (cf. Table 2.1)

E—en _ tnoa
(i)-(F 7)) -rolir). e

hence, the GTM, My (E), of the periodic system is

(%\f;l) = My(E) (z;) = M, (E)™ (Z;) , (3.4)

M, (F) is the UCTM, i.e.,

M,(E) =[] P.(B). (3.5)

Starting from the fact that My = Py M, , see Eq. (3.5), the elements of the 2 x 2
UCTM are recurrently given by (for u > 2)

E —¢, bu—
M2 Cu yyira2) _ SV (3.6a)

tu u—l tu
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M) — pp02) (3.6b)

u—1
with initial conditions M} = (E — €;)/t;, M}? = —t,/t;, M' = M3 =1, Mj? =
MO22 = (0. M% is the element 7j of matrix M. Hence, M&l, M&Q, Mﬁl, and Mzz, are
polynomials of energy of degree u, v — 1, u — 1, and u — 2, respectively*.

3.1.1 Cyclic Boundaries

For the cyclically bounded periodic system, Bloch theorem implies that ¢ = 1 = e?*™mua,

where ua is the lattice constant of the system. Hence, k = 2mv. where v is an integer

mua’

taking m values, such that k& belongs to the 1st Brillouin Zone. Thus, Eq. (2.33) takes

the form
U ikua (1
M, (FE = e . 3.7
e (1 o 6)
From the symplectic property, we know that if /% is an eigenvalue of M,,, so is e =42
(see Subsec. 2.2.2). Hence, the eigenvalues of M, are given by the condition
det(e™*“*I, — M) = det(e "I, — M,) =0, (3.8)
from which we can easily arrive at the dispersion relation
Tr(M,
cos(kua) = r(2 ) = z(E). (3.9)

Substituting each of the N energy eigenvalues obtained by the above dispersion re-
lation to Eq. (3.3), leads, via its iterative application, to the construction of the full
corresponding eigenvector of the Hamiltonian matrix H (¢ = 1) [90]. Hence, the so-
lutions of Eq. (3.9) produce the eigenvalues of the tridiagonal symmetric u-Toeplitz
matrix of size mu with perturbed corners. Additionally, from Eq. (3.9) it follows that
all eigenvalues are symmetric around the center of the 1st Brillouin Zone.

From the eigenvalues and eigenvectors of Eq. (3.7), it can also easily be shown
(details, e.g., in Ref. [174]) that the m-th power of the unimodular UCTM, M, (E), i.e.
the GTM, My (FE), is given by [127]

(Mu)m = Um—l(z)Mu - Um—2(Z>I2> (310)

where U,,(z) are the Chebyshev polynomials of the second kind of degree m that
satisfy the recurrence relation

Un(z) = 22U;-1(2) + Up—a(2) = 0,¥m > 1, (3.11)
with initial conditions Uy (z) = 2z, Up(z) = 1 [93]. Hence, the GTM of the cyclic

system can be written as

MN — <[]m1]\4’1}1 - Um72 U’mfl]\4112 )

Ui M2 Upy M2 — U (3.12)

*Of course, the same relationships hold for the determination of the GTM of either periodic or ape-
riodic systems, if u is substituted by V.
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or, alternatively, using Eq. (3.11), as

. 22 12
My = (Um Un—1 M, U1 M, > . (3.13)

ljvn—lj\431 1]711—1]\4:32 - Um—2

Eq. (3.13) and the formula connecting the Chebyshev polynomials of the first and sec-
ond kind, 27,,,(2) = U,u(2) — Upm—2(2) [93], lead to an alternate form from which the
eigenvalues for cyclic boundaries can be found, i.e.

Ton(z) = 1. (3.14)

3.1.2 Fixed Boundaries

For the system with fixed boundaries, i.e. when ¢ = 0, Eq. (2.33) takes the form
My (%1> =0 (1@ = Ml = 0ty. (3.15)

Hence, 1 is an element of the eigenvector of H (¢ = 0) [cf. Egs. (2.26), (2.28)] if the
eigenvalues F of H(¢ = 0) satisfy the condition Mi!(E) = 0. Since both M} = 0
and det(FIy — M (0)) = 0 are polynomial equations of F of the same degree (V) that
are mutually satisfied [173], Eq. (3.15) produces the eigenvalues of the tridiagonal sym-
metric u-Toeplitz matrix of size mu. Exploiting Egs. (3.12)-(3.13), the determination of
these eigenvalues is reduced to the solution of

Un—1(2)M,' = Up—a(2), (3.16)

or, alternatively,

Un(2) = Up_1(2) M2, (3.17)

u

3.1.3 Phonons

Closing this Section, we should notice that the above analysis holds also for the prob-
lem of phonon dispersion relations in periodic one-dimensional Lattices with nearest
neighbor hoppings. The only thing that changes is the form of the transfer matrix of
the sites, i.e. P, in Eq. (3.3) takes the form

1 + K1 _ m"wp2h Kn_1

Pn(wph) = Ky Ky Ky . (318)
1 0

wph is the phonon frequency, m,, is the mass at site n, K,, (/,_;) are the spring con-

stants connecting sites n and n 4+ 1 (n — 1), and then ), correspond to the oscillation

amplitudes.
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3.2 Dispersion relations and Eigenspectra

As shown in Sec. 3.1, the eigenvalues of any periodic WM, for either cyclic or fixed
boundary conditions, can be determined by Egs. (3.9) or (3.16)-(3.17), respectively, via
which, the problem is reduced to the determination of the elements of UCTM using
Egs. (3.6). We have verified that the eigenvalues obtained by the above mentioned
equations coincide with those obtained by the numerical diagonalization of matrix
H(¢ = 0,1). Below, we discuss the eigenvalues of such systems, as the simplest ex-
amples of the generic periodic system. Similar expressions to the ones presented below
can be produced for larger values of u, using Egs. (3.6).

3.2.1 Unit cell of one site (u=1,m = N)
The UCTM is

E-a
= 131
M, (FE) ( ] 0 ) : (3.19)
For cyclic boundaries, the dispersion relation of Eq. (3.9) takes the well known form
2
E =€ + 2ty cos(ka) = €, + 2t; cos (%) (3.20)
v = 1,2,..., N. The dispersion relation is presented in Fig. 3.2, for a fixed on-site

energy, €; = 0, where the effect of the hopping integral, ¢;, alteration is also demon-
strated. Increasing |¢;] linearly increases the bandwidth. Although changing the sign
of ¢; does not affect the eigenenergies’ values, it moves the position of their extrema
from the middle to the edge of the 1st Brillouin Zone.

n/a

t(eV)_ 2 -nia k(A

Figure 3.2: Band structure of the one-dimensional periodic lattice with cyclic boundaries [Eq. (3.20)],
with a unit cell of one site (u = 1), for a fixed on-site energy €¢; = 0, as a function of the hopping
integral ;.

For fixed boundaries, it follows from Eq. (3.17) that the eigenvalues are produced

by the zeros of Uy (2), i.e. z(E) = cos(N“—L),‘v’p =1,2,..., N [93], hence

E =€, + 2t cos (NM: 1) . (3.21)
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Figure 3.3: Eigenspectrum of the one-dimensional periodic lattice with fixed boundaries [Eq. (3.21)],
with a unit cell of one site (u = 1), for IV up to 30 sites, for a fixed on-site energy e¢; = 0, as a function
of the absolute value of the hopping integral |¢1].

The eigenspectrum for fixed boundaries as /V increases, is presented in Fig. 3.3, for a
fixed on-site energy, ; = 0, where the effect of the hopping integral absolute value
|t1] alteration is also demonstrated. Eq. (3.21) is similar to Eq. (3.20) regarding the band
center and bandwidth, and both equations tend to the same DOS as N — oc.

Egs. (3.20) and (3.21) can be derived analytically by direct diagonalization of the
Hamiltonian matrices cf. e.g. Ref. [56]. Here, we just demonstrated how they are
derived with the transfer matrix method.

3.2.2  Unit cell of two sites (u =2, m = =

2
The UCTM is
(B—e)(E—e1) _ t1 _ E—e
M,(E) = < Y.t ) (3.22)
t1 T
For cyclic boundaries, Eq. (3.9) takes the form
€1+ €2 €1 — €2 2 9 9
E = 5 + 5 + 7 4 t3 + 2t1to cos(k2a). (3.23)

This dispersion relation is presented in Fig. 3.4, for fixed on-site energies (1, €) =
(—0.5,0.5) eV, where the effect of altering the ratio between the hopping integrals
4, is also demonstrated. Again, changing the sign of ¥ moves the position of the
2 2

t

to
increases from 0 to 1 the widths of the two bands (which are equal to each other)
increase and the bandgap decreases until it gets equal to the energy gap between the
_ t
= 1). For ‘é
much slower, and the bandgap starts to increase as well.

For fixed boundaries, it follows from Eq. (3.17) that the eigenvalues are the solutions

eigenvalues’ extrema from the middle to the edge of the 1st Brillouin Zone. As

> 1 the bandwidths continue to increase, albeit

on-site energies (for )i—l
2
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b 0 -1 2 /2a %k (A1)

Figure 3.4: Band structure of the one-dimensional periodic lattice with a unit cell of two sites (u = 2)
with cyclic boundaries [Eq. (3.23)], for fixed on-site energies (e1,€3) = (—0.5,0.5) €V, as a function of
the ratio between the hopping integrals —; (Inset) The bandwidths and the bandgap as a function of
[t1/t2].

of ;
Up-i(2) = ——
lo
The eigenspectrum for m up to 15 unit cells (/N=30) is shown in Fig. 3.5, for fixed on-

site energies (€1, €2) = (—0.5 0.5) eV, where the effect of the absolute ratio between

Un(2). (3.24)

the hopping integrals % | alteration is also demonstrated. From Fig. 3.5 we notice that

as the value of

t1
to

decreases down to 1, the bandgap decreases until it gets equal, for

large IV, to the energy gap between the on-site energies (for %

of |1

to
single additional eigenvalue in the upper (lower) band that, for large IV, reaches the
value €; (e2). This behavior does not occur for cyclic boundaries, hence these states
inside the band gap arise solely from the boundary effect. As it will be shown below,

this effect occurs generally for fixed boundaries, although it arises from more complex
relations between the parameters of the system.

= 1). Further decrease

below 1 leads to an increase in the gap between the main bands, but there is a

3.2.3 Unit cell of three sites (u =3, m = A)

3
The UCTM is
(E—e3)(E—e2)(E—eq) - (E—e3)t1 . (E—eq)ta _W + to
M3(E) _ tataty tats taty tito t1 . (3.25)
(B—e2)(BE—e1) 41 _ (E—e2)ts
ti1to to tito

For cyclic boundaries, Eq. (3.9) takes the form

O3
ey M (3.26)

i=1 ijk

:w

1
(k3a) = =
cos(k3a) =3
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Figure 3.5: Eigenspectrum of the one-dimensional periodic lattice with a unit cell of two sites (u = 2)

with fixed boundaries [Eq.(3.24)], for m up to 15 unit cells (N = 30), for fixed on-site energies (€1, €2) =
(—0.5,0.5) eV, as a function of the absolute ratio between the hopping integrals |t1 /2]

where (O)? denotes all cyclic permutations of the indices i # j # k € {1,2,3}. This
dispersion relation is presented in Fig 3.6 (left), for the example of a system with
on-site energies (€1, €2, €3) = (6.3,5.8,6.1) eV and hopping integrals (1, ts,t3) =
(0.5,0.6,0.8) V. The three bands that occur for this system have widths =~ 0.51, 0.89, 0.38
eV (from lower to higher energy) and the corresponding gaps are ~ 0.22, 0.60 eV.

For fixed boundaries, it follows from Eq. (3.17) that the eigenvalues are the solutions

of

Um(z) = _%Um—l(z)' (327)

The eigenspectrum for m up to 20 unit cells (N = 60) is presented in Fig. 3.6 (right),
for the same system as in Fig. 3.6 (left). The bands that are shaped as N increases
have widths ~ 0.51,0.88,0.37 €V, in agreement with the cyclic boundaries, but there
are also three eigenvalues that exceed these bands, two of which lie well within the
second gap. Generally, our calculations for u = 3 show that these mid-gap eigenvalues
are three at most and their exact number and position depends on complex relations
between the TB parameters. Such relations for 3-Toeplitz matrices of order N = 3m+2
can be found in Ref. [164], where the authors obtain in that case two such eigenvalues
at most. In our case, where N = 3m, we find that, as N increases, these eigenvalues
converge at most to three of the zeros of M}? x M2!. Specifically, for the parameters of
Fig. 3.6, the positions of the mid-gap eigenvalues, which are shown in Fig. 3.6 (right),

converge quickly, as IV increases, to 7% +, /(25%9)2 + {3, i.e. the zeros of M3?, and

ate 4+ /(95%2)2 + 13, ie. the maximum of the zeros of M3'.
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Figure 3.6: (left) Dispersion relation for cyclic boundaries and (right) eigenspectrum for fixed boundaries
for m up to 20 unit cells (N = 60) of a one-dimensional periodic lattice with a unit cell of three sites,
with on-site energies (€1, €2, €3) = (6.3,5.8,6.1) eV and hopping integrals (¢1,t2,t3) = (0.5,0.6,0.8)
eV, as determined by Eqgs. (3.26) and (3.27), respectively.

3.2.4  Unit cell of four sites (v =4, m = )
The UCTM is

(E—ea)(E—e3)(E—e2)(E—e1)  (E—eq)(E—e3)th _ (B—eq)(E—e3)(E—e2) + (E—eq)ta
tatstoty totsty tataty taty
_(E—64)(E—61)t2 . (E—e2)(E—e1)ts + tits +(E—62)t3
M4 — ti1tsta titaty toty toty
(E—e3)(E—e2)(E—e1)  (E—es)t1 _ (E—e1)to _ (E—e3)(E—e2)ty 4 t2ta
t3toty t3to t1ts tatoty t1ts
(3.28)
For cyclic boundaries, Eq. (3.9) takes the form
() ﬁ (E —¢) % (B —e)(E — )t
cos(kda) == || ———= —
o 117, / 2ttt
i=1 ijkl
t1t tot
13 2 (3.29)

29ty 2tyt3

where ()* denotes all cyclic permutations of the indices i # j # k # | € {1,2,3,4}.
This dispersion relation is presented in Fig 3.7 (left), for a system with on-site en-
ergies (€1, €9,€3,€4) = (7.0,9.0,7.5,8.5) eV and hopping integrals (t1,t,t3,t4) =
(1.2,0.9, 1.0, 0.8) eV. The four bands that occur for this system have widths ~ 0.33, 0.61,
0.58,0.30 eV (from lower to higher energy) and the corresponding gaps are ~ (.42, 1.50,
0.53 eV.

For fixed boundaries, it follows from Eq. (3.17) that the eigenvalues are solutions of

Um(Z) _ (_ (E - Eiziil— 62)t4 + ijii) Um_l(z), (3.30)

The eigenspectrum for m up to 20 unit cells (N = 80) is presented in Fig. 3.7 (right),
for the same system as in Fig. 3.7 (left). The bands that are shaped as N increases
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Figure 3.7: (left) Dispersion relation for cyclic boundaries and (right) eigenspectrum for fixed boundaries
for m up to 20 unit cells (N = 80) of a one-dimensional periodic lattice with a unit cell of four sites,
with on-site energies (€1, €9, €3,¢4) = (7.0,9.0,7.5,8.5) eV and hopping integrals (t1,t2,t3,t4) =
(1.2,0.9,1.0,0.8) eV, as determined by Egs. (3.29) and (3.30), respectively.

have widths ~ 0.33,0.61,0.57,0.30 eV, in agreement with the cyclic boundaries, but
there is also one eigenvalue that exceeds the first band. Generally, there are four mid-
gap eigenvalues at most, the exact number and position of which depends on com-
plex relations between the TB parameters. Again, we find that, as IV increases, these
eigenvalues converge at most to four of the zeros of M}? x M?!. Specifically, for the
parameters of Fig. 3.7, the position of the mid-gap eigenvalue, which is shown in Fig.
3.7 (right), converges quickly, as N increases, to the minimum zero of M}!.

3.3 Density of states

For a periodic WM with cyclic boundaries, the DOS can be obtained with the help of
the UCTM as } .
m d m |35
E)=—— — Bl
olE) = Fplacos()] = L
where no spin degeneracies are taken into account. It is obvious that 2u vHS are
expected at the points where z(E) = +1, i.e. at the energies that lie at the center and
edges of the 1st Brillouin Zone. Below, we provide analytical expressions of the DOS
for systems with unit cell of 1, 2, 3, and 4 sites, as the simplest examples of the generic
periodic system. For large IV, the DOS for cyclic boundaries converges with the DOS
for fixed boundaries.

(3.31)

3.3.1 Unit cell of one site (u=1,m = N)
Eq. (3.31) takes the form [58]

B N
/42 — (E — )2

9(E)

(3.32)

Two vHS occur at £/ = ¢; 2|¢;|. The DOS (over the total number of sites V) for u = 1
is presented in Fig. 3.8, for a fixed on-site energy, €; = 0, where the effect of alternating
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Figure 3.8: DOS (over N) of the one-dimensional periodic lattice with a unit cell of one site [Eq. (3.32)],
for a fixed on-site energy €; = 0, as a function of the magnitude of the hopping integral |¢1].

the magnitude of the hopping integral, |t |, is also demonstrated. Increasing the value
of |t1] linearly increases the bandwidth and reduces the sharpness of the vHS that occur
at the band edges.

3.3.2  Unit cell of two sites (u =2, m = 3)

Eq. (3.31) takes the form

N |2E — €1 — €2|
9(E) = o =
VABE — (B - e))(E - &) — £ — 3]

(3.33)

200
150,
100

g(E)/N (eVT)
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Figure 3.9: DOS (over N) of the one-dimensional periodic lattice with a unit cell of two sites [Eq.
(3.33)], for fixed on-site energies (e1,€2) = (—0.5,0.5) €V, as a function of the absolute ratio between

the hopping integrals, ‘ ;—;

Four vHS occur at F = <3< + \/(%)2 + (t1 £ t2)%. The DOS (over the total

number of sites V) for u = 2 is presented in Fig. 3.9, for fixed on-site energies (€1, €2) =
(—0.5,0.5) eV, where the effect of altering the magnitude of the ratio between the
t

hopping integrals, ‘5 , is also demonstrated. The DOS is symmetric around the mean

t1
to

on the bandwidths and

of the on-site energies. Furthermore, the effect of altering
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bandgap, discussed in Subsec. 3.2.2 (cf. inset of Fig. 3.4) is clearly illustrated. The vHS
that are closer to the gap are less sharp. The sharpness of all vHS decreases dramatically

t1
t—‘ > 1

as goes from 0 to 1, and slower for

t1
to

3.3.3 Unit cell of three sites (u = 3, m = %)

Eq. (3.31) takes the form

OS
Z (F—e)E—¢)
A it th 2l
N ik ilj i
g(E) = — . (3.34)
o LD %(E—mw
2 t; ™ 2tit;

i=1 v

In Fig. 3.10, we illustrate the DOS of a system with three sites per unit cell, for
the parameters used in Fig. 3.6, as obtained by Eq. (3.34). As a careful comparison
of Figs. 3.6 (right) and 3.10 suggests, the relative sharpness of the vHS as well as the
position of each band’s DOS minimum can be expected from the density of points in
the eigenspectrum, as IV increases. This is another demonstration that in the large
N limit, the boundary effects play insignificant role in the electronic structure of the
system, since the mid-gap eigenvalues that occur for fixed boundaries are negligible
in number compared to those that lie within the bands.

10
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Figure 3.10: DOS (over V) of a one-dimensional periodic lattice with a unit cell of three sites [Eq. (3.34)],
with on-site energies (€1, €2, €3) = (6.3,5.8,6.1) eV and hopping integrals (¢1, t2,t3) = (0.5,0.6,0.8)
eV.

3.3.4  Unit cell of four sites (u =4, m = %)

Eq. (3.31) takes the form
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024 (E—a)(E—¢)(E—e) (2FE—&—¢)ty
N ijikl 2tzt]tktl QtZt]tl
g(E) = An - =
1— 1 : M _ OZ (B —e)(E — ety n 13 + 217
2 Pty tl ikl Qtztjtl 2t2t4 2t1t3

(3.35)
In Fig. 3.11, we illustrate the DOS of a system with four sites per unit cell, for the
parameters used in Fig. 3.7, as obtained by Eq. (3.35).
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Figure 3.11: DOS (over N) of a one-dimensional periodic lattice with a unit cell of four sites [Eq. (3.35)],
with on-site energies (€1, €2, €3,¢4) = (7.0,9.0,7.5,8.5) eV and hopping integrals (t1,to,t3,t4) =
(1.2,0.9,1.0,0.8) eV.

9(E)/N (e

3.4 Transmission coeflicient

The TC describes the probability that a carrier, incident to a quantum system, transmits
through its eigenstates. To obtain the TC of a one-dimensional TB lattice, we connect
the ends of the system under examination to semi-infinite homogeneous leads, which
play the role of a carrier bath. Hence, sites [—oco, 0] U [N + 1, 00| belong to the left and
right lead, respectively. Within sites [1, N| lies the periodic lattice under examination,
which is considered as a perturbation in the homogeneous infinite lead. The coupling
between the ends of the periodic wire and the left and right lead is described by the
effective parameters ¢, and tp, respectively. Here, we generally choose them to be
different, as a reflection of the difference in coupling of the same material (lead) with
different moieties (the end sites of the system). The effect of this asymmetry in coupling
will be discussed in detail below. The leads’ band lies in the energy interval [e,, —
2ltml, €m + 2|tm|], where €, is the on-site energy of the leads and ¢, the hopping
integral between the leads’ sites, since their dispersion relation at zero bias is identical
to Eq. (3.20). Hence, the energy center and bandwidth of the leads are €, and 4|t,,|,
respectively. If we imagine the lead as a homogeneous system with one electron per
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site, then the band is half-filled (hence the leads are metallic), and ¢, is the Fermi
energy of the metal. The GTM of the whole lead-system-lead complex is Mz My M;,
where M,/ represents the sites of the ideal, cyclically bounded left/right lead, and
My = Pr My Py, where

oo tm
PR=<tS t_R), PL:(% t_L) (3.36)

tm

are the matrices that describe the coupling of the three subsystems. The waves at the
left and the right lead can be expanded as

w{n}<l _ eiQLna + Te—iana’ ¢{n}>N _ teiana7 (337)

where q;,, is the wavenumber. We have assumed, without any loss of generality, that
the incident waves come from the left and we have normalized their amplitude. Hence,
the TC at zero bias (where qr = ¢, := ¢) is defined as T'(F) = \t|2. The GTM of the
perturbation’s region obeys to the equation

Un\ o (™
( N ) _ Ny < wo> | (338)

Substituting Eq. (3.37) to Eq. (3.38) yields

t ~ 1
(4) <o (1), o)

where
~ eina 0 -1 eiqa efiqa -1 ~ eiqa efiqa
9:)/t]\/' - ( 0 e—ina) ( 1 1 > MN( 1 1 > (340)
Hence,
det(ﬁjnN)
N
After some manipulations, we find that the TC at zero bias is given by
4 sin®
T(E) = sin”(qa) . (342)

RN . N . .
Tr(MN> sin®(qa) + [M}\? — M# + (MY} — M3?) cos(qa)]

Substituting the elements of My, and taking into account the unimodularity of My,
leads to the form

1
T(E) = 1+—A(E)’ (3.43)
where
A(E) = [(Wy(E) + X} (E) cos(qa)] N X;,(E)Q’ (3.44)

4sin®(qa)
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and
Wy (E) = Mytw— Mw™, (3.45)
XE(E) = My £ MEx. (3.46)
The term
ton tN
w= == (3.47)
tptr

which is included only in Wy (E), expresses the coupling strength (specifically, the
less the value of w, the stronger the coupling), in means of the deviation of the real
coupling of the system to the leads from the ideal coupling [in which the product of
the coupling hopping integrals (¢1,tz) becomes equal to the product of the hopping
integrals of the isolated lead (t,, = ) and the isolated system (t; = ty) as if each was
cyclically bounded to itself]. The term

Y =2, (3.48)

which is included only in X5 (E), expresses the coupling asymmetry, ie. the dif-
ference in coupling strength between the leads and the left/right end of the system.
The maxima/minima of TC are the minima/maxima of A(E'), which is a polynomial of
energy of degree N.

For a periodic system, taking into account Eq. (3.13), it holds that

Wy (E) = Upn(2)w = Up-1(2) M (w + w™h) 4 Uppa(2)w ™, (3.49)
XN(B) = Una(2) X, (E), (3.50)
X (B) = (M >x £ M2'x71), (3.51)

and ty in Eq. (3.47) replaced by ,,.

In the following Subsections, we discuss in detail the effect of the coupling strength
and asymmetry, as well as the lead properties, to the transmission profile of any peri-
odic system. In all cases considered below, we will assume that the bandwidth of the
leads, as determined by |¢,,|, is such that it contains all the eigenstates of the system,
in order to gain the full picture of the transmission profiles.

3.4.1 Ideal coupling

For ideal coupling between the leads and the system, i.e. when |w| = |w™!| = 1, the
recurrent formula Eq. (3.11) results in Wy = sgn(w)U,,_1(2) (MM — M??). Hence,

U

4 sin’(qa) 4

MM — M2) + Xf(E * o Xg(B)?
A(E) — {[Sgl’l((ﬂ)( U u ) + u ( )Cos(qa)] + ( ) }Um1(2)2- (352)
From Egs. (3.52) and (3.43) it is obvious that if U,,_1(z) = 0, then T'(F) = 1. Hence,
for ideal coupling, there are (m — 1)u = N — u energies in which transmission be-
comes full. These energies lie in the zeros of U,, 1(z), i.e., they are the solutions of



3.4. TRANSMISSION COEFFICIENT 49

1
( ‘) VTTTT
m) = (3.5,2) eV, x =1
081 :(473)6V7X:2
s tm :(5,18) BV,XZO.Q
— 0.6
-
~ 04+ |
I
0.2’ \? -
0 \\& ! I Ub

4
E (eV)

Figure 3.12: Transmission coefficient of a periodic system with v = 3 and m = 5 (N = 15), for the
ideal coupling condition w = 1. The TB parameters of the system are (€1, €2, €3) = (3,4,5.5) eV and
(t1,ta2,t3) = (1,0.8,1.5) V. The energies that correspond to full transmission do not depend on the
energy center and bandwidth of the leads or the coupling asymmetry; they depend solely on the energy
structure of the system, their number is (m — 1)u = 12, and they are given by the zeros of Uy(z).
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Figure 3.13: Dependence of the transmission coefficient on the coupling asymmetry  for a periodic sys-
tem with u = 3 sites per unit cell and m = 6 unit cells (N = 18), for the ideal coupling condition |w| = 1.
The TB parameters of the system are (€1, €3, €3) = (6.3,5.8,6.1) eV and (t1, t2,t3) = (0.5,0.6,0.8) eV.
The on-site energy and hopping integral of the leads are chosen F,,, = 6 €V, t,,, = 2 €V. [Top] T(E) for
|x| > 1. [Bottom] T'(E) for |x| < 1. The transmission becomes full in (m — 1)u = 15 energies, which
are given by the zeros of Us(z). As |x| increases (decreases) above (below) 1, u — 1 secondary peaks
occur, the energy of which is related to the zeros of M2 (M21).
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2(E) = cos(“%), p = 1,2,...,m — 1. Thus, their position depends solely on the
energy structure of the system and not on the energy center/bandwidth of the leads
or the coupling asymmetry. This is depicted in Fig. 3.12, for a periodic system with
u = 3 sites per unit cell and m = 5 unit cells (N = 15). Finally, we should mention
that this full transmission condition that occurs for ideal coupling is solely a result of
the periodicity of the system, i.e. of the fact that the elements of My are related to
the Chebyshev polynomials of the second kind. The effect of the energy center and
bandwidth of the leads will be separately addressed below.

The role of coupling asymmetry

The role of coupling asymmetry is depicted on Fig. 3.13, for the system of Fig. 3.6 with
m = 6 unit cells (V= 18). We notice that increasing (decreasing) | x| above (below) 1
leads to a significant decrease in the lower envelope of T'(E), i.e., the “curve” shaped by
the local minima of 7'(F'), and a sharpening of the transmission peaks, which reflects
the enhancement of backscattering effects. Furthermore, such an increase (decrease)
of | x| above (below) 1 leads to the appearance of u — 1 secondary peaks, the positions
of which are related to the zeros of M? (M?2'). These peaks occur because this increase
(decrease) of |x| leads to the domination of the terms X*(E) inside the curly brackets
of Eq. (3.52).

The role of the leads

Let us take as an example the system of Fig. 3.7 with m = 30 unit cells (N = 120)
and suppose symmetric coupling, |x| = 1. For a fixed bandwidth of the leads, 4|t,,|,
we observe that changing the energy center of the leads, €,,, has a significant effect on
the lower envelopes of T'(E) (Fig. 3.14 [Top]). Generally, the increase of €, leads to a
shift of the maxima of the lower envelopes to smaller energies. In Ref. [181], where
the TC of a periodic single-stranded DNA segment with © = 2 is studied, the authors
state that the position of the maxima of the lower envelopes increases with ¢,, (cf. Fig.
3 of Ref. [181]), i.e., the reverse behavior. With our treatment, we found that this holds
only if V¢, =2 0, cos(qa) > 0 <= FE — ¢, < 0, ie, if the dispersion relation of
the leads is inconsistently incorporated into the calculations. Taking the dispersion
relation in such a manner, we were able to reproduce Fig. 3 of Ref. [181], and noticed
that the transmission profiles are generally alternated, giving rise to the behavior the
authors mention. If we fix €,,, we find that the increase of the leads’ bandwidth, 4|t,,|,
has significantly smaller effect on the transmission profiles, compared to the increase
of €, (Fig. 3.14 [Bottom]).

3.4.2 Strong or weak coupling

From Eq. (3.49) it follows that in the very strong coupling regime (jw™!| > 1)

Wr(E) = w0 (Up_a(2) — Up_1(2)M?2), (3.53)
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Figure 3.14: Dependence of the transmission coefficient on the leads properties for a periodic system
with u = 4 sites per unit cell and m = 30 unit cells (N = 120), for the ideal coupling condition and
symmetric coupling |w| = |x| = 1. The TB parameters of the system are (e1, €2, €3, €4) = (7,9, 7.5,8.5)
eV and (t1,t2,t3,t4) = (1.2,0.9,1,0.8) eV. [Top] T(E) for fixed bandwidth 4|t,,| (t,, = 3 €V) and
varying energy center €,,. [Bottom] T'(E) for fixed energy center (e,, = 8 €V) and varying ¢,,. The
transmission becomes full in (m — 1)u = 116 energies, which are given by the zeros of Usg(2).

while, in the very weak coupling regime (jw| > 1)

Wx(E) ~ w(Up(2) = Up_1(2) M), (3.54)

If the coupling is strong or weak and symmetric, the term Wy (FE) becomes domi-
nant in Eq. (3.44). Hence, for very strong or weak symmetric coupling, the trans-
mission peaks occur in the region of the zeros of Wy (E), as given by Eq. (3.53) or
(3.54), hence, N — 2 or N peaks are expected, respectively. A depiction of the effect of
the decrease (increase) of coupling strength factor w below (above) the ideal coupling
condition, for symmetric coupling, is presented in Fig. 3.15 (3.16), for a system with
u = 6 and m = 4 (N = 24). The TB parameters of the system are (1, €9, €3, €4, €5, €6)

= (10,8.3,9.7,8.8,9.1,8) eV and (t1,ts, 15, s, ts5,t6) = (0.9,1,0.8,0.6,1.1,0.7) eV.
The leads’ parameters are €, = 9 eV, t,,, = 2 eV.

The role of coupling asymmetry
If the coupling is strong (weak) and asymmetric, three cases can be distinguished:

(a) If the coupling asymmetry is significantly smaller than the coupling strength or
weakness [max(|x|, |[x7'|) < |w™!| for strong coupling or max(|x|, |[x!|) <
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Figure 3.15: (a) Dependence of the transmission coefficient T'(E) on the coupling strength factor w,
in the strong coupling regime (|w*1| > 1), for symmetric coupling (|x| = 1), for a periodic system
with u = 6 and m = 4 (N = 24). (b) Transmission coeflicients for strong (jw| = %) and very strong
(w| = ﬁ) coupling in logarithmic scale. As the coupling strength ‘w‘l‘ increases above the ideal

coupling condition, N — 2 peaks arise. For very strong coupling, the peaks’ positions are determined
by the zeros of Eq. (3.53), depicted in dashed lines, in the bottom panel of (b).

|w]| for weak coupling], W (E) continues to be dominant in Eq. (3.44), hence,
the transmission peaks occur again in the region of the zeros of Wy (E) as given
by Eq. (3.53) for strong coupling or by Eq. (3.54) for weak coupling.

(b) Ifthe coupling asymmetry is of comparable magnitude with the coupling strength
or weakness [max(|x|, [x"!|) & |w™!| for strong coupling or max(|x/|, |[x~!|) ~
|w| for weak coupling], the peaks position cannot be determined without the full
solution of Eq. (3.44).

(c) If the coupling asymmetry is significantly larger than the coupling strength or
weakness [max(|x|, |x"!|) > |w™?!| for strong coupling or max(|x|, [x!|) >
|w| for weak coupling], the terms X *(F) become dominant in Eq. (3.44), hence
the transmission peaks occur in the region of the zeros of U,,,_(z)M_}? for |x| >
1 or of U,,_1(2)M?! for |x| < 1. The peaks number in this case is N — 1.

This behavior is depicted in Fig. 3.17, in the case of weak and asymmetric coupling,
for the same system as in Figs. 3.15 and 3.16.
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Figure 3.16: (a) Dependence of the transmission coefficient T'(E) on the coupling strength factor w,
in the weak coupling regime (Jw| > 1), for symmetric coupling (|x| = 1), for a periodic system with
u = 6 and m = 4 (N = 24). (b) Transmission coefficients for weak (Jw| = 5) and very weak (jw| =
100) coupling in logarithmic scale. As the coupling weakness |w| increases above the ideal coupling
condition, IV peaks arise. For very weak coupling, the peaks’ positions are determined by the zeros of
Eq. (3.54), depicted in dashed lines, in the bottom panel of (b).
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Figure 3.17: Dependence of the transmission coefficient T'(F) on the coupling asymmetry |x|, in the
weak coupling regime (Jw| = 10), for |x| = 2 (top), 10 (middle), 100 (bottom), for a periodic system
with u = 6 and m = 4 (N = 24). For |x| < |w|, the transmission peaks occur in the region of the
N zeros of Eq. (3.54), which are also depicted in the top panel. For |x| > |w|, the transmission peaks
occur in the region of the N — 1 zeros of U,,,_1(z) M}2, which are also depicted in the bottom panel.
The case in which the asymmetry of coupling is comparable to is weakness, is an intermediate regime.
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The role of the leads
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Figure 3.18: Dependence of the upper envelope of the transmission coefficient on the energy center of
the leads, ¢,,,, for a system u = 4 sites per unit cell and m = 30 unit cells (/N = 120), for symmetric cou-
pling | x| = 1, in the strong (top left), very strong (top right), weak (bottom left) and very weak (bottom
right) coupling regimes. The TB parameters of the system are (€1, €2, €3,€4) = (7,9,7.5,8.5) eV and
(t1,t2,t3,ts) = (1.2,0.9,1,0.8) eV. As the strength/weakness of coupling increases, the transmission
profile becomes less dependent on the increase of €,,.
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Figure 3.19: Dependence of the upper envelope of the transmission coefficient on the bandwidth of
the leads, as determined by |¢,,|, for a system u = 4 sites per unit cell and m = 30 unit cells
(N = 120), for symmetric coupling |x| = 1, in the strong (top left), very strong (top right), weak
(bottom left) and very weak (bottom right) coupling regimes. The TB parameters of the system are
(€1, €0,€3,€4) = (7,9,7.5,8.5) eV and (t1,t2,t3,t4) = (1.2,0.9,1,0.8) €V. As the strength/weakness
of coupling increases, the transmission profile becomes less dependent on the increase of |¢,,|. Gener-
ally, increasing |¢,, | has less effect on the transmission profiles than increasing ¢,,.

As it is obvious from the previous discussion, the term that incorporates the prop-
erties of the leads, cos(qa), is significant in Eq. (3.44) only if the coupling asymmetry
is of comparable magnitude with the coupling strength or weakness. In this case, the
effect of the alteration of the leads’ energy center and bandwidth to the transmission
profile is not negligible. Both the upper and the lower envelope are affected. The lower
envelope is affected in the same manner as for the ideal coupling condition. The upper
envelope is also more affected by altering of ¢,,, that it is by altering |¢,,|. If the coupling
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asymmetry is much larger than its strength or weakness, the transmission profiles re-
main almost unchanged. The above remarks are summarized in Figs. 3.18 and 3.19,
where the effect of increasing ¢, and |t,,|, respectively, to the upper envelopes of the
TC in the strong and weak coupling regime, is displayed, for the system of Fig. 3.7
with m = 30 unit cells (N = 120).

3.4.3 Optimal Coupling Condition

From the above discussion, we conclude that in the strong and weak coupling regimes,
the transmission peaks sharpen and the TC does not generally reach the full transmis-
sion condition T'(E) = 1. Hence, stronger coupling does not generally lead to larger
transmission and the ideal coupling condition |w| = 1, together with the symmetric cou-
pling condition, provides the optimal coupling condition. This remark generalizes, for
any periodic one-dimensional lattice, and provides with a physical meaning, the opti-
mal coupling condition reported in Ref. [180], for a single stranded DNA segment with
four sites per unit cell, in which all the hopping integrals of the DNA system were as-
sumed to be equal. In Ref. [180], the authors analytically derive the TC for this system,
impose the condition U,,_1(z) = 0 and apply extreme conditions to 7'(E,), where p
is indexing the energies in which the above condition holds. This treatment allows for
the determination of the TC value in the specific energies, F,, and the authors find
that this value is 1 for the condition |w| = 1 (in our nomenclature). As we have also
shown, this is true. For |w| = 1, when U,,,_1(z) = 0, then T'(E£,) = 1. But, as we
also have shown in the above discussion, the condition U,,_1(z) = 0 does not gener-
ally correspond to the transmission peaks, i.e. [, are not always the positions of the
maxima. Hence, in fact, the treatment of Ref. [180] rather examines the transmission
values in the specific energies F, and not the general occurrence of the transmission
peaks. The condition |w| = 1 is optimal, not because in any other case T'(E,) < 1,
since F, are not generally the positions of peaks, but because in any other condition
the transmission peaks are not generally confined to reach the value 1, as shown above.
For |w| = 1 this value is reached, because it is only then that A(E) is exactly propor-
tional to the Chebyshev polynomials of the second kind, as shown in Eq. (3.52). This
discussion demonstrates that our treatment of the coupling condition in terms of the
transmission peaks’ position, rather than the study of the specific energies for which
Um-1(z) = 0, addresses the effect properly.

Analogous conclusions regarding the coupling conditions can be obtained for more
complex TB models [82]. In Ref. [78], a poly(G)-poly(C) DNA oligomer (N = 5) was
studied within the FM. The authors report that for small values of coupling the trans-
mission shows sharp and narrow unit resonances due to the localization of states,
while, as the coupling increases, the well-arranged resonant peaks overlap. An in-
spection of Fig. 7 of Ref. [78] indicates that there are intermediate values of ¢ (= tg)
in which the overall transmission is more enhanced compared to smaller and larger
values.

In Ref. [182], the authors study a poly(G)-poly(C) DNA chain within an extension
of the FLM, which allows hopping between backbone sites as well as all possible di-
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agonal hoppings (between the nitrogenous bases as well as between the bases and the
backbone). Each of the two strands containing the DNA bases is connected with each
lead with equal coupling parameters. For diagonal hoppings being switched either on
or off, it can again be concluded that stronger coupling with the leads does not neces-
sarily lead to enhanced transmission (cf. the panels in the first two rows in Fig. 2 of
Ref. [182]). This is also evident by comparing the averaged TC, which is defined as

E

/ T(e)de
Emin
E— Emin ’

cf. the panels in third row in Fig. 2 of Ref. [182]. Although T'(F) and T,,(F') are indeed
much smaller for t;, = tg = 0.1 €V, an increase from 0.5 eV to 0.9 eV, does not lead to
transmission enhancement. In fact, for diagonal hoppings switched both on and off,
T, reaches larger values for the intermediate coupling t;, = tr = 0.5 eV.

T,(E) = (3.55)

3.4.4 'The intrinsic hoppings of the system

The previous discussion for the effect of the coupling strength w and the coupling
asymmetry y on the transmission profiles is specified in this Subsection for the two
simplest cases of periodic one-dimensional TB lattices (u = 1,2). The effect of the
intrinsic hoppings of the system is also demonstrated.

In Fig. 3.20, we present the TC of a system with u = 1 site per unit cell and
m = N = 10 unit cells, for the ideal, strong and weak coupling conditions, with or
without coupling asymmetry, as the magnitude of the hopping integral of the system,
|t1], increases up to |t,,|. We have chosen ¢; = ¢,,. The number of peaks is always 9
for ideal coupling, 8 for strong coupling and 10 for weak coupling, as expected by the
above discussion. It is also evident that the ideal and symmetric coupling conditions
lead to the most efficient transmission, although in this simple case, the full transmis-
sion condition 7'(E) = 1 is reached in all cases of symmetric coupling. In the upper
left panel of Fig. 3.20 it can be seen that when |¢t;| = |t,,| the structures of the leads
and the system become identical, hence the system is totally transparent.

In Fig. 3.21, we present the TC of a system with u = 2 sites per unit cell and
m = 5 unit cells (N = 10), for the ideal, strong and weak coupling conditions, with
or without coupling asymmetry, as the magnitude of the ratio between the hopping

integrals of the system, % , increases. We have chosen ¢,,, = % and the bandwidth

of the leads, as determined by [t,,], is chosen so as to contain all the eigenstates of
the system. Again, it is evident that the ideal and symmetric coupling condition leads
to the most efficient transmission. For ideal and asymmetric coupling, except for the
peaks of magnitude 1 that occur in the zeros of U,(z), there is one additional peak near
E = ¢, (F = €), when x > 1(x < 1),i.e. in the region of the zeros of My (M23'). This
peak is of significant magnitude only when |t;| & |t3|. In the strong (weak) coupling
regime, 8 (10) peaks occur, as expected; the peaks that are closer to the band gap vanish
(emerge) as ‘ % ’ increases. When the coupling is asymmetric, transmission is enhanced
only in one of the two bands.
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Figure 3.20: Transmission coefficient of a periodic system with © = 1 site per unit cellandm = N = 10
unit cells, for ideal (top), strong (middle) and weak (bottom) coupling with the leads. (Left column)
Symmetric coupling. (Right column) Asymmetric coupling. The on-site energy of the system coincides
with that of the leads (¢; = €,,) and the hopping integral of the system increases until it is equal to that
of the leads.
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Figure 3.21: Transmission coefficient of a periodic system with « = 2 sites per unit cell and m = 5 unit
cells (N = 10), for ideal (top), strong (middle) and weak (bottom) coupling with the leads. (Left column)
Symmetric coupling. (Middle column) Asymmetric coupling with |x| > 1. (Right column) Asymmetric
coupling with |x| < 1. We have chosen ¢,,, = <32 and the bandwidth of the leads is chosen so as to
contain all the eigenstates of the system.

3.5 Conclusion

We employed the transfer matrix method to obtain the energy eigenvalues of a periodic
WM, with a single orbital per site, u sites per unit cell, and nearest neighbor hoppings,
for either cyclic or fixed boundaries. The solution of such a system is identical to the
diagonalization of a real symmetric u-Toeplitz matrix of order mu, with or without
perturbed upper left/lower right corners. The dispersion relation (cyclic boundaries)
and the eigenspectrum (fixed boundaries) can be obtained with the help of the ele-
ments of the UCTM and the Chebyshev polynomials of the second kind. The DOS
was also obtained with the help of the UCTM. The properties of the eigenvalues and
the DOS were discussed through representative examples for the simplest cases, i.e.
for systems with u = 1, 2, 3, 4, where the difference in the hopping integrals between
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different sites inside the unit cell was explicitly taken into account. Furthermore, we
attached the periodic systems under examination to semi-infinite homogeneous leads,
and determined the TC at zero bias. We showed that in general the ideal and symmet-
ric coupling condition is also the optimal coupling condition, and demonstrated the
role of the coupling strength/weakness and asymmetry, as well as of the leads’ prop-
erties, to the transmission profiles (number, position, sharpness of peaks). Finally, we
demonstrated the effect of the intrinsic hoppings of the system to the TC, for systems
with u = 1, 2, as representative examples.



Atomic carbon wires’

During the past years, the great scientific advances and achievements in the field of
carbon allotropes, launched by the discovery of fullerenes in 1985 [184], the synthesis
and determination of the structure of carbon nanotubes in 1991 [185] (although the
first report on them can be traced back to 1952 [186]), and the rediscovery of graphene
in 2004 [187], have drawn attention to other forms of carbon such as graphyne [188]
and atomic carbon wires (also called carbynes). Carbynes are one-dimensional sp-
hybridized chains of carbon and represent the ultimate nanoscale structure, a molec-
ular wire with one-atom thickness [189, 190]. The very interesting properties these
structures hold (tunable band gap, extreme stiffness and elastic modulus, high flexi-
bility, room temperature persistence) have drawn a large scientific attention during
this decade. The first direct electrical characterization of atomic carbon chains was re-
ported in 2013 [191], and, although up until 2016 the longest synthesized carbon chain
consisted of 44 atoms [192], more than 6,000 contiguous acetylenic carbons have been
produced inside double-walled carbon nanotubes [193]. The thermal [194-197], vibra-
tional [198-200], mechanical [196, 201], and electronic and charge transport proper-
ties [191, 202-211] of atomic carbon wires are fields of intense contemporary research.

The carbyne structure is characterized by the BLA (in the cumulenic case, BLA = 0,
while in the polyynic case, BLA # (). Although it has been demonstrated that Peierls
distortion [212], the driving force of which is the electron phonon-coupling [213], en-
ergetically favors the polyynic configuration [214, 215], leading the state with BLA
# 0 to be more stable, it has been theoretically shown [216] and experimentally ob-
served [210] that under no strain, the cumulenic phase is also possible. This preser-
vation of the cumulenic symmetry over the broken-symmetry polyynic carbyne in an
unstrained chain has been attributed to the elimination of the Peierls distortion due to
the zero-point atomic vibrations [216]. Another recent work has shown that capping a

*Reproduced from Ref. [183] with permission from the PCCP Owner Societies.
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small finite atomic carbon wire between sp? conjugated end groups with a small num-
ber of aromatic units leads to a reduction of the BLA and the band gap, and hence to a
more cumulene-like structure [217].

The aim of this Chapter is to apply the WM in order to study the electronic structure
and charge transport properties of cumulenic and polyynic carbynes, using the formu-
lation presented in Chapter 3. We show that TB predicts various key aspects and can
efficiently catch and explain some of the most important recent experimental results.
These results include the metallic (semiconducting) behavior of the current-voltage
(I — V) characteristics for cumulenic (polyynic) carbynes, the effect of weakening the
coupling between the leads and one end of the system, as well as the rectifying be-
havior polyynic carbynes demonstrate when there is a mismatch between their Fermi
levels and the ones of the leads.

The cumulenic form of carbyne, in which BLA = 0, can be interpreted as

e =C=C=C=C=C=C=---.

Hence, in a TB treatment, cumulenic carbyne can be considered as a homogeneous
chain with one p, electron per atom and one atom per unit cell, with on-site energy
ec, and a single hopping integral, . On the contrary, its polyynic form, in which BLA
# 0, the structure can be interpreted as

.=C-C=C-C=C-C=---.

Hence, in a TB treatment, polyynic carbyne can be considered as a chain with one p,
electron per atom and two atoms per unit cell, again with on-site energy ec, and two
hopping integrals, ¢t and ¢,, for the short (s) and long (¢) separations, respectively. An
identical treatment holds for the p, electrons, due to energy degeneracy.

4.1 Electronic structure of carbynes

Let us suppose a carbyne chain made up of N carbon atoms. According to the analysis
presented in Chapter 3, the GTM of the chain is P} for cumulenic carbynes, while,
for polyynic carbynes, it is (P, P;)"/2. Taking into account the spectral duality re-
lations [90, 173] and the relation of the elements of the (unimodular) global transfer
matrix with the Chebyshev polynomials of second kind [127, 174], we can determine
the electronic structure of carbynes for either cyclic or fixed boundary conditions [183].
To obtain physically valid numerical results from a TB approach, an appropriate
set of external parameters (on-site energies and hopping integrals) is necessary. In
Ref. [218], the authors have calculated by ab initio methods the bond lengths of atomic
carbon wire structures, i.e. d = 1.282 A for the cumulenic form of carbyne, and d, =
1.301 A, d, = 1.265 A for the polyynic form. Taking these values, we obtain the
hopping integrals we will use below to calculate the I — V' characteristics of cumulenic
and polyynic carbynes via the Harrison formula [85] for the ppm bond, i.e.,
52
t= 0.63md2, (4.1)
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where 7 is the reduced Planck constant and m is the electron mass. Hence, for cu-
mulenic carbynes, t = —2.92 eV, while, for polyynic carbynes t;, = —2.84 eV and
ts = —3.00 eV. We should mention that the inclusion of longer-range terms (second,
third, etc neighbors) is not expected to have a significant effect of the energy structure.
The Harrison formula that we employed is valid for interatomic distances of the order
of the covalent bond. In the case of larger distances, other, exponentially decaying
formulas are more accurate [219, 220]. Using such an exponential law, in the fashion
done in Ref. [221], e.g. for the bond length we have used for cumulenic carbynes, we
find that the hopping integral for the second neighbors would be smaller by one order
of magnitude. The on-site energy of the HOMO of the sp-hybridized carbon is set to
zero. As it will be shown below, altering ec does not affect the energy structure of
the carbynes, apart from an energy shift, but, when their transport properties are con-
sidered, the choice of the metallic leads’ on-site energy relative to that of carbon is of
major significance.
For cyclic boundaries ({9 = ¥n, ¥n+1 = 1), the following dispersion relations
hold for carbynes
E = ec + 2t cos(k.a.), cumulenic, (4.2a)

E=e¢c =+ \/t% + t2 + 2t15 cos (k:pap), polyynic, (4.2b)

where k., € 1* Brillouin Zone, a. = d, and a, = d, + d;. Since there is only one
electron per atom, cumulenic carbynes display metallic behavior (there is one half-
filled band), while polyynic carbynes display semiconducting behavior (one filled and
one empty band). The Fermi level is ec. The transition from metal to semiconductor is
displayed in Fig. 4.1(a), where Eq. (4.2b) is plotted as a function of the ratio ¢, /t,. We
have fixed t, = t, = —2.84 eV, and let ¢; gain values in the interval that corresponds to
distances 1.20 - 1.53 A, i.e. for bond lengths varying from the triple to the single bond
in individual gas-phase carbon molecules [222], using the Harrison formula. We notice
that fort; = t; = —3.00 eV, i.e. for the set of parameters used below for the calculation
of the I — V characteristics [black curve in Fig. 4.1(a)], the bandgap is £/, = 0.32 eV,
in perfect accordance with the gap reported in Ref. [218], from which the bond lengths
were taken. Hence, our treatment is in excellent agreement with the much more time-
consuming and complicated ab initio method [218]. Generally, as ¢, /t increases up to
1 (i.e. the cumulenic case), the width of each band linearly increases and the bandgap
linearly decreases to zero. For t; /t; > 1, the width of each band remains constant and
the gap starts to increase linearly (see inset of Fig. 4.1(a)).

For fixed boundaries (19 = ¥n+1 = 0), the eigenenergies of carbynes can be
obtained recursively via the relations

Un(z.) =0, cumulenic, (4.3a)

—U%(zp) = —U%_l(zp), polyynic, (4.3b)

where 2. = Tr(P})/2 = £, and z, = Tr(P2P,)/2 = % The eigenspec-

trum, i.e. the spectrum of eigenvalues, as derived by Eq. (4.3b), for polyynic carbynes
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Figure 4.1: (a) Dispersion relation [(inset) width of each band and bandgap], (b) eigenspectra for up to
N = 60, (c) density of states of polyynic carbynes as a function of the hopping integral ratio, t1 /ts.
”Used” corresponds to the ratio ts/ty (see text).

is displayed in Fig. 4.1(b), as a function of ¢; /ts, for up to N = 60 atoms. It is again
evident that, as ¢ /¢, increases above 1, an increasing gap occurs. This gap vanishes
when ¢ /t; = 1, i.e. when the transition to cumulenic carbyne occurs. For ¢;/t; < 1 a
bandgap starts to open again, but there is an additional eigenvalue in each band that
as IV increases, reaches ec. This effect occurs straight from the choice of the boundary
conditions. The eigenspectra of such systems have also been discussed, from a math-
ematical point of view, in Refs. [162, 164, 223]. The fixed boundary conditions corre-
spond to a finite carbon wire structure, the ends of which induce a length-dependent
modulation in the BLA [190]. In our model, this would result in an alteration of the
ratio t; /to. Hence, for a finite structure, the modulation of the BLA could cause a shift
along the horizontal axis of Fig. 4.1(b), as /N increases.
The DOS of carbynes is given by the expressions

B N
T\/4t2 — (B — ec)?

N|E—€C|
g(E>: \/4t2t2— E — 2_t2_t2 2’
m 115 — [( ec) 1 5]

, cumulenic, (4.4a)

9(E)

polyynic, (4.4b)
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where the double spin and double band degeneracies are not incorporated. Two van
Hove singularities occur in cumulenic carbynes exactly at the band edges, i.e. for £ =
ec = 2t. In polyynic carbynes, the singularities increase to four, again at the band
edges, i.e. for E = eo + |t; & t3|. The DOS of polyynic carbynes is displayed in Fig.
4.1(c) as a function of ¢ /t5. We observe that the singularities at the top (bottom) of the
valence (conduction) band are much less sharp that the ones at the bottom (top). These
less sharp singularities vanish as t; /¢, reaches 1, i.e. when the transition to cumulenic
carbyne occurs.

4.2 Transmission coeflicient

Suppose we interconnect the ends of a given atomic carbon wire with two semi-infinite
homogeneous leads with lattice constant a and one electron per site, so that they are
metallic. Let €,,7,r) and ¢,,1,(r) be the on-site energy and the hopping integral of the
left (right) lead, so that their energy structure is described by the dispersion relation
E = €nr(r) + 2t (r) cos (qL(R)a). Hence €,,1.(r) = EFr r(r),i.e. the Fermi level of the
leads, and the bandwidth is 4|tmL( R) } The coupling of the leads with the end carbon
atoms is described by the hopping integrals ¢, (g). If we suppose identical leads and,
without any loss of generality, that the incident waves come from the left lead, then

T(E) = m and the polynomials Wy (E), and X3 (E) involved in the A(E) (cf.
Egs. (3.49, 3.50) take the form

WN(E) = UN(ZC)W + UN_Q(ZC)CU_l, (4.53.)

XN(E) = Un-1(z)(Fx " = X), (4.5b)

for cumulenic carbynes, and

Wn(E) = U%(zp)w + i—ZUgr_l(zp)(w +w™) + U%_2(zp)w_1, (4.6a)
1
X5(B) = Uy 1 () (B — )=~ 1), (4.6b)

for polyynic carbynes.

The zero-bias TC of a polyynic carbyne with N = 10 is plotted as a function of ¢; /{5
in Fig. 4.2, for various coupling strength and asymmetry conditions. We have chosen
the Fermi level of the leads, E'r(= €,,) to be equal to that of the carbyne, ec. The cou-
pling integral of the leads is taken ¢,, = —4 eV, so that their bandwidth contains all the
eigenstates of the polyynic chain. Asitis evident from Fig. 4.2, the ideal and symmetric
coupling conditions (w = x = 1) leads to the most enhanced transmission. When the
coupling strength factor deviates from the ideal case, the transmission peaks sharpen
and the transparency of the system is significantly reduced. If the not-ideal coupling
is also asymmetric, then the value of the transmission peaks also reduces, leading to a
further decrease of the system’s transparency. The exact number, as well as the posi-
tion of the transmission peaks in each coupling strength and asymmetry condition can
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Figure 4.2: Zero-bias TC for a polyynic carbyne with N = 10 atoms, as a function of the ratio ¢; /2.
Identical leads have been assumed, with ¢,,, = ¢c and ¢, = —4 eV. (Top) Ideal coupling condition.
(Middle) Strong coupling condition with w = 1/2. (Bottom) Weak coupling condition with w = 2.
(Left column) Symmetric coupling condition. (Right column) Asymmetric coupling condition, with
X = 2,1/2. The TC that corresponds to the parameters t; = t; = —3.00 €V, to = t; = —2.84 €V,
as derived by the bond distances of Ref. [218], is noted with horizontal dashed lines in each panel.

be determined by examining the degree of the terms that become dominant in A(FE)
(cf. Chapter 3). In other words, the number and position of the transmission peaks
are strongly related to the coupling strength and asymmetry, as well the ratio ¢ /ts.
This suggests that the peaks are not exclusively determined by the energy levels of the
system.

4.3 Current-Voltage curves

The I — V curve of a one-dimensional TB model can be given, using the Landauer-
Biittiker formalism [109, 224-227], by the relation

1) =2 [T TEVUE - )~ fulE - w0l @)

under the assumption that charges propagate from left to right. ju1,(g) and f1(z)(E) are
the chemical potential and the Fermi-Dirac distribution at the left (right) lead, respec-
tively. The factor 2 comes from spin degeneracy. From Eq. (4.7) we deduce that, apart
from the energy structure of the system under examination, which is reflected in the
TC, as well as the coupling strength and asymmetry, which have a significant effect
on the transmission profile (c.f. Sec. 3.4), there are several factors that have an effect
on the magnitude of currents, the bias regime and the shape of the I — V' curves [82].
These factors include:

1) Whether or not the TC is considered as bias-dependent. Although assuming bias-
independent TC could be a justified choice at the small bias regime, and it is indeed
less computationally costly, this assumption cannot lead, under any circumstances,
to the occurrence of negative differential resistance, since an increasingly larger part
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(as V increases) of a nonnegative function is integrated. If an external bias is applied
between the (generally, not identical) leads, then the transmission coefficient takes the
form

tm
2sin(qra) sin(qRa)t—L

T(EV)= — p— i
Tr <M£MN> /2 4+ (MEMN)2 cos(qra) — (MyME)'2 cos(qra)
— MMM cos[(qr + qr)a] — MAPMR! cos|(gr — qr)a]
(4.8)
This equation can be derived by calculating the probability current at each lead through
the continuity equation and is used throughout the present thesis everywhere the I —V
curves are presented. For identical leads and V' = 0, Eq. (4.8) leads to Eq. (3.42).

2) The way the external bias is applied. For example, (a) only one of the leads’ energy
bands can be shifted, so that y;, = Er + eV, and ur = Ep, or, alternatively, (b) both
leads’ bands can be symmetrically shifted so that 1, = Er + <. This choice affects

R
both the way the voltage drop is induced in the examined system and the energy limits
of the conductance channel. At finite temperatures, Eq. (4.7) can be written in the form

2 > T(E,V)dE
() [
B —00 cosh(ﬁ) + cosh<2£BT>
i.e., the / —V curve occurs from the modulation of the hyperbolic function sinh (%)

by the integral factor expression [228], while, at zero temperature, the Fermi-Dirac
distributions become Heaviside step functions and determine the limits of integration.
Hence, Eq. (4.7) can be simplified to

_26

1) =3

L
/ T(E,V)dE. (4.10)
IR
3) The choice of the Fermi level of the leads. If this level is not aligned with a transmis-
sion resonance, then no currents occur in the vicinity of V' = 0, while a metallic-like
behavior can be expected otherwise.

Here, we assume that a constant bias V' is applied at the left lead, so that its disper-
sion relation is shifted by V, = eV, and a voltage drop within the carbyne system, so
that the TC becomes voltage-dependent, ie. T(E) = T'(E, V), cf. Eq. (4.8). We apply a
linear voltage drop between the end sites of the leads, separated by a distance L, so that
the on-site energy ec of the nth carbon atom is shifted by V,(n) = V},df", where d,, is the
distance of the nth atom from the end of the left lead. At zero temperature, the Fermi-
Dirac distributions at the leads are fi(E) = 0(EY +V, — E), fr(E) = 0(EE — E),
where ) denotes the Heaviside step function. The conducting states lie in the intersec-
tion of the common energies between the leads and the bandwidth of carbyne chains.
Then, the electrical current can be computed using the Landauer-Biittiker formalism
as de EF+V,

(V)= Z/ T(E,V)dE, (4.11)
E

F
R
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cf. Eq. (4.10). Here, the factor 2 changes to 4 due to the additional double degeneracy
of the bands formed by the p, and p, electrons. As shown in the previous section, the
coupling strength and asymmetry play a significant role in the transmission profile.
So, when quantitative reproduction of experimental results is considered, explicit in-
formation about the size of the chain, electronic structure of the leads and the strength
of coupling between the leads and the chain is necessary. In the following, we study
some of the experimental results of Ref. [210], showing that our model can catch some
key aspects of the experimental observations, and focus on the influence of the leads’
parameters to the I — V' characteristics. Since we have no explicit information about
the above mentioned details, we will display our results for NV = 100, as a representa-
tive case of relatively long atomic carbon wires (the recruitment of which in devices is
experimentally sought) that can be treated with TB. Our calculations show that alter-
ing N has only some quantitative and not qualitative effect on the physical properties.
Although the currents observed in Ref. [210] are no larger than some nA, later experi-
mental findings report currents that lie in the /A regime [211], as our below discussed
results indicate. Quantitative differences could also be attributed to the temperature
effects, since the experiments were carried out at room temperatures. Without specify-
ing the nature of the leads, we will choose Ef r = €cand i, gp = 3.16 eV, a value that
corresponds to the overlap of neighboring atoms in a single graphitic layer plane [229].
For the carbon chain, we will use ¢, for the cumulenic case, and t; = t,, to = t, for
the polyynic case. As for the coupling hopping integrals, we choose t;, = tp = —2.67
eV for cumulenic carbynes, and ¢;, = —2.05 eV, tgp = —3.33 eV for polyynic carbynes,
i.e. values that correspond to double, single and triple bonds, respectively, between
gas-phase carbon molecules [222], according to the Harrison formula (see Sec. 4.1).
The results for the / — V' characteristics for cumulenic and polyynic carbynes with
N =100 for the above mentioned parameters are shown in Fig. 4.3.

(a) | (b)
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Figure 4.3: I — V characteristics of (a) cumulenic (b) polyynic carbynes with N = 100 carbon atoms.
The effect of enlarging the distance between the end of the chain and the right lead, d.r (continuous
blue curves), is also demonstrated, for 10% (red dashed curves) and 40% (green dotted curves) increase.

From Fig. 4.3 it is evident that cumulenic carbynes display a typical Ohmic behav-
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Figure 4.4: (top) TEM image and (b) the corresponding I — V' curve for an unstrained atomic carbon
chain, corresponding to the cumulenic phase. The I — V curve is linear, corresponding to Ohmic con-
ductivity. (bottom) The temporal evolution of a strained carbon chain, corresponding to the polyynic
phase (a) at an arbitrary time zero; (b) after 9s; (c) after 13s, i.e., as the carbyne chains coupling with
one of the leads becomes increasingly poorer. The corresponding I — V' curves illustrate indicate semi-
conducting behavior, although with a decreasing conductivity from (a) to (c). Images reproduced from
Ref. [210], used under CC BY 4.0.

ior (linear curves), while the S-shaped curves of polyynic carbynes are indicative of
a semiconducting behavior. Furthermore, the currents for cumulenic carbynes are of
larger magnitude than for polyynic carbynes, in the same bias regime, in agreement
with Ref. [210]; see Fig. 4.4. In the same work, the experimental / — V' curves were
measured at different times, as the carbyne chains coupling with one of the leads be-
comes increasingly poorer, resulting to reduced currents. We interpreted this effect by
calculating the I — V' curves for increasing values of d.g, i.e. the distance between the
last carbon atom and the left lead. This results in a decrease of the coupling hopping
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integral ¢, which is determined by the Harrison formula. In Fig. 4.3 we show that
the decrease of the carbyne coupling to the right lead results in reduced currents, in
agreement with the experimental observation of Ref. [210], cf. Fig. 4.4.

Let us now examine the influence of the leads’ properties to the I — V' characteris-
tics. Suppose that there is a mismatch between the Fermi level of a polyynic carbyne
and that of the leads, which is defined as A = ¢,,, — €c, and all the rest parameters are
kept the same. The calculated / — V' curves and the differential conductance, %, for
different values of A are presented in Fig. 4.5. From the I — V curves (left panel of
Fig. 4.5) it can be observed that increasing |A| from zero leads to a reduction of the
gap region in the vicinity of V' = 0, until |A| exceeds % = (.16 eV, in which case
the gap region around V' = 0 vanishes. This happens because for A > %( —%)
the Fermi level of the metal lies within the conduction (valence) band of the polyynic
carbyne, leading to non-vanishing currents for small biases. The alternation of the
gap region due to the energetic difference between the contacts and the leads has also
been suggested by recent ab initio calculations, where a significant difference in the
I — V curves is found when the atom chain is sandwiched between graphene layers
and end-capped carbon nanotubes [211]. From the right panel of Fig. 4.5 it can be seen
that the differential conductance has an oscillatory behavior. Although for A = 0,
g—é is symmetric around V' = 0, the increase of |A| induces an increasing asymmetry,
such that 4L(A, V) = 4L(—A, —V). Furthermore, it is evident that, for |A[ > %
the valley of the differential conductance in the vicinity V' = 0 vanishes, giving rise to
large conductance in the small bias regime.
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Figure 4.5: [ — V characteristics (left) and differential conductance (right) of a polyynic carbyne with
N = 100 atoms for different values of the energy difference between the Fermi level of the carbyne and
the metallic leads.

Next, we examine the effect of altering the leads’ bandwidth on the / — V' curves.
For a specific value of bias, the increase of leads’ bandwidth, in terms of increasing
|tm], for fixed coupling hopping integrals, results in increasing w (thus weakening the
coupling), so the transmission peaks become sharper. This is evident by comparing
the peaks that occur for V' = 0.36 V and for V' = 0.50 V in Fig.4.6(a), where T'(F) is
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plotted in the interval of the incident carrier energies in each case. Furthermore, from
Fig. 4.6(a) it can be seen that for V' = 0.50 V, the peaks become wider, their posi-
tion alters, and their value is smaller. The synergetic effect of these changes to T'(E)
can quantitatively be demonstrated by simply taking the average of the TC, T(E), in
each case [inset of Fig. 4.6(a)]. By observing the inset of Fig. 4.6(a), we can expect
that the increase of the leads’ bandwidth results in reduced current, for the same value
of bias. Finally, we can expect that the increase of the current value between 0.36
and 0.50 V will be significantly smaller for increased leads’ bandwidth, i.e. the / — V'
curve in this case will have a more step-like behavior. These observations are sup-
ported by the explicit calculation of the current-voltage curves via Eq. (4.11), which
are presented in Fig. 4.6(b). The progressive increase of the leads’ bandwidth results
generally in reduced currents and gradually to a step-like increase of the current with
applied bias. The occurrence of this step-like behavior can be explained in terms of
the "molecular eigenvalue staircase” [230]. As the bias increases, more transmission
peaks (resonances) are included in the broadening conductance channel, resulting in
gradual jumps in the I — V' curves.
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Figure 4.6: (a) Transmission coefficients of a polyynic carbyne with N = 100 atoms for V' = 0.36 V
and V = 0.50 V for different leads’ bandwidths (¢,, = 3.16 eV and 2.5%,,). The average values of the
transmission coefficient in the energy interval of the incident carriers are presented in the inset. (b)
I — V characteristics of the same system, for different leads’ bandwidths, as determined by ¢,,.

Finally, we examine how considering different contacts affects the I — V" character-
istic of the carbon chain. We assume that the Fermi level of the left (right) lead is shifted
0.2 eV above (below) the Fermi level of the polyynic carbyne and that ¢,,;, = 3.16 eV
= 0.5t,,r. The calculated I — V' curve under these conditions, which is presented in
Fig. 4.7, displays a rectifying behavior. This is in accordance with the experimental
findings of Ref. [210], also shown in Fig. 4.7, in which a rectifying behavior is observed
when the carbyne chains are lying between two different contacts.

The significant influence the contacts have on the charge transport properties of
carbon wires demonstrated by our results is in accordance with the conclusions of
experimental works using the Scanning tunneling microscope break junction (STM-
BJ) technique in order to study the conductance of end-capped oligoynes [204, 205].
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Figure 4.7: (top) Carbon chain between two dissimilar electrodes. The bottom electrode is Fe; the top
electrode is C. (a) TEM image. Scale bar, 5nm. (b) I — V' curve. Image reproduced from Ref. [210], used
under CC BY 4.0. (bottom) Our calculated I — V' curve of a polyynic carbyne with N = 100 atoms,
sandwiched between two different leads.

4.4 Conclusion

We employed a WM using the formulation of Chapter 3 in order to obtain the elec-
tronic structure of cumulenic and polyynic carbynes, in terms of their dispersion re-
lations (for cyclic boundaries), eigenspectra (fixed boundaries), and DOS, obtaining a
bandgap for polyynic carbynes at 0.32 eV, in agreement with more complex ab initio
calculations. We analytically determined the TC at zero-bias by attaching the car-
bynes to semi-infinite metallic leads, and displayed the effect of the coupling strength
and asymmetry to the transparency of the system to the incident carriers. Then, we
calculated the I-V characteristics of cumulenic and polyynic carbynes, which display
metallic and semiconducting behavior, respectively. Furthermore, we studied the ef-
fect on the I-V curves of factors such as the weakening of the coupling of the system to
one of the leads, the relative position of the Fermi levels of the carbyne and the leads,
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the leads’ bandwidth and, finally, the difference in the energy structure between the
leads. Weakening the coupling of the system to the leads reduced currents. Altering
the relative position of the Fermi levels of the carbyne and the leads has an effect in
the gap region and significantly changes the differential conductance. Increasing the
bandwidth reduces the currents and leads to a more step-like increase with bias. Fi-
nally, introducing a difference in the energy structure of the leads results in rectifying
I-V curves. Our results account for the main experimental features reported in the
most recent experimental findings.
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Periodic, deterministic aperiodic,
and random binary DNA segments®

In this Chapter, we focus on the energy structure and charge transport properties of
periodic, deterministic aperiodic and random binary DNA sequences, i.e., sequences
based on the binary alphabet {G,A}. This means that in the 5'-3" strand of double helix
B-DNA we have either G or A. We will use this strand to denote the segments. In the
complementary, 3'-5’, strand we have C and T, respectively. For example, the notation
GGAG means that we have the GGAG bases in the 5'-3' strand and the complementary
ones, CCTC, in the 3'-5’ strand. All studied sequences start with G.

Several works have been devoted to the study of transfer and transport in specific
DNA structures (periodic [56, 180, 232], quasiperiodic [95, 105, 233], random and nat-
ural [12, 72, 73, 234, 235]) using variants of the Tight-Binding (TB) method. Here, we
employ the WM, with the sites of the chain being the base pairs (i.e., the on-site ener-
gies refer to a base pair and the hopping integrals correspond to adjacent base-pairs in
the 5°-3’ direction), to study the spectral, localization and charge transport properties
of periodic, deterministic aperiodic [Thue-Morse (TM), Fibonacci (F), Period Doubling
(PD), Rudin-Shapiro (RS), Cantor set (CS), generalized Cantor set (GCS(4, 2)), Kolakoski
(KOL(1,2) and KOL(1, 3)); see Sec. 2.4] and random DNA binary segments.

TB parameters may change at different levels of theory, and their values can tune
the results, having both quantitative and qualitative effects. In Ref. [236] there are
some nice tables showing the variance of on-site energies and coupling parameters for
different triplets (or triads) of base pairs. When dealing with charge transport prop-
erties, it is usual in the literature to use only one hopping parameter and/or on-site
energy, to simplify the problem. Here, we go beyond these simplifying hypotheses.

“The content of this chapter can be found published in Ref. [231]: K. Lambropoulos and C. Simserides,
Phys. Rev. E 99, 032415 (2019). © 2019 by the American Physical Society.
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We use a TB parametrization that allows for different hopping (or transfer or cou-
pling) parameters (or integrals). Specifically, we use the parametrization of presented
in Ref. [55] for HOMO (see Table A.1 in Appendix A), which will be henceforth referred
to as S parametrization. This leads to quantitative and qualitative consequences. Our
treatment gives a clearer picture, as it will be discussed below. In this spirit, we calcu-
late —among other quantities— autocorrelation functions, integrated density of states,
Lyapunov exponents, TC and I — V curves, taking into account the different on-site
energies as well as the different hopping parameters.

We notice that, in what follows, for substitutional sequences based on a binary al-
phabet, the substitution rules of Table 2.2 hold as such, that is, A = {G, A}, while for
the rest, and, specifically, RS and KOL(1, 3) helping alphabets are defined. In the for-
mer, A = {GG, GA, AG, AA}. In the latter, where 1 — G,3 — A, A = {GG, GA, AA}
(cf. Table 2.2).

5.1 Sequence properties

(GA )y T™
F PD
|| ||

RS CS
HEEEEEE

GCS(4,2) KOL(1,2)
HEEEEEE [ERhEEaRE
KOL(1,3) Random (50% G, 50% A)

GGG GGA GAG GAA AGG AGA AAG AAA GGG GGA GAG GAA AGG AGA AAG AAA

\
0 20 40 60 80 100
percentage (%)

Figure 5.1: Classification of the DNA segments studied in this chapter based on the number and occur-
rence percentage of base-pair triplets. The boxes correspond to each of the 8 possible triplets. For each
segment, white boxes correspond to forbidden triplets, and the color of the rest corresponds to their
occurrence percentage (calculated for large V).

To obtain a clear picture of the interplay between sequence intricacy and energy
profile of the segments, as well as its effect on localization and transport properties,
we present some details on the sequence characteristics of the studied segments. Since
we deal with binary DNA sequences, a useful classification of their properties can
be done through the study of the different base-pair triplets that are found in each
category [159]. A triplet is made of a base pair and its next and previous neighbors.
Since in a realistic treatment we need to simultaneously consider the difference in the
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on-site energies and the hopping integrals (as done here), the total number of possible
triplets (23 for a binary sequence) corresponds to the total number of different transfer
matrices that can be found in the GTM. Thus, a triplet is a natural unit in TB nearest
neighbor interactions. Furthermore, triplets are of great importance in nucleic acids
themselves. Codons are sequences of three DNA or RNA nucleotides that correspond
with a specific amino acid or stop signal during protein synthesis. Each of the 3% = 64
codons corresponds to a single amino acid (or stop signal), and the full set of codons
is the genetic code. Finally, we notice, it has been claimed that the on-site energy of a
base depends on its flanking bases, an idea beyond the scope of our present calculations
[236].

The number of triplets in each studied category of DNA segments as well as the oc-
currence percentage of each triplet (for large V) are depicted in Fig. 5.1. From Fig. 5.1
it is obvious that the periodic (GA),, segment represents the most ordered case (2
triplets with equal occurrence percentages). F and PD segments possess 4 and 5 dif-
ferent triplets, respectively, and have one dominant GAG triplet. TM and KOL(1,2)
segments posses 6 equidistributed triplets. RS, random and KOL(1, 3) segments posses
all possible triplets; in the first two cases they are equidistributed; in the latter there
are some predominant triplets. Finally, the Cantor Set family segments posses many
of the possible triplets [7 for CS, 6 for GCS(4, 2)]. However, the AAA triplets are pre-
dominant, asymptotically reaching 100% occurrence percentage as /V increases. For
segments with primitive substitution rules, the values at which the occurrence per-
centage of each possible triplet converge can analytically be found from the procedure
described in Subsec. 2.4.1. For example, the occurrence percentages of the possible
triplets in PD segments converge to the components of the normalized right eigen-
vector corresponding to A\pp = 2 of matrix S3 [Eq. (2.61)], i.e. [%, %, %, %, %]T.

The intricacy of the sequence determines the total number of TB parameters (on-
site energies and hopping integrals) and the occurrence percentage of each inside a
given segment. In Fig. 5.2, we present the scaling of each TB parameter occurrence
percentage for all studied segments. Among other things, we observe: The occurrence
percentage of {54 is always equal to that of £ 4. In all deterministic aperiodic cases,
the occurrence percentages reach specific values as the generation, g, increases. Com-
paring F and PD sequences, although the former sequence is simpler (cf. Fig. 5.1), it
has the same total number of TB parameters with the latter, since it has the additional
triplet GGG. Again, we notice that, for sequences with primitive substitution rules, the
values at which the occurrence percentage of each on-site energy and hopping integral
converge coincide with the letter frequencies of the possible one- and two-letter words
in the sequence, which can be found from the procedure described in Subsec. 2.4.1.

Having obtained an estimate of the intricacy of the sequences, we move to the
estimation of the correlations of their energy landscape. We will do this by calculating
the autocorrelation function (ACF) [97] for the quantities 2,n=1,...,N. This ratio
is used to fully capture the energy intricacy of the sequences. The degree the base pairs
are correlated with their jth order neighbors, i.e., the correlation between sites with
indices n and n + j for fixed j, is expressed by the lag-j normalized ACF, ACF(j).
Using the notation y;, = ;—: with y being the mean value of yy,,, it is given by
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Figure 5.3: Scaling of the autocorrelation function of various categories of DNA segments. (a) Periodic
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In Fig. 5.3, we present the ACF all the categories of studied segments, for three
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different lengths for each. The horizontal axes are normalized over the total number
of neighbors (N — 1), thus corresponding to the relative neighbor distances. We no-
tice that the ACF of each category has a characteristic shape. Furthermore, from the
inspection of Fig. 5.3, we observe that there is a correspondence between the degree of
intricacy of the segments and the strength of correlations. Random and RS sequences,
which posses 8 equidistributed triplets, display weak correlations. KOL(1,2) and TM
sequences, which posses 6 equidistributed triplets, display somehow stronger corre-
lations. Then follow KOL(1,3), CS, and GCS(4,2) sequences, which posses predom-
inant triplets. The fractal sequences of the Cantor Set family possess strong correla-
tions in the regions where G is present, interrupted by long, largely homogeneous,
regions where it is not present. Deterministic aperiodic segments with the least pos-
sible triplets (Fand PD, with 4 and 5 triplets, respectively) display strong correlations,
and the periodic case is the dominant one.

Finally, we mention that by comparing the ACF of each category for different N, we
can come to conclusions about their inflation/deflation symmetry. Sequences with this
symmetry have similar autocorrelations at similar relative neighbor distances. This is
the case for all studied aperiodic sequences, apart from KOL(1, 2), for which a substitu-
tion matrix cannot be defined, and the random ones [cf. Fig. 5.3(h) and (j), respectively].
As far as the KOL(p, q) family segments are concerned, we have checked no inflation
or deflation symmetry exists when [p — q| = 2v+ 1, v € N, in contrast with the cases
|p — ¢q| = 2v, such as KOL(1, 3), shown in Fig. 5.3(i).

5.2 Eigenspectra and density of states

The energy structure of a physical system is closely connected to many of its prop-
erties (electrical, magnetic, thermal, optical, et cetera). In this Section, we study the
eigenspectra, DOS, and integrated density of states (IDOS) of the above mentioned cat-
egories of DNA segments. The DOS shows the number of states that can be occupied
by electrons at each energy, and can be formally defined as

g(E) =Y 8(E - Ey), (5.2)

where no spin degeneracies are included. The sum runs over all allowed states, each
of which has an eigenenergy Ej. A closely related quantity is the integrated density
of states (IDOS), defined as

[DOS(E) = / " EE (5.3)

—0o0

i.e, it is the number of states that have energy smaller than E. Discontinuities in
the IDOS indicate the presence of energy gaps, and the height of an IDOS step gives
information about the level population. For periodic systems, the regions of allowed
energies lead to smooth parts in DOS or IDOS curves, separated by well defined gaps at
specific energies, thus reflecting the continuous electronic band structure of a periodic
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crystal. On the contrary, the DOS and IDOS of random systems are rough, indicative
of the presence of a multitude of gaps between the allowed energy levels. As it has to
do with deterministic aperiodic sequences with a substitution rule, which reflects their
self-similarity, it has been conjectured (and proven, in several specific cases) that their
energy spectrum is singular continuous, i.e., in the thermodynamic limit, it exhibits an
infinity of gaps and vanishing bandwidths [237].

Furthermore, for primitive substitutions described by a Hamiltonian correspond-
ing to the WM, the following gap-labeling theorem has been introduced by Bellis-
sard et al. [238]:

Theorem 5.13 of Ref [238]. Let H be a Hamiltonian corresponding to the
WM, where the coefficients (i.e., parameters) are determined by a primitive
substitution on a finite alphabet. Then, the values of the IDOS of H on the
spectral gaps in [0, 1] belong to the Z(\py) module generated by the com-
ponents of the eigenvectors Vpr and Vpro of the substitution matrices S and
So, respectively.

From the above theorem, it follows that, in order to obtain the position of the gaps
in the (normalized) IDOS of a primitive substitutional sequence within the WM, it
is sufficient to know the substitution matrices of its legal 1- and 2-letter words (c.f.
Subsec. 2.4.3). Specifically, the gaps can be labeled by the negative powers of \pp
times integral linear combinations of the components of Vpp and Vpp that lie within
the interval [0, 1] [238, 239]. For example, in the case of Fibonacci sequences, from the
diagonalization of S (cf. Table 2.2), we get \pr = ¢ and Vpp = [¢p~1 ¢ 2T (where
¢ is the golden ratio). Hence, the sequence consists of ~61.8% G letters and ~38.2%
A letters [cf. the numerically obtained occurrence percentages of on-site energies in
Fig. 5.2(c)]. The legal 2-letter words in the Fibonacci sequence are AG, GA, and GG
(i.e., AA is forbidden), thus the induced 2-substitution reads (cf. Subsec. 2.4.3) s5(GG)
= (GA)(AG), s52(GA) = (GA)(AG), s2(AG) = (GG), leading to the induced substitution
matrix

00 1
S,=1110]. (5.4)
110

The Perron-Frobenius eigenvector (cf. Subsec. 2.4.2) of S is Vpro = [073 ¢2 ¢ 2"
[cf. the numerically obtained occurrence percentages of hopping integrals energies in
Fig. 5.2(c)] . Hence, the gaps can be labeled by integer linear combinations of negative
powers of ¢. Since every positive power of ¢ can be reduced to a linear expression
of the form ¢ = Ny¢ + N,_1, where IV, is the Fibonacci number of generation g,
and it also holds that ¢9 + ¢=9 € N*, the situation can be reduced to an integral linear
combination of 1 and ¢. Thus, the positions of the gaps in the IDOS of a Fibonacci
sequence within the WM can by given by

{G,} = {n¢ mod 1,Yn € Z}. (5.5)

Another interesting remark, arising from the DOS values of a single-stranded Fibonacci
DNA sequence consisting of G and C, is that the ratio among the distances between
DOS of consecutive generations tends to ¢ [240].
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For fixed boundary conditions ()41 = 1y = 0), the eigenspectrum, i.e., the
eigenenergies F;, 7 = 1,2,..., N of a sequence, can be given by the roots of the
polynomial Mi!(E) (see Chapter 2). Here, the eigenspectra of the sequences have
been calculated by numerical diagonalization of the Hamiltonian matrix, which is real,
tridiagonal and symmetric. For periodic sequences with a repetition unit composed of
u sites, i.e., for N = mu, the matrix is u-Toeplitz, i.e., its elements have the prop-
erty h; ; = Nitq, j+u. The eigenspectra of such sequences can alternatively be obtained
recursively with the help of the Chebyshev polynomials of the second kind (see Chap-
ter 3). The eigenspectra and the corresponding DOS for all the categories of DNA
segments studied in this work are presented in Figs. 5.4-5.5. We notice that for all
studied deterministic aperiodic sequences, the allowed energies do not exceed the en-
ergy interval defined by the eigenspectrum of the random sequence. This also holds
for periodic polymers with only G and A in the 5’-3' strand, as their repetition unit
increases [59] (see Chapter 8). Hence, the above mentioned interval of the random se-
quence represents a limit. Two subsets of the aforementioned interval gather around
the on-site energies of G and A, so will be henceforth referred to as G and A energy
regions. Comparing Fig. 5.4 which shows periodic and various deterministic aperi-
odic sequences with Fig. 5.5 which shows fractal, Kolakoski and random sequences,
we observe that the former form subbands which are rather acute in the deterministic
aperiodic cases, while in the latter the DOS is more fragmented and spiky. Regarding
the random case, the plots correspond to a single realization of the lattice; thus, several
DOS peaks are likely related to Azbel resonances, most of which would fade away by
averaging over many realizations.

The normalized IDOS for all categories of DNA segments, for large /V, is presented
in Fig. 5.6. In each panel, the largest energy gap, i.e., the region between two con-
secutive discontinuities of the IDOS, corresponds to the separation between the upper
limit of the allowed energies in the A region and the lower limit of the allowed ener-
gies in the G region. The value of the normalized IDOS in this gap corresponds to the
relative number of A in the sequence. Periodic (GA),,, segments possess two narrow,
well defined, continuous bands, which can be recursively obtained; also, an analytical
expression for the DOS exists [Eq. (3.33)]. TM, F, PD, RS, and KOL family sequences
posses step-like IDOS, which indicates that the eigenenergies concentrate at specific
energy regimes, separated by small gaps. TM and KOL(1,2) sequences resembling
IDOS features, in accordance with their similar triplet number and occurrence per-
centages. Cantor set family sequences have allowed energies predominantly in the A
region. Although at fist glance, the IDOS in this region may seem rather homogeneous,
it can be seen from the insets of Fig. 5.6(f)-(g), that the spectrum is very rough. The
random sequence IDOS has a shape that resembles to that of the RS sequence, although
it is much more disrupted. We have also observed that all periodic and deterministic
aperiodic segments possess IDOS steps such that their relative value is equal to the
occurrence percentages of the possible base-pair triplets (cf. Fig. 5.1). These steps
and the corresponding relative IDOS values are marked in the corresponding panels of
Fig. 5.6 (except for the fractal segments in which the non-AAA triplets have very small
occurrence percentages and cannot be depicted). For example, in the F segments there
are four clear IDOS steps with relative heights ¢ =2, ¢ =3, =%, ¢ 3, respectively, where
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¢ is the golden ratio; this has also been reported before [241]. Our observation holds
for all categories of deterministic aperiodic sequences, either generated by a primitive
substitution matrix or not, such as KOL(1, 2), further connecting the specific base-pair
sequence of a DNA segment with its energy structure.

5.3 Localization

For the GTM of a given segment, My (FE), there exists a limiting matrix L(F) such
that

L

L(E) = lim [My(E)" My(E)]?~. (5.6)

lim
N—o0
The existence of L(F) is guaranteed by the Oseledec multiplicative ergodic theo-
rem [242]. The Lyapunov Exponents of the segment are connected with the vth eigen-

value of L(E), L,(E), through

() = In[L,(E)]. 57)
If the GTM is a 2d x 2d symplectic matrix, as in our case (d = 1), the Lyapunov
exponents are distinct and have the property —y; < —7, < -+ < =795 < Y <

2d
-+ < 779 < 71, hence ) 7, = 0[243, 244]. Since the Lyapunov exponents control the

v=1
growth/decay rate of the solutions of Eq. (2.24), they are associated with the system’s
inverse localization length. In the case of symplectic GTMs, the localization length is
given by the inverse of the smallest positive Lyapunov exponent, v4(E) [244].

Since we deal with finite segments, the numerical Lyapunov exponents presented
below correspond to finite values of NV, hence the limit is dropped. To avoid numerical
overflows when the matrix product is constructed, we use a QR decomposition scheme:
We start with the initial matrix My (E)T'My(E) = PIP}.. . PLPy.. . P,P,. We
perform a QR decomposition of P, i.e. P = le)Rgl), so that My (E)T'My(E) =
PPl . PIPy.. .(P2Q§1))R§”. By consecutivelylperforming QR decompositions
at PJQSI_)1 we arrive at My (E)TMy(E) = QX ] Rg-l) = QWRW, Hence, the

j=2N
matrix R(l)Q(l) and the initial matrix are similar, i.e., they have the same eigenvalues.

By iterating this procedure, we arrive at a form R®Q®, where Q) converges to
1
a unit matrix and R*) = I ng),
j=2N
positive diagonal entries in descending order. Hence, the eigenvalue L, (F) is given
by the ﬁth power of the diagonal element of R*®), R¥)*”, The Lyapunov exponents

are thus

i.e., a product of upper triangular matrices with

2N
1 (k)vv
YW(E) = — g In[R7). (5.8)
2N ‘= J

In our case, where d = 1, the only exponent to be determined is 7, (FE). The index 1
will be dropped below.
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Figure 5.7: Lyapunov exponents of various categories of DNA segments. (Top) Segments with 50% G
content: periodic (GA),, (red-dashed), TM (pink-filled), KOL (1,2) (blue-dotted) and random (black-
filled). (Middle) Segments with more than 50% G content: F (61.82%, black-filled), RS (56.25%, pink-
filled), PD (67.19%, red-dashed) and random (56.25%, blue-dotted). (Bottom) Segments with less than
50% G content: KOL(1,3) (40.00%, pink-dashed), CS (13.17%, black-filled), GCS(4,2) (6.25%, red-
dashed) and two random (40.00% blue-dotted, 10.00% cyan-filled).

The Lyapunov exponents of all categories of periodic and deterministic aperiodic
DNA segments, for large N, are presented in Fig. 5.7, together with some sequences
with randomly rearranged base pairs. We have grouped together the segments accord-
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ing to the percentages of G and A they posses. Cases with similar G and A content
are depicted in Fig. 5.7(a), with dominant G content in Fig. 5.7(b) and with dominant
A content in Fig. 5.7(c). Segments grouped together have similar sizes where possible.

Starting with Fig. 5.7(a), we notice that the Lyapunov exponents follow the trend
of the autocorrelation functions; stronger correlations lead generally to less localized
states. Periodic (GA),, segments have vanishing exponents inside their bands; this is
a signature of the Bloch character of the wavefunctions. TM and KOL(1, 2) sequences
have non-vanishing exponents of similar magnitude. This similarity is direct conse-
quence of the similar base-pair triplet distribution those two categories possess (cf.
Fig. 5.1). The random sequence has generally much more localized states. As a gen-
eral remark, we notice that the Lyapunov exponents in the A energy region are rather
smaller than the ones in the G energy region.

The conclusion that segments with stronger correlations possess less localized states
is also evident from Fig. 5.7(b). Furthermore, the Lyapunov exponents of Fand PD seg-
ments reach very small values in both base-pair energy regions, while those of RS and
random segments do not. F (PD) segments posses larger energy intervals of less lo-
calized states in the A (G) region than PD (F), while for RS and random segments the
exponents follow resembling trends. The dominance of smaller exponents in PD seg-
ments over F segments in the G region can be explained by the enhanced presence of
tce (which is of large magnitude) in the former, induced by the occurrence of GGG
triplets (cf. Fig. 5.1).

In segments with dominant A content, which are depicted in Fig. 5.7(c), the Lya-
punov exponents in the A energy region are much smaller than those in the G region.
KOL(1, 3) segments posses less localized states than random ones with similar G con-
tent in their common allowed energy intervals. The more dominant A becomes, the
less (more) localized are the states in the A (G) region; this is the case for segments
CS, GCS(4,2) and random sequences with similar G content. In these cases, there are
large A-rich regions within the segments, interrupted by Gs, which act like a disorder.
The more homogeneous regions the segments possess, the less localized their eigen-
states will be in the A energy region. Comparing these segments in Fig. 5.7(c), we can
see that, generally, as the percentage of G decreases, the exponents become smaller
in the A region; however, there are always energies at which the fractal sequences,
which possess stronger correlations, are more delocalized than the random one. The
very small percentage of G leads to highly localized states in the corresponding energy
interval.

5.4 Transmission coeflicient

We connect the segments under examination to semi-infinite homogeneous metallic
leads, which act as carrier baths. The leads’ energy spectrum is given by the dispersion
relation £ = E); + 2ty cos(qa), where E) is the on-site energy of the leads and ¢,
is the hopping integral between the leads’ sites. The coupling between the segment
and the left (right) lead is described by the effective parameters ¢7,r). We choose ¢, =
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Figure 5.8: Transmission coefficients of various categories of DNA segments. (Top) Segments with
50% G content: periodic (GA),, (red/dashed), TM (pink-filled), KOL (1,2) (blue-dotted) and random
(black-filled). (Middle) Segments with more than 50% G content: F (61.82%, black-filled), RS (56.25%,
pink-filled), PD (67.19%, red-dashed) and random (56.25%, blue-dotted). (Bottom) Segments with less
than 50% G content: KOL(1, 3) (40.00%, pink-dotted), CS (13.17%, black-filled), GCS(4, 2) (6.25%, red-
dashed), and two random (40.00% blue- dotted, 10.00% cyan-filled).

W = —8.15 eV and t); = —0.25 €V, so that all eigenstates of the systems
under examination are contained within the leads’ bandwidth. We also choose the
coupling parameters ¢ () to satisfy the ideal and symmetric coupling conditions, |w| =

|x| = 1, which have been shown in Chapter 3 to be the optimal coupling conditions
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for periodic segments.

In Fig. 5.8 we present the TC. At first glance, TC qualitatively follows the trend of
the Lyapunov exponents (cf. Fig. 5.7). The less localized the eigenstates are, the more
transparent the segments are to the incident waves at their energy region. Periodic
(GA),,, segments display the most enhanced transmission, and reach the full transmis-
sion condition at specific energies (see Subsec. 3.4.1); this does not hold in general
for deterministic aperiodic and random segments. Furthermore, apart from periodic
(GA),,,, F, and PD segments, transmission in the G energy region is from very small
to negligible. These categories, together with the Cantor Set family ones, display the
most enhanced transmission. TM and KOL(1, 2) sequences display some energies at
which transmission is rather significant. Deterministic aperiodic segments are more
transparent than random ones with similar base-pair content, with the exception of
RS, that generally follows the trend of its randomly redistributed counterpart. Finally,
we notice that the sequences shown in Fig. 5.8(c) have negligible transmission in the
G energy region. This is due to the small role ¢¢¢ plays, since it rarely occurs within
the segments.

5.5 Current-Voltage Curves

We apply a symmetric constant bias voltage 1}, between the leads, so that their chemi-
cal potential takes the form p;, = E)y,+ % Then, a linear voltage drop within the DNA

segment is induced and theRtransmission coefficient becomes bias-dependent. The
energy regime between the leads’ chemical potentials defines the conductance chan-
nel. The electrical current at zero temperature can be computed using the Landauer-
Biittiker formalism [109, 224, 226] as

Vi
Ey+3
2e

1v)="> / T(E, V) dE, (5.9)

v
Ey—=3

since the Fermi-Dirac distributions, f(Ey + %), are Heaviside step-functions [cf.
Eq. (4.10)]. The factor 2 in Eq. (5.9) comes from the double spin-degeneracy of each
electronic level.

Again, we choose the coupling parameters to satisfy the ideal and symmetric cou-
pling conditions, |w| = |x| = 1. We set the leads hopping integral ¢); = —0.5 eV to
ensure that the leads’ bands are wide enough to capture the whole picture. The choice
of the leads Fermi level, E);, plays a major role in both the shape of the I — V' curves
and the magnitude of the currents. This is demonstrated in Fig. 5.9, where the I — V'
curve of a periodic (GA);¢ segment is determined as a function of E),. It is evident
that larger currents (~ 0.1 pA) occur at small biases when £, lies within the bands
of the segment. When this is not the case, voltage thresholds appear, and the (smaller
in magnitude) turn-on currents emerge at biases that increase in a linear fashion with
changing F/y;. The magnitude of the currents becomes gradually smaller as £/, moves
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further away from the segments’ bands, and is negligible when E); lies well outside
the bands. Finally, we should mention that the I — V' curves are symmetric with re-
spect to the difference between F/; and W The above mentioned conclusions
hold also qualitatively for segments consisting of identical monomers with crosswise
purines, such as (GC),,, where only one on-site energy (eg_c¢) is involved, with the
difference that the curves are symmetric with respect to the difference between E,,
and €cqa—C-
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Figure 5.9: The role of the leads’ Fermi level, E/, to the I — V' curve of a (GA),6 segment. The vertical
dotted lines encompass the bands of the segment.

0236

Given the previous discussion and Fig. 5.9, we chose to study the I — V' curves
of all segments for two values of £y, specifically —7.95 eV and —8.35 eV (i.e. at the
center of the periodic segment’s bands), to capture both G and A energy regions. In
the following, we will only present curves the currents of which reach the pA regime.
Our results are depicted in Figs. 5.10 and 5.11, for £y = —8.35 eV and E); = —7.95
eV, respectively.

From Fig 5.10(a), it is evident that periodic segments can carry significantly larger
currents (~ 0.1 zA) than other categories. The deterministic aperiodic TM and KOL(1, 2)
segments display quite smaller currents than the periodic ones, of similar magnitude
(~ 1 nA), but with clearly distinct shapes. The similarity of current magnitudes be-
tween TM and KOL(1,2) segments is in accordance with the similarity in the values
of the Lyapunov exponents and zero-bias transmission coefficient for these cases, cf.
Figs. 5.7(a) and 5.8(a), respectively. The random segment displays significantly smaller
currents compared to the rest categories, reaching ~ 10 pA.

As far as segments with dominant G content are concerned, we can see in Fig.
5.10(b) that Fand PD segments can carry significantly larger currents than the RS and
random ones. This is again in accordance with the magnitude of the Lyapunov expo-
nents and the transmission coefficients for these cases, cf. Figs. 5.7(b) and 5.8(b). In
the A energy region, there is a larger energy range in which F segments display less
localized states and higher transmission than PD ones. This is fact is reflected on the
magnitude of the currents (~ 1 nA for F, ~ 0.1 nA for PD). RS and random segments
display currents in the ~ 10 pA regime, but their curves have different shapes.
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Figure 5.10: I — V curves of various categories of DNA segments for F; = —8.35 eV. Categories as

in Figs. 5.7 and 5.8. (a) Periodic (GA),,,, TM, KOL (1, 2) segments and a random segment with similar G
content. (b) F, PD, RS segments, and a random segment with similar G content. (c) (top) KOL(1, 3), CS,
GCS(4,2) segments. (Bottom) Random rearrangements of KOL(1, 3), CS, GCS(4, 2) segments, respec-
tively.
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Sequences with dominant A content are depicted in Fig. 5.10(c). KOL(1,3) se-
quences display rather small currents, that hardly reach 10 pA, due to the fact that the
hopping integral with the largest occurrence percentage, i.e. ¢44, is of rather small
value. Albeit their small magnitude, the currents of KOL(1,3) sequences are larger
than of their random rearrangement, which hardly reach 1 pA. In Cantor set family
sequences, A content is much larger than G content, leading to large parts of the seg-
ment being essentially homogeneous. Hence, although ¢ 44 has a small value, rather
large currents occur (~ 10 nA for CS, ~ 1 nA for GCS(4, 2)). In this class of sequences,
G, which, due to its small presence acts as a disorder in an otherwise homogeneous
segment, is gathered in specific regions. Therefore, the currents they display are about
one order of magnitude larger than their random rearrangements (~ 1 nA and ~ 10
nA, respectively).
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Figure 5.11: I — V curves of various categories of DNA segments for F; = —7.95 eV.

As discussed in previous Sections, in the G energy region the eigenstates of most
segment categories are highly localized and display very small or negligible transmis-
sion. This, for E; = —7.95 eV, leads to currents that lie well below the pA regime.
The only cases that do not follow this trend are the periodic, F, and PD segments, the
I — V curves of which are depicted in Fig. 5.11. The periodic segments curve in this
case is identical to the one for F); = —8.35 eV, due to the symmetry of the / — V'
curves with respect to the difference between £, and W, cf. Fig. 5.9. The
rest two cases display energy intervals in the G region for which less localized states
and enhanced transmission occur, as shown in previous Sections. Close to E);, the
interval for F segments is much smaller than the one for PD segments, leading to a
great difference in the current magnitudes between the two cases: a single spike of
~ 100 pA for F segments, currents in the ~ 10 nA regime for PD segments. This is due
to the presence of GGG triplets in PD segments, which leads to enhanced presence of
tce (the magnitude of which is large), compared to F segments, cf. Fig 5.2(c)-(d).
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5.6 Effect of parameters

It is common in the literature that all hopping parameters between different moieties
are considered equal, for simplicity. Let us provide some example results occurring for
identical hopping parameters, with reference to the Lyapunov exponents: In this case,
F segments posses more delocalized states in the G region (results not presented here),
in contrast with the discussion of Fig. 5.7(b). Additionally, for all studied sequences,
if we take equal hopping parameters, the act of substituting G with A and vice versa
leads to a mere reflection of v(E) relative to the mean value of the on-site energies,
W (results not presented here). This is not the case when different hopping
parameters are considered. Their relative presence and magnitude can lead to signifi-
cant differences in the electronic properties. Another example is the TM sequence. If
we equalize all hopping parameters, the Lyapunov exponent is also symmetric relative
to W (results not presented here), a scenario that does not hold for differ-
ent hopping parameters, cf. Fig. 5.7(a). Of course, the inclusion of different hopping
parameters plays significant role not only in the Lyapunov exponents, but also in all
properties that are determined by the electronic structure, such as the transmission co-
efficient and the I — V curves. To conclude, besides the fact that, in terms of chemical
complexity, taking identical hopping parameters is unrealistic, our treatment reveals
that considering different hopping parameters leads to a better understanding of the
interplay between sequence intricacy and transport properties, both quantitatively and
qualitatively.

Furthermore, as far as transport properties are concerned, different results occur
for different parameter values. For example, we have been able to reproduce the results
reported for the transmission coefficients in Refs. [73, 180, 245], and for the / -V curves
in Ref. [180], using the corresponding parametrizations, which are different from the
S parametrization used here (all with equal hopping integrals). Different shapes as
well as current-voltage regimes can be obtained, if the parameters are modified. For
example, in Ref. [13] where microRNA chains are studied, taking different hopping in-
tegrals between nucleotides but of significantly larger magnitude than the ones used
here, the authors report currents in the nA regime for voltages up to 16 V. These curves
have been reproduced as well. The difference in the current-voltage regimes can also
be seen be comparing the I — V' curves of the homogeneous (G),,, and (A),, segments
(Fig.5.12), which, due to their sequential simplicity, represent the most efficient cases
for charge transport. The curves have been calculated for E); = eg_c (ea—7) for the
former (latter) case, i.e., in the center of the bands, with ¢, = —0.5 eV, and ideal and
symmetric coupling conditions. Since the leads are aligned with the band centers, the
only defining factor of the current-voltage regime is the value of the hopping param-
eter tga (taa). Since tgg > taa, (G),, segments display greater currents than (A),,
segments (~ 10 A vs. ~ 1 pA) and lie in a larger bias regime. Generally, increasing
the value of the hopping parameter results in increase of both the current magnitude
and the voltage regime, until the states of the segment reach the bandwidth of the
leads. For both I — V' curves, the conductance at zero bias is equal to the quantum of

: ol _ _2e2 -5
conductance, i.e., 5 Veo = Gy = -~ 7.748x107° S.
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Figure 5.12: I — V curves of (G)32 and (A)s2 segments.

As discussed in Sec. 5.5 (cf. Fig. 5.9), the occurrence of voltage gaps in the / — V'
curves depends on the relative position of the Fermi level of the leads and the eigenen-
ergies of the segments. For example, a typical semiconducting I-V curve occurs for
(G)30 segments, if we set Fyy — eg_c = 0.3 eV (i.e. for F)y, lying outside the band
of the segment), with a voltage gap of ~ 0.7 V and currents ~ 1 nA. This is in ac-
cordance with the experimental I-V curves reported for the same system in Ref. [20],
where the authors also attribute the voltage gap to the offset between the Fermi level
of the electrode and the energy levels of the (G)3y segment.

5.7 Conclusion

We comparatively studied periodic, deterministic aperiodic, and random binary DNA
sequences within the framework of the WM. We used B-DNA and as a prototype sys-
tem and the binary alphabet {G,A}. All segments had their purines on the same strand.
We gained a better understanding of the interplay between the intricacy of the seg-
ments and their spectral, localization and charge transport properties. We took differ-
ences in hopping parameters between successive monomers into account. This led to a
more realistic evaluation of the role the sequence intricacy plays in the aforementioned
properties.

We determined the number and occurrence percentage of all possible base-pair
triplets that can be found within these segments, as well as their autocorrelation func-
tions. Our results showed that there is a relation between the number of possible
triplets, the existence of dominant triplets and the strength of correlations.

We calculated the eigenenergies, the DOS, and the IDOS. The allowed eigenen-
ergies of all studied deterministic aperiodic segments lie within the interval defined
by the eigenspectrum of random sequences. In all deterministic aperiodic segments,
either if a substitution matrix can be defined or not, there exist energy steps in the rel-
ative normalized IDOS, equal to the occurrence percentages of the possible monomer
triplets. This observation establishes a clear relation between the sequence intricacy
and the spectral properties.

Furthermore, we calculated the Lyapunov exponents and showed that the sequence
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intricacy, the relative presence of each monomer, and the values of the TB parameters
play major role in the degree of eigenstates localization. Generally, sequences with
strong correlations posses less localized states.

Next, we connected the segments to semi-infinite homogeneous leads and studied
the zero-bias TC, reaching similar conclusions regarding their transparency to incident
carriers.

We also studied the I — V' characteristics of the segments, using the Landauer-
Biittiker formalism. We showed that the shape of the curves and the magnitude of
the currents strongly depends on the leads’ on-site energy (Fermi level). The current-
voltage characteristics were calculated for two values of the latter, corresponding to
positions that catch the energy regions of interest. For the parametrization used, we
found that periodic binary segments can carry currents in the A regime. Several de-
terministic aperiodic segments (specifically, Fibonacci, Period-doubling, Cantor and
generalized Cantor) can also display rather large currents, namely in the nA regime,
depending on the Fermi level of the leads. Random sequences hold the smallest cur-
rents, in accordance with the weak correlations they posses.

Finally, the / — V' curves of the homogeneous (G),, and (A),, segments, due to
their sequential simplicity, represent the most efficient cases for charge transport with
conductance at zero bias equal to the quantum of conductance. Typical semiconduct-
ing I — V curves occur for these segments when there is a mismatch between their
eigenstates and Fermi level of the leads, in accordance with experimental results.
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The time-dependent problem

In this Chapter, we briefly present the theoretical framework of unbiased coherent
transfer of an extra charge carrier initially inserted (e.g. by oxidation or reduction
for holes or electrons, respectively) in one-dimensional molecular wires modeled with
TB, as well as the physical quantities studied in the rest of this part of the present
PhD thesis, which are employed to study short DNA segments (monomers, dimers,
and trimers), several classes of periodic DNA polymers, and deterministic aperiodic
and random DNA polymers. We assume that an extra hole moves through HOMOs,
while an extra electron moves through LUMOs.

To describe the spatiotemporal evolution of an extra carrier created at a particular
site of the polymer, we consider the state of the polymer, |V, (%)), as a linear combi-
nation of the monomer’s states with time dependent coefficients, i.e.,

[T(t)) = |n) W (1), (6.1)
where
Uit
U, (t) = ¢”:(t) . (6.2)
by(t)

1! (t) is the probability amplitude to find the carrier at the /th chain of the nth monomer
at time ¢t. Plugging Eq. (6.1) and the TB Hamiltonian of Eq. (2.16) into the time-
dependent Schrodinger equation

L 0 -
tho [W()) = H[T(t)), (6.3)

97
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we arrive at a system of N x L (:= M) coupled differential matrix equations of the
form

dw,,(t - = =
mT() =€V, + 7 U1+ T, W1, (6:4)

i.e., the time-dependent TB system of equations. Eq. (6.4) is equivalent to a 1st order
matrix differential equation of the form

AW (¢) i
—=——HW(t 6.5
o = HE), (©5)
where @(t) is a vector matrix composed of the vector-coefficients \ﬁn(t) n=12,...,N,

or, alternatively, the coefficients ¢, (t) := ,(t), p = 1,2,..., M, with the indices
i, n, [ being connected via the relation

pw=Ln—1)+1. (6.6)

This indexing will be used in the following. Eq. (6.5) can be solved with the eigenvalue
method, i.e., by looking for solutions of the form
B(1) = Be i P dd_t“) o 6.7)
Hence, Eq. (6.5) leads to the eigenvalue problem of Eq. (2.26), that is, H U = EU.
Having determined the eigenvalues and eigenvectors of H, the general solution of
Eq. (6.5) is
M .
\f’(t> = Z Ckwkei"%Ekt. (6.8)
k=1
In other words, the coefficients W, (), x = 1,2,..., M are given by a superposition
of the time evolution of the stationary states with time-independent coefficients cy.
Hence, this is a coherent phenomenon. The coefficients c; are determined from the
initial conditions. In particular, if we define the M x Meigenvector matrix V', with el-
ements 1,1, then it can be shown that the vector matrix ¢, composed of the coefficients
ck, k=1,2,..., M,is given by the expression

é=Vv7T¥(0). (6.9)

Suppose that initially the extra carrier is placed at the Ath site, i.e., ¥ (0) = 1, ¥,,(0) =
0, Vi # . Then,

é=| v | (6.10)

VAN
In other words, the coefficients ¢, are given by the row of the eigenvector matrix which
corresponds to the monomer the carrier is initially placed at.
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We also mention that changing the view of a polymer from one (e.g., top) to the
other (e.g., bottom) side of the growth axis, reflects the Hamiltonian matrix H of
the polymer on its main antidiagonal. This reflected Hamiltonian, H®®", describes
the equivalent polymer. H and H*™" are connected by the similarity transformation
H“"W = J-'HJ, where J(= J!) is the unit antidiagonal matrix of order M. There-
fore, H and H*™" have identical eigenspectra (hence the equivalent polymers’ DOS
is identical) and their eigenvectors are connected by ¥, = 15", - Generally,

equiv(YX...Z) = Zcompl - - - YcomplXcompls (6.11)

where, e.g., Xcompl denotes the complementary base of X.

6.1 Physical Quantities

From Eq. (6.8), it follows that the probability to find the extra carrier at the yith monomer
is

M M M
|\Ifu(t)|2 = Z Cz¢zk + 2 Z Z Ckck’¢uk¢;4k’ COS(Q?Tfkk/t), (6.12)

k=1 k=1 k'=1

k' <k

where
1 E, — Ey

)= = Vk > K 6.13
fkk Tkk;/ h ) ( )

are the frequencies (fxx/) or periods (7} ) involved in charge transfer. If there are no
degenerate eigenenergies (which holds for all cases studied in this part of this PhD

thesis) then the number of different fyr or Ty involved in carrier transfer is S =
(A;) = o 1\]\4{2)! = M(Agfl). If eigenenergies are symmetric relative to some central
value, then S decreases (there exist degenerate fx or Ty). Specifically, in that case,

S = MTQ, foreven M and S = Mi_l for odd M.

From Eq. (6.12), in the absence of degeneracy and for real ¢y, 1, it follows that
the mean over time probability to find the extra carrier at the y-th monomer is

M
CACIED PR (6.14)
k=1

In the following Chapters, we will deal with fixed boundaries, for which the above
equation always holds.

Furthermore, from Eq. (6.12), it can be shown that the one-sided Fourier amplitude
spectrum that corresponds to the probability | ¥ ,(¢)|* is given by

M M M
FulH =D Gund(H)+2) > lewewtbutbul6(f = fw).  (6.15)
k=1

k=1 k'=1
k' <k
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Hence, the Fourier amplitude of frequency fi is 2|cxvuncrvur|. We can further
define the weighted mean frequency (WMF) of monomer x as

M M

Z Z |k Vrr | Frn

k=1 k'=1
k' <k

N M
Z Z ’Ck¢uk0k'¢uk/|

k=1 k'=1
kK'<k

fivn = (6.16)

WMF expresses the mean frequency content of the extra carrier oscillation at monomer
1. Having determined the WMF for all monomers, we can now obtain a measure of
the overall frequency content of carrier oscillations in the polymer: Since f{;,, is the
weighted mean frequency of monomer y and (|¥,(¢)]*) is the mean probability of
finding the extra carrier at monomer y, we define the total weighted mean frequency
(TWMF) as

Frwar = o (207 (6.17)

A quantity that evaluates simultaneously the magnitude of coherent charge trans-
fer and the time scale of the phenomenon is the pure mean transfer rate [55]

2
/4;)\# = M (6.18)
t)\[t

txy is the mean transfer time, i.e., having placed the carrier initially at monomer A,
the time it takes for the probability to find the extra carrier at monomer i, |C), (1) 2
to become equal to its mean value, (|¥ u(t)|2>’ for the first time. For the pure mean
transfer rates,

by = kun =
equiv __ 7.equiv
RVt (v—pt1) = B pey(voat (6.19)

where the superscript “equiv” refers to the equivalent polymer in the sense of Eq.(6.11).



Short DNA segments:
monomers, dimers, and trimers

In this Chapter, we recruit the formulation presented in Chapter 6 to comparatively
study extra electron or hole oscillations in DNA monomers (single base pairs), dimers
(two base-pair sequences), and trimers (three base-pair sequences) within two vari-
ants of the TB model, i.e., the WM and the ELM’. We also compare aspects our TB
results with RT-TDDFT®. As previously, we denote the segments using only the 5" — 3’
strand, while the other one is implied. The mean over time probability, to find the extra
carrier at a specific base (base pair) within the WM (ELM) is denoted with (| A, (t)|*)
((|An(t)]?) for the 1st, 5’ — 3/, strand or (| B,(t)|) for the 2nd, 3' — 5/, strand), with
n=12,...,N;cf Egs. (6.12), (6.14), (6.6).

7.1 Monomers

The WM cannot be used for charge transfer in monomers, since it considers a base
pair as a single site. Hence, we use only the ELM, supposing that initially we place the
carrier at one of the bases. A snapshot of electron oscillations between G and C in the
base pair G-C, according to the HKS parametrization (see Table. A.2 in Appendix A),
is given in Fig. 7.1.

"The content of Secs. 7.1, 7.2, and 7.3, as well as of Appendix B can be found published in Ref. [57]:
K. Lambropoulos, K. Kaklamanis, A. Morphis, M. Tassi, R. Lopp, G. Georgiadis, M. Theodorakou, M.
Chatzieleftheriou, and C. Simserides, “Wire and extended ladder model predict THz oscillations in DNA
monomers, dimers and trimers”, J. Phys. Condens. Matter 28, 595101 (2016). © 2016 IOP Publishing. All
rights reserved.

*The content of Sec. 7.4 can be found published in Ref. [66], under CC BY 4.0, where more results
and computational details are included.
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G-C monomer, electron initially placed at A1(G)
Oscillations at A1(G), i.e. at the "1st strand"
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Figure 7.1: Electron oscillations within G-C, within the ELM and with the HKS parametrization.

It can be proven that an extra hole or electron oscillates between the bases of the
two possible monomers (G-C and A-T) with frequency (or period)

2 2

o % _ (2t)h +A | 1)
where t is the hopping integral between the complementary bases and A is the energy
offset between the on-site energies of the complementary bases. Our results for A-T
and G-C, both for holes and electrons, are shown in Fig. 7.2, with the HKS parametriza-
tion (Table A.2) as well as a parametrization taken from Ref. [68] (“MA parametriza-
tion”). For the HKS parametrization, f ~ 50-200 THz (7" ~ 5-20 fs), while for MA
parametrization, f ~ 250-550 THz (1" ~ 2-4 fs). These ranges correspond to wave-
lengths ~ 545 nm - 6000 nm i.e. from visible to near-infrared and mid-infrared’. It can
also be proven that the maximum transfer percentage p [e.g., max (| B (t)|?) for initial
conditions A;(0) = 1, B;(0) = 0, or vice versa], is given by

(2t)*

= GnEe AT (7.2

We observe that the carrier is not very likely to be transferred between the monomer
bases (p is very small in all cases). The pure maximum transfer rate defined as pf is
also here very small in all cases. The pure mean transfer rate £ is also shown. It can
be analytically proven and numerically shown that here k = 2pf. T', f, p, pf and k do
not depend on which base the carrier is initially placed at.

DNA base pairs within the ELM are two-level system of given stationary states
(the two HOMOs or the two LUMOs) with a “perturbation” represented by the hop-
ping integral, which impels an extra carrier to oscillate between these stationary states.
Mathematically, the problem is equivalent to a two-level system (e.g. atom) under the

°ISO 20473 specifies: Near-Infrared (NIR) 0.78 — 3 pm, Mid-Infrared (MIR) 3 — 50 pm, Far-Infrared
(FIR) 50 — 1000 pm
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Figure 7.2: Charge oscillations in A-T and G-C base pairs within the ELM: period T, frequency f,
maximum transfer percentage p, pure maximum transfer rate pf and pure mean transfer rate k. 1st
row: HKS parametrization. 2nd row: MA parametrization.

influence of an electric field, which impels an electron to oscillate between the two
eigenstates [semiclassical approach after Rotating Wave Approximation or the time-
dependent problem with a Jaynes-Cummings Hamiltonian in a full quantum mechani-
cal approach]. These problems are well known in the context of quantum optics [246].
The same applies to the dimer problem within the WM, which is discussed below.

7.2 Dimers

The possible dimers result from the combination by two of the four bases, since at
the base located in the 5’ — 3’ strand always corresponds its complementary base.
The number of possible combinations of four nitrogenous bases elements by two is
a? = 16. However, six of them are equivalent to other six i.e. GG=CC, AA=TT,
AG=CT, AC=GT, TG=CA, TC=GA,; cf. Eq. (6.11). Hence, the possible dimers are 10.

Within the WM, it has been shown that carrier movement in all dimers is strictly
periodic [55, 247, 248]. The frequencies (or periods) are given by Eq. (6.13), where,
now ¢ is the hopping integral between the base pairs and A is the energy gap between
the on-site energies of the base pairs. Using the the S parametrization (Table A.1), we
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found [55, 247, 248] f ~ 0.25-100 THz, i.e. T" ~ 10-4000 fs, i.e. wavelengths ~ 3 —1200
pm, in other words mainly in the MIR and the FIR range. We also found that the
maximum transfer percentage p = 1 for dimers made of identical monomers, butp < 1
for dimers made of different monomers and that the values of f, T, p,pf, k do not
depend on which of the two monomers the carrier is initially placed at. Using the
HKS parametrization (Table A.1) results in the same frequency range, although, the
predicted frequencies vary slightly due to the different values of the TB parameters. A
summarizing graph is given in Fig. 7.3.
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Figure 7.3: Charge oscillations in all possible DNA dimers within the WM and with the HKS
parametrization: period 7', frequency f, maximum transfer percentage p, pure maximum transfer rate
pf and pure mean transfer rate k. It can be analytically proven and numerically shown that here

k=2pf.

Within the ELM, examples of snapshots of hole oscillations in GG, GC and CT
dimers, using the HKS parametrization (Table A.2), are given in Fig. 7.4. Here, one
cannot strictly determine periodicity in the carrier movement between the four bases,
since there are more than one frequencies involved in charge transfer, hence f, T, p
and pf cannot strictly be defined in the way they are within the WM.

Both TB models allow to determine the mean over time probability to find the
carrier at a site (base pair for the WM or base for the ELM). A comparison between
the mean probabilities obtained with the two TB models is shown in Fig. 7.5, using the
HKS parametrization (Tables A.1, A.2). Comparing the two TB approaches, we reach
the following conclusions: (a) Carrier transfer is large in dimers made of identical
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Figure 7.4: From top to bottom: Hole oscillations within the GG dimer, the GC dimer and the CT dimer,
according within the ELM and with the HKS parametrization. Continuous black (dashed red) lines
correspond to the 1st (2nd) base pair.

monomers: the carrier is shared between the two monomers which make up the dimer.
(b) For dimers made of identical monomers, if purines are crosswise to purines, the
carrier changes strand (from strand 1 to strand 2 or vice versa), while if purines are on
the same strand, the carrier is transferred through the strand it was initially placed at.
(c) For dimers made of different monomers, the carrier is transferred mainly through
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the strand it was initially placed at. Transfer is very small; the carrier basically remains

in the base it was initially placed at, while a small percentage passes to the other base
of the same strand.
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Figure 7.5: Mean over time probabilities to find an extra carrier [hole (1st row) or electron (2nd row)] at
each site of a DNA dimer, as determined within the WM (left column) and and the ELM (right column),
using the HKS parametrization. In the former, the carrier is initially placed at the 1st monomer, while,
in the latter, it is initially placed at the base of the 1st monomer that belongs to the 1st strand.

Let us now compare the two TB models with respect to the frequency content. As
mentioned above, within the ELM, but Fourier analysis using Eq. (6.15) shows similar
frequency content in the THz domain. The Fourier spectra of three representative
examples of DNA dimers, using the ELM and with the HKS parametrization (Table A.2)
are depicted in Appendix B, Figs. B.1, B.2, B.3.

We start with GG, a dimer made of identical monomers with purines on purines
(Fig. B.1). If we initially place the hole at A1(G) or A2(G), we obtain the main Fourier
amplitude at f ~ 30 THz. If we initially place the hole at B1 (C) or B2 (C), we obtain
the main Fourier amplitude at f ~ 32 THz. The rest of the frequencies show up with
almost negligible amplitudes. These results are in accordance with the WM and HKS
parametrization, where for the GG dimer we obtain f ~ 30 THz. Within the WM and
with the S parametrization we had obtained f ~ 48 THz [55, 247]. The amplitudes at
the main frequencies are ~ 0.5, expressing the fact that for GG the mean probability
to find the hole at a base is almost exclusively equally divided between the base the
carrier was initially placed at and the other base of the same strand, cf. also Fig. 7.5.
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We continue with GC, a dimer made of identical monomers with crosswise purines
(Fig. B.2). If we initially place the hole at A1(G) or B2(G), we obtain the main Fourier
amplitude at f ~ 0.3 THz. If we initially place the hole at B1 (C) or A2 (C), we obtain
the main Fourier amplitude peak at f ~ 1.6 THz. The rest of the frequencies show
up with almost negligible amplitudes. These results are in accordance with the WM
and HKS parametrization, where for the GC dimer we obtain f ~ 0.5 THz. Within
the WM and with the S parametrization we had obtained f =~ 4.8 THz [55, 247]. The
amplitudes at the main frequencies are ~ 0.5, expressing the fact that for GC the mean
probability to find the hole at a base is, approximately, almost exclusively, equally
divided between the base the carrier was initially placed at and the diagonally located
base at the opposite strand, cf. also Fig. 7.5.

We finish with CT, a dimer made of different monomers (Fig. B.3). The main Fourier
amplitude is at f ~ 70.75 THz, if the hole is initially placed at C or T, otherwise hole
transfer is negligibly small. Within the WM and HKS parametrization, for the CT
dimer we obtain f ~ 72.5 THz. Within the WM and with the S parametrization we
had obtained f ~ 74 THz [55, 247]. The amplitudes at the main frequencies are ~ 0.25,
when the hole is initially placed at C or T and tiny when the hole is initially placed at
G or A, expressing the fact that for CT the mean probability to find the hole at a base
is approximately 0.75 at the base the carrier was initially placed at and approximately
0.25 at the other base of the same strand when these bases are C and T, but, hole transfer
is negligibly small when the hole is initially placed at G or A.

Generally, a careful inspection in Figs. B.1, B.2 and B.3 shows that the Fourier anal-
ysis confirms conclusions (a),(b),(c).

We now turn our discussion to carrier pure mean transfer rates k), within the ELM
and with the HKS parametrization (Table A.2). Our results are presented in Fig. 7.6. The
specific values of k), depend, of course, on the TB hopping parameters used [249]. For
dimers made of identical monomers with purine on purine (GG=CC, AA=TT), hole
transfer is almost entirely of intrastrand character i.e. it is along the 5’-3' or 3'-5' direc-
tions. Moreover, since k13 and ko4 satisfy Eq. (6.18), in Fig. 7.6 we observe a symmetry
in the alternation of colors for the couples of equivalent dimers GG=CC and AA=TT.
For dimers made of identical monomers with crosswise purines (CG, GC, TA, AT), there
is significant diagonal hole transfer, and furthermore, for CG and TA the stronger hole
transfer is along the 3'-3' direction. For dimers made of different monomers (AG=CT,
AC=GT, TG=CA, TC=GA), hole transfer is almost exclusively of intrastrand character
i.e. along the 5’-3' or 3'-5’ directions; since k3 and ko4 satisfy Eq. (6.18), we observe the
same symmetry in the alternation of colors. For the couple TG=CA, although k5 and
ko4 are the biggest among all other £, they are very small. Electron transfer in dimers
made of identical monomers with purine on purine (GG=CC, AA=TT) is qualitatively
similar to hole transfer in such dimers. For dimers made of identical monomers with
crosswise purines (GC, CG, AT, TA), electron transfer is slightly different than hole
transfer, in the sense that diagonal channels are important but are not, quantitatively,
identically important. Electron transfer in dimers made of different monomers has
a significant intrastrand character, but there is also intra-base-pair character in some
cases. For the same reasons described above, we observe symmetry in color alternation
for k;; of equivalent dimers.



108

CHAPTER 7. SHORT DNA SEGMENTS: MONOMERS, DIMERS, AND TRIMERS

i i ifferent monomer:
120 HOIMO . . . . |denlt|ca| mlonomfers 120 120 HOIMO . . . . di ele .0 lo] Ies 120
E=«k12 E=«k12
100 - B <13 | 00 100 4 <13 | 4o
k14 k14
%4 k23 ) k23
80 - L 80 80 L 80
N N
T 60 - L 60 L 60 - L 60
= =
3 3 £
X~ 40 H L 40 &S 40 o L 40
20 A L 20 20 - L 20
0 i f ” . i L o 0 i — -0
GG CC GC CG AA TT AT TA AG CT AC GT TG CA TC GA
dimer LUMO dimer different
i i rent monomer:
120 LUIMO . . . . |dentI|caI mlonomlers 120 120 : . . . . I e.e .0 ¢ .es 120
E==k12 =V
100 4 E K13 [ 1o0 100 - B K13 | 449
k14 k14
i W <23 | 80 4 ks | o
80 K24 80 _ k24
N N = k34
T 60 Ek34-60 I 60+ - 60
E E
& 40 L40 & 40+ L 40
20 L 20
0 % L0

TA CT AC GT TG CA TC GA

GG CC GC CG AA
dimer

TT AT

dimer
Figure 7.6: Pure mean transfer rates k), between bases A and y either for HOMO (hole transfer, 1st row)
or for LUMO (electron transfer, 2nd row), for all dimers, within the ELM and with HKS parametrization.

The 1st column corresponds to dimers made of identical monomers and the 2nd column to dimers made
of different monomers.

7.3 Trimers

We compare the WM and the ELM for trimers made of identical monomers. Within
the WM, we have shown [55, 247] that these trimers an extra carrier oscillates strictly
periodically with

IR
f=g=""7F" (7.3)

where ¢, 1’ are the hopping integrals between the base pairs (when all purines are on
the same strand, ¢t = ). Using the S parametrization (Table A.1), we found f = 0.5-33
THz (T ~ 30-2000 fs) [247]; using the HKS parametrization (Table A.1), we find f ~
0.5-21 THz (T' ~ 48-2000 fs). In other words, for trimers made of identical monomers,
the frequency range is narrower than for dimers. For 0 times crosswise purines, the
maximum transfer percentage p = 1, while for 1 or 2 times crosswise purines p < 1
[55, 247]. For trimers made of different monomers, carrier movement is not strictly
periodic within the WM. Generally, increasing the number of monomers above three,
the system becomes more complex and periodicity is lost [247]; even in the simplest
cases, e.g. tetramers made of identical monomers with all the purines on the same
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strand, there is no periodicity [248]. Within the ELM, as in dimers, strict periodicity
cannot be determined for any trimer, hence 7', f, p, and pf cannot be defined.

The mean probabilities to find an extra carrier at a base and the mean transfer rates
in GGG and AAA, within the ELM and with the HKS parametrization (Table A.1), are
shown in Fig. 7.7. Remarkably, the probabilities to find the carrier at each base pair are
either ~ 0.375, 0.25, 0.375 or =~ 0.25, 0.5, 0.25 depending on the initial placement of the
carrier, in agreement with the rules we have established in Ref. [56] for the WM.
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Figure 7.7: Mean over time probabilities to find the carrier at each base of GGG and AAA trimers after
having placed it initially at a particular base, within the ELM and with the HKS parametrization. 100000
means that the carrier was initially placed at base A1, 010000 at base B1, etc.

The Fourier spectra show that the two models predict similar frequency content.
Specific examples of Fourier spectra for oscillations in trimers within the ELM and
with the HKS parametrization are presented in Appendix B, for three representative
categories; made of identical monomers with no crosswise purines, i.e., GGG, Fig. B.4,
made of identical monomers with crosswise purines, i.e., GCG, and made of different
monomers with and without crosswise purines, i.e., CAC and CTC, Fig. B.5. For hole
transfer in GGG, within the WM and with the S parametrization we found f =~ 34.2
THz [55, 247], with the HKS parametrization, we find f ~ 21.2 THz. This is in re-
markable agreement with the frequencies obtained by Fourier Transform, within the
ELM and with the HKS parametrization shown in Fig. B.4. Specifically, e.g. for initial
placement of the hole at base A1(G), the main frequencies are around 21.2 THz (a dou-
ble peak) and 42.4 THz (a single peak), while, e.g. for initial placement of the hole at
base B1(C), the main frequencies are around 22.5 THz (a double peak) and 45 THz (a
single peak). In other words, for hole transfer in GGG, with the HKS parametrization,
the period predicted by the WM agrees with the approximate period predicted by the
ELM.

The pure mean transfer rates k), (Fig. 7.8) confirm the intrastrand character of
charge transfer in GGG and AAA. For hole transfer in GCG, with the HKS parametriza-
tion, the two models give similar results, indicating rather weak transfer. For example,
placing the hole initially at the first base pair (within the WM) or placing the hole ini-
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tially at the first base (within the ELM), the probability to find the hole at the first base
pair is /= 0.9990 for the WM and 0.9848 for the ELM; at the last base pair, it is &~ 0.0008
for the WM and 0.0006 for the ELM. This is also mirrored in the very small Fourier
amplitudes for GCG (cf. Fig. B.5).
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Figure 7.8: Pure mean transfer rates, ky,,, from base A to base y, of GGG and AAA trimers, after having
placed the charge initially at a particular base, within the ELM and with the HKS parametrization. The
arrows indicate intrastrand transfer from the strand start to the strand end.
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7.4 Comparison with RT-TDDFT

The results presented above for TB are in accordance with the more exact, yet more
computationally costly, ab initio method, RT-TDDFT. Years after its initial develop-
ment, DFT [250, 251], an efficient method for treating ground state properties of many
electron systems, e.g., molecules or solids, was extended [252] to time dependent sys-
tems (TDDEFT). Specifically, the Time-Dependent Kohn-Sham equations with an ef-
fective potential energy vxs(r,t), uniquely described by the time-dependent charge
density, p(r, t), are, in atomic units,

i%\lfj (r,t) = { - %VQ + vgs(r, t)} U,(r,t) = (7.4)

— %VQ + Vext (1, 1) + vn(r, t) + vy [p] (T, t)} U,(r,t).

The charge density is the sum over all occupied orbitals j = 1,2,... Ny, i.e.,

Nocc

p(ra t) = Z |\Ijj<r> t)|2 (7'5)
j=1
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Uext (T, t) includes external fields and nuclear potentials, vy (r, t) is the Hartree potential
energy. Exchange and correlation effects are included in vy [p|(r,t). RT-TDDFT is
based on a direct numerical integration of Eq. (7.4). This differs from the traditional
linear-response approach, which is not actually a time-resolved method but instead
solves Eq. (7.4) in the frequency domain for the excitation energies of a system subject
to a small perturbation [253]. Within RT-TDDFT, the Time-Dependent Kohn-Sham
equations are solved and the electron density is obtained at each time step. The electron
density is then used for the calculation of the Hamiltonian in the next cycle of the self-
consistent process.

Here, we restrict ourselves in a comparison of RT-TDDFT results for hole transfer
in DNA monomers and dimers with TB. The calculations have been conducted using
the, range-separated, CAM-B3LYP functional [254], and the the 6-31++G** [255] basis
set. Larger systems have not been studied yet within RT-TDDFT due to computational
restrictions. Computational results as well as additional results within RT-TDDFT can
be found in Ref. [66].

Regarding monomers, RT-TDDFT predicts hole oscillations between the two bases
of negligible magnitude and in the THz regime, in agreement with the TB results.

In Fig. 7.9, we present the mean probabilities to find the extra hole at each monomer
of a DNA dimer, having placed it initially either at the 1st monomer (10) or at the 2nd
monomer (01). We observe that for dimers made of identical monomers, there are
almost equal probabilities to find the carrier at each monomer, while for dimers made
of different monomers the probabilities to not find the carrier at the monomer of initial
placement are very small, with the exception of the GA dimer where it is ~ 0.3. This,
again, agrees qualitatively with the TB picture, and especially with the WM (cf. the
upper left panel of Fig 7.5).
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Figure 7.9: The mean probabilities to find the hole at each base pair of a dimer, having placed it initially
at the 1st (10) or at the 2nd (01) base pair.

In Fig. 7.10 we depict the maximum transfer percentage, p, as well as the electronic
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coupling energy (also called the electron transfer matrix element), |Vzp|, between the
reactant and product states i and P [51, 256-258], which reflects the magnitude of the
interaction between the two monomers. In our case, the reactant state corresponds to
the hole at the monomer of initial placement and the product state corresponds to the
hole at the other monomer. We also show the energy difference |0 E/| between reactant
and product states. For dimers made of identical monomers, [0F| ~ 0, hence p is
indeed close to 1. For dimers made of different monomers, we observe that AC, CA
and AG have large | E'| ~ 0.45-0.75 eV and small |Vzp| ~ 0 — 1 €V, therefore their the
maximum transfer percentage is insignificant. An exception is the dimer GA which
not only has alarge |0 F| ~ 0.65 eV, but also the largest |Vzp| of all dimers ~ 5 €V which
makes charge transfer significant, with the maximum transfer percentage ~ 0.3. This
is in analogy with TB Eq. (7.2), where the energy difference between the two monomers
is represented by A, and the strength of the interaction by t.
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Figure 7.10: Maximum transfer percentage, i.e., oscillation amplitude, electron transfer coupling energy,
|Vke|, and energy difference |§ E'| between reactant and product states. Initially, the hole is placed at the
1st monomer (10) or at the 2nd monomer (01). Dotted lines serve as guides to the eye.

The frequencies of hole transfer have been obtained by Fourier analysis (Fig. 7.11).
As expected by TB, for dimers made of different monomers, we generally get higher
frequencies than for dimers made of identical monomers. Furthermore, from Fig. 7.11
we observe that for dimers made of identical monomers the frequencies follow |Vzp|,
which does not hold for dimers made of different monomers. This, again, agrees with
the TB prediction [Eq. (7.1)].

Finally, in Fig. 7.12 we compare our RT-TDDFT results with those obtained within
the TB WM (a) with the HKS parametrization, and (b) with the HKS parametriza-
tion (Table A.1). We observe that the maximum transfer percentages obtained by RT-
TDDFT are in good agreement with those obtained by TB. For the periods, the results,
both for RT-TDDFT and TB are quite close especially when we compare them with (b)
the S parametrization.
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Figure 7.11: Hole oscillation frequency versus |Vgp| for DNA dimers. Dotted lines serve as guides to
the eye.
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Figure 7.12: Comparison of RT-TDDFT and the WM with (a) the HKS parametrization and (b) the S
parametrization: maximum transfer percentage (left panel) and oscillation period (right panel). Dotted
lines serve as guides to the eye.

7.5 Conclusion

Using two TB approaches, i,e, the WM, in which a site coincides with a DNA base
pair, and and the ELM, in which a site coincides with a DNA base, we studied vari-
ous aspects of charge transfer in DNA monomers, dimers and trimers, e.g. frequency
content, maximum transfer percentages and transfer rates between sites, and mean
probabilities to find the carrier at a particular site. We also successfully compared the
two TB approaches. Naturally, the ELM allows for greater detail.

For DNA monomers, i.e. for A-T and G-C, within the ELM, we predicted electron or
hole oscillations in the range f ~ 50-550 THz (1" ~ 2-20 £s), i.e. wavelengths ~ 545 nm
- 6 um, from visible to NIR and MIR. We found that the maximum transfer percentage
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p and the pure maximum transfer rate pf between the bases are very small.

For DNA dimers, within the WM, we predicted electron or hole oscillations in the
range f ~ 0.25-100 THz (T ~ 10-4000 fs) i.e. wavelengths ~ 3-1200 pm, approximately
in the MIR and FIR. For dimers made of identical monomers the maximum transfer per-
centage p = 1, but for dimers made of different monomers p < 1. Within the ELM,
carrier oscillations are not strictly periodic but the frequency content is similar to that
predicted within the WM. For the mean probabilities to find the carrier at a particular
site, the two approaches give coherent, complementary results. The ELM shows that
for dimers made of identical monomers, when purines are crosswise to purines, inter-
strand carrier transfer dominates, i.e. we have significant diagonal transfer, justifying
the inclusion of diagonal hoppings, while if purines are on the same strand, intrastrand
carrier transfer dominates. For dimers made of different monomers, we carrier transfer
is mainly intrastrand character but the transfer percentage is small.

Within the WM, for trimers made of identical monomers, the carrier oscillates pe-
riodically with f ~ 0.5-33 THz (T" =~ 30-2000 fs) if we use the S parametrization. Using
the HKS parametrization, f ~ 0.5-21 THz. For 0 times crosswise purines p = 1, for 1
or 2 times crosswise purines p < 1. Within the ELM, the carrier oscillations are not
strictly periodic but the frequency content is similar to that predicted within the WM.
For the mean probabilities to find the carrier at a particular site, the two approaches
give coherent, complementary results.

Finally, we compared our TB results for monomers and dimers with RT-TDDFT,
demonstrating that they are in good agreement.



Periodic DNA polymers

After our study of the excess charge transfer in short DNA segments, we move on
to larger systems, i.e., periodic DNA polymers. Specifically, in this Chapter we will
focus on some specific classes: monomer-polymers and dimer polymers®, as well as
polymers with increasing repetition unit**. As previously, only the 5 — 3’ strand is
used to denote the segments. Furthermore, polymers made of identical monomers are
denoted by [, while polymers made of different monomers are denoted with D, followed
by u, i.e., the number of monomers in the repetition unit. For example, D2 denotes a
polymer made up by different monomers with a repetition unit of 2 monomers (in
other words, the symbolism encompasses GA=TC, GT=AC, TG=CA, AG=CT).

8.1 Monomer-polymers and dimer polymers

In this Section, we perform a comparative study of aspects of charge transfer within all
possible I1, 12, and D2 polymers, using the WM, with the S parametrization (Table A.1),
and the ELM with the HKS parametrization (Table A.2).

8.1.1 Energy structure

Using the HOMO or LUMO energies of the bases that constitute a base pair, we can
estimate the HOMO or LUMO energy of the base pair [61]. Specifically, suppos-
ing that |Uy,) = ¥p [1) + Yre2 |s2), and taking the time-independent Schrédinger

The content of Sec. 8.1 can be found published in Ref. [58]: K. Lambropoulos, M. Chatzieleftheriou,
A. Morphis, K. Kaklamanis, R. Lopp, M. Theodorakou, M. Tassi, and C. Simserides, Phys. Rev. E 94,
062403 (2016). © 2016 by the American Physical Society.

"The content of Sec. 8.2 can be found published in Ref. [59]: K. Lambropoulos, C. Vantaraki, P. Bilia,
M. Mantela, and C. Simserides, Phys. Rev. E 98 032412 (2018). © 2018 by the American Physical Society.
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equation H |¥},) = €”|¥,,) we find that the base pair eigenenergies are el{’fQ =
W + /(25%2)2 + 2, where €5, and € are the on-site energies of the bases and

t = (1| H|1p2) is the intra-base-pair hopping integral i.e. between the two bases that
constitute a base pair. However, due to the weak hydrogen bonding between the bases
that constitute a base pair, ¢ is very small, of the order of 10 meV (cf. Table A.2). As
a result, practically, e?’f 5 R €p1, €pp (With accuracy of 1 meV). Hence, we make the fol-
lowing Observation: Approximately, the HOMO of the base pair is the highest HOMO
of the two bases and the LUMO of the base pair is the lowest LUMO of the two bases.
This is expressed in Table 8.1, where we show all energies in eV with accuracy of 0.1
evV.

Table 8.1: On-site HOMO/LUMO energies of B-DNA bases and base pairs. All energies are given in eV.

‘ base ‘ A T G C
eb; —-83 —9.0| -80 -88
3 —44 —-49 | —-45 —-43
gap 39 41 3.5 45

‘ base pair ‘ A-T ‘ G-C ‘
b
€ —8.3 —8.0
P —4.9 | —4.5
gap 3.4 3.5

Our numerical results for the eigenspectra of representative examples of I1, 12, and
D2 polymers, which are presented in Figs. 8.1, 8.2, and 8.3, respectively, indicate that,
as, increasing NV, a polymer is formed, the energy eigenvalues are distributed around
the on-site energies of the base pairs within WM or the bases within the ELM. Hence,
the HOMO (LUMO) eigenspectrum of a given polymer within the WM corresponds to
the upper (lower) part of its eigenspectrum within the ELM. We also mention that it
can be proven (Appendix C, Theorem 1) within the WM, any sign alternation of the
hopping integrals does not have any effect on the energy structure of the systems.

For I1 polymers, an analytical expression for the eigenvalues exists within the WM
(cf. Eq. (3.21)). All eigenvalues are symmetric around the on-site energy €” of the
monomers and lie in the interval [ebp — 2|tbp|, P + Q‘tpr. For odd N, the trivial
eigenvalue, €, exists. The symmetry of the eigenvalues and the presence of the trivial
one for odd N hold for all possible cases of I polymers within the WM, as it is shown
in Appendix C, Theorem 2. Within the WM, an analytical expression can also be found
for the eigenvectors [56]. The eigenvectors (hence, the occupation probabilities, too)
are eigenspectrum independent [56], i.e., they do not depend on the TB parameters
€, #?. Furthermore, the occupation probabilities display palindromicity [56], i.e., the
occupation probability of each eigenstate of the p-th monomer is equal to that of the
(N — pu + 1)-th monomer (|th,;|° = ‘@/J(N,u+1)k‘2). Within the ELM, up to our knowl-
edge, there are no analytical expressions for eigenvalues and eigenvectors. The eigen-
values are distributed in two subbands of different width, around the on-site energies
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of the bases. Furthermore, in accordance with the above mentioned Observation, the
upper (lower) subband of the HOMO (LUMO) eigenspectrum corresponds to the band
calculated within the WM. Furthermore, our numerical results for the eigenvectors
within the ELM indicate that, for p odd (5" — 3’ strand), ‘@Zz(g Nep)k 2, while,
for ;1 even (3" — 5’ 2~ |¢(2 N7u+2)k| , i.e., the occupation probabilities
of the eigenstates display approximate strand-palindromicity. For HOMO poly(dG)-
poly(dC), a case where, according to the HKS parametrization, the hopping integrals
between diagonally located bases of successive monomers in the 3'-3’ and 5'-5’ direc-
tions are equal, strand palindromicity is strict. This also holds for all types of I1 poly-
mers, if the ELM is reduced to the simpler LM by neglecting 3'-3’ and 5’-5' inter-strand
interactions.
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Figure 8.1: An example of I1 polymers: LUMO (first row) and HOMO (second row) eigenspectra of
poly(dA)-poly(dT), within the WM (first column) and the ELM (second column).

For 12 polymers, analytical expressions for the eigenvalues when NV is odd exist
within the WM [56]. For N odd, the eigenvalues can be expressed explicitly in terms of

Chebyshev zeros [162]. The eigenvalues lie in the interval [ — B+ 12+ 2tito]

P + /1 + 13 + 2|t ty |] . For N even, there is no explicit formula, although the eigen-

values can be produced from Eq. (3.24). The eigenvalues lie in the same interval as for
N odd. As mentioned above, all eigenvalues are symmetric around the on-site en-
ergy of the monomers, €”7, which is also an eigenvalue for N odd. The calculated
HOMO/LUMO eigenspectrum for an example of I2 polymers, (GCGC...), displaying all
the above mentioned properties, is shown in the left column of Fig. 8.2. Furthermore,



118 CHAPTER 8. PERIODIC DNA POLYMERS

within the WM and for NV odd, analytical expressions for the eigenvectors exist [163].
These eigenvectors (hence, the occupation probabilities, too) are partially eigenspec-
trum dependent [56], i.e., they depend on ¢, ¢, but not on €. Furthermore, for 1
even, the occupation probability of each eigenstate of the u-th monomer is equal to
that of the (N — p 4 1)-th monomer (|1,.|> = |w(N_#+1)k‘2), ie, for N odd, the
occupation probabilities of 12 polymers display partial palindromicity [56]. Finally,
for N odd, polymer equivalence [Eq. (6.11)] leads to the property |1, (YX...) =
W( N— u+1)k‘2<XY- ..). For N even, we are aware of no analytical expressions for the
eigenvectors, but our numerical results show that the occupation probabilities display
palindromicity [56], i.e., for each eigenstate, the occupation probability of the pu-th
monomer is equal to that of the (N — z + 1)-th monomer ([¢,.|> = |w(N_#+1)k’2).
Within the ELM, up to our knowledge, there are no analytical expressions for eigen-
values and eigenvectors. As an example of 12 polymers, we show in the right col-
umn of Fig. 8.2 the calculated HOMO/LUMO eigenspectra for GCGC.... The eigen-
values are distributed in two subbands of different width, around the on-site ener-
gies of the bases. Moreover, in accordance with the Observation, the upper (lower)
subband of the HOMO (LUMO) eigenspectrum corresponds to the band calculated
within the WM. For the eigenvectors within the ELM, for N odd, equivalence leads

to the property [¢,;|°(YX...) = W(2pr+1)k|2(XY- ..), while for N even, [¢,;|° =
‘1/1(2 Nept1)k ‘2. In other words, the occupation probabilities of the eigenstates display
base-palindromicity.
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Figure 8.2: An example of 12 polymers: LUMO (first row) and HOMO (second row) eigenspectra of
GCGC..., within the WM (first column) and the ELM (second column).
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Figure 8.3: An example of D2 polymers: LUMO (first row) and HOMO (second row) eigenspectra of
TCTC..., within the WM (first column) and the ELM (second column).

For D2 polymers, analytical expressions for the eigenvalues when N is odd ex-
ist within the WM [56]. Let us denote . = (¢ + €)/2 and A = (7 — €)/2.
Then, the eigenvalues include e?p , while the rest eigenvalues lie in the interval [¥ —
VA2 + 12+ 12+ 2|t to], X + /A2 + t2 + 2 + 2|t1t2|]. For N even, there is no ex-
plicit formula, although the eigenvalues can be produced from Eq. (3.24). Our numer-
ical results show that all eigenvalues are symmetric around ¥, and lie in the same
interval as for V odd. The calculated HOMO/LUMO eigenspectrum for an example
of D2 polymers (TCTC...), displaying all the above mentioned properties, is shown
in the left column of Fig. 8.3. Within the WM and for N odd, analytical expressions
can also be found for the eigenvectors [164]. The eigenvectors (hence, the occupation
probabilities, too) are eigenspectrum dependent [56], i.e., they depend on all elip , egp , 1,
to. Furthermore, for i even, the occupation probability of each eigenstate of the p-th

monomer is equal to that of the (IV — p+ 1)-th monomer (Wuk‘2 = W(N,uﬂ)k }2), ie.,
for N, odd, the occupation probabilities of D2 polymers display partial palindromic-
ity. For N odd, equivalence leads to [¢/,.]*(YX...) = W(N,Mﬂ)k‘2(Ycomp1Xcomp1 S
For N even, up to our knowledge, no analytical expressions for the eigenvectors ex-
ist, but equivalence leads to |¢Mk|2(YX. ) = lw(N_MH)k‘2(Xcomp1Ycomp1 ...). Our nu-
merical results show that, for all y, ¢Mk|2(YX. L) = Wﬂ( N—k+1) ‘2(Xcompchomp1 c).
Within the ELM, there are no analytical expressions in the literature for eigenval-
ues and eigenvectors, as far as we know. The calculated HOMO/LUMO eigenspec-
tra for an example of D2 polymers (TCTC...) are demonstrated in the right column of
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Fig. 8.3. The eigenvalues are distributed in four subbands of different width, around
the on-site energies of the bases. Moreover, in accordance with the Observation, the
two upper (lower) subbands of the HOMO (LUMO) eigenspectrum correspond to the
bands calculated within the WM. For the eigenvectors within the ELM, equivalence

leads to the properties Wuk\z(YX. L) = W(zN—uH)k}Q(Ycomplxcompl ...), for N odd,

and |z/1uk|2(YX. L) = }w(QN—B—i-l)k|2(Xcompchompl ...), for N even. Our numerical re-
sults indicate that there are no palindromic properties.

The DOS can be determined directly by the eigenspectra. It nicely represents the
corresponding eigenspectral properties mentioned above. In Figs. 8.4, 8.5, and 8.6, we
illustrate the numerically determined DOS for some representative examples of 11, 12
and D2 polymers, respectively, in the large N limit. We observe that, due to the fact
that the eigenenergies become denser and denser as we approach the band or subband
edges, VHS occur at the edges of each band or subband. We also notice that, in the
large N limit, the polymer boundaries play insignificant role in the electronic structure,
hence, for the same set of TB parameters, the polymers’ DOS is essentially the same.
For example, in the large N limit, either GCGC... or CGCG..., for either NV odd or N
even have practically the same DOS.

The numerically derived DOS for an example of I1 polymers is presented in Fig. 8.4.
Within the WM, there is no minigap, but within the ELM there is a minigap of ~
0.545 €eV; in accordance with the Observation, the upper subband of the HOMO band
calculated within the ELM, corresponds to the HOMO band calculated within the WM.
The minigap is due to the different HOMO on-site energies of the two bases (—8.0 eV
for G, —8.8 eV for C).
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Figure 8.4: DOS for an example of I1 polymers, poly(dG)-poly(dC) (N = 10°, HOMO), within the WM
(top) and the ELM (bottom).

A DOS example of I2 polymers is shown in Fig. 8.5. Within the WM, there is a small
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(= 0.004 eV)) minigap. Within the ELM, there is a minigap of ~ 0.200 eV; in accordance
with the Observation, the lower subband of the LUMO band calculated within the ELM
corresponds to the LUMO band calculated within the WM. Within the ELM, there are
two additional small (= 0.003 eV, 0.001 eV) minigaps, hardly noticeable at this scale.
The italicized ELM minigap corresponds to the WM minigap, also italicized. Within the
ELM, apart from the vHS at the subband edges, there is an additional singularity inside
the second subband, which is hardly seen at this scale and an additional singularity
inside the third subband, which is almost invisible at this scale.
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Figure 8.5: DOS for an example of 12 polymers, CGCG... (N = 10°, LUMO), within the WM (top) and
the ELM (bottom).

A DOS example of D2 polymers is shown in Fig. 8.6. Within the WM, there is a
minigap a little greater than 0.340 eV, due to the different HOMO on-site energies of the
two base pairs (—8.0 eV for G-C, —8.3 eV for A-T). Within the ELM, four minibands
are formed approximately around the HOMO on-site energies of the four bases (—9.0
eV for T, —8.8 eV for C, —8.3 €V for A and —8.0 eV for G), with three relevant minigaps
(0.205 €V, 0.362 eV, 0.334 eV). Two of these minibands are very narrow. In accordance
with the Observation, the higher two subbands of the HOMO band calculated within
the ELM correspond to the HOMO band calculated within the WM. Again, the italicized
ELM minigap corresponds to the WM minigap.

Finally, in Fig. 8.7, we present the HOMO-LUMO energy gaps, in the large N limit,
for all three types of polymers. The energy gap of a monomer is the difference between
its LUMO and HOMO levels. The energy gap of a polymer is the difference between the
lowest level of the LUMO regime and the highest level of the HOMO regime, because
we assume that the orbitals —one per site— which contribute to the HOMO (LUMO)
band are occupied (empty), since in both possible monomers there is an even number
of p, electrons contributing to the 7 stack [61]. Both TB approaches predict similar
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Figure 8.6: DOS for an example of D2 polymers, CTCT... = AGAG... (N = 10°, HOMO), within the
WM (top) and the ELM (bottom).

gaps, in the range ~ 3.04 — —3.42 eV. We also compare the polymer gaps with the two
possible monomer gaps. The decrease of the energy gap, as we move from monomer
to polymer, is larger for D2 polymers.
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Figure 8.7: HOMO-LUMO gaps for all possible I1, 12, and D2 polymers, within the WM (blue dots)
and the ELM (purple squares). The horizontal lines denote the HOMO-LUMO gaps of the two possible
monomers.
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8.1.2 Mean over time probabilities

We will study the mean over time probabilities to find an extra hole (HOMO) or elec-
tron (LUMO) at each site of all possible I1, 12, and D2 polymers within both TB ap-
proaches. For the WM, we initially place the carrier at the first monomer, while for
the ELM we place it at each base of the first monomer (we call them initial condition 1
for the base in the 5’ — 3’ strand and initial condition 2 for the base in the 3’ — 5’ strand).
Within the WM, from Egs. (6.12), (6.10), it follows that the mean over time probability
to find the extra carrier at the y-th monomer is

N
(JUuOF) = vt (8.1)
k=1

Within the ELM, from Eq. (6.12) and the initial condition 1 or the initial condition 2 it
follows that the mean probability to find the extra carrier at the p-th base is

2N
2 2
<’\Ij (t)|2> _ kz:; ¢1k¢uk (8 2)
14 2N . .
> e
k=1

From Egs. (8.1) and (8.2), we conclude that the palindromicity and eigenspectrum
(in)dependence properties for the occupation probabilities, discussed in the previous
subsection, hold also for the mean over time probabilities. Finally, for equivalent poly-
mers it can be shown that for the WM it holds that (| () \2>YX“_ = (|Wn(t) |2>equiV(Yx___),
while for the ELM <|\1/2N(t)‘2>yxm = <|\I/2N<t)|2>equiV(YXYX.__) (initial condition 1) and
<|\112N_1<t)’2>YXYX“_ = <|\II2N—1(t)|2>equiv(YXYX4..) (initial condition 2).

For I1 polymers, examples of our numerical results (for N = 12) for the mean over
time probabilities to find an extra hole or electron at each base pair, within the WM,
or at each base, within the ELM, are shown in Fig. 8.8. Within the WM (top panel
of Fig. 8.8), the mean over time probabilities to find the carrier at a specific monomer
display palindromicity and eigenspectrum independence [56]. Specifically, it can ana-
lytically be shown that

(W02 = (Tx()2) = ﬁ,w > 9. (8.30)
(U (t)[*) = -+ = (|Una(®)]") = N;H’VN > 3. (8.3b)

Within the ELM, the mean over time probabilities to find the carrier at a specific base
display approximate strand-palindromicity. Moreover, adding the mean probabilities of
the bases that constitute each monomer, it follows that the mean probabilities to find
the carrier at a specific monomer are approximately palindromes and almost iden-
tically equal, for all cases, to the mean probabilities within TB I, which are strictly
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palindromes (cf. Eq. (8.3)). This quantitative agreement suggests that the eigenspec-
trum independence predicted within the simpler WM approach, leads to essentially
the same results as those derived by the more complicated ELM. From Fig. 8.8 we ob-
serve that, within the ELM, the carrier moves almost exclusively through the strand it
was initially placed at, i.e. carrier movement is mainly of intra-strand character. Fur-
thermore, within the ELM, our results for the two initial conditions are in complete
agreement.
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Figure 8.8: Mean over time probabilities to find an extra hole (HOMO) or electron (LUMO) at each base
pair, within the WM (top), or at each base, within the ELM (bottom left: initial condition 1, bottom right:
initial condition 2) for all I1 polymers, for N = 12.

For 12 polymers, examples of our numerical results for the mean over time proba-
bilities to find an extra hole or electron at each base pair, within the WM, or at each
base, within the ELM, are shown in Figs. 8.9 and 8.10, for odd or and even N, respec-
tively. Within the WM, the mean probabilities to find the carrier at a specific monomer
display [56] partial eigenspectrum dependence (i.e., dependence on the hopping param-
eters but not on the on-site energy), partial palindromicity (i.e., only for even p) for
N odd and palindromicity (i.e., for all 1) for N even. Within the ELM, for N even,
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the mean probabilities to find the carrier at a specific base display base-palindromicity.
Moreover, adding the mean probabilities of the bases that constitute each base pair,
the mean probabilities to find the carrier at a specific base pair are palindromes, in ac-
cordance with the prediction of the WM. From the bottom panels of Figs. 8.9 and 8.10,
we observe that, within the ELM, the carrier moves preferably through the bases that
are identical with the one it was initially placed at, in other words it moves crosswise
through identical bases, i.e., carrier movement is mainly of inter-strand character. For
N odd, both TB approaches show that there are some cases, in which the carrier hardly
moves from its initial site. If we add or subtract a monomer, i.e. for NV even, both TB ap-
proaches show that a large percentage of the carrier is transferred at the end monomer.
Furthermore, both TB approaches show that the mean probability to find the carrier
at the last monomer is generally bigger for NV even than for N odd.
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Figure 8.9: Mean over time probabilities to find an extra hole (HOMO) or electron (LUMO) at each base
pair, within the WM (top), or at each base, within the ELM (bottom left: initial condition 1, bottom right:
initial condition 2) for all 12 polymers, for N = 12.

For D2 polymers, examples of our numerical results for the mean over time prob-
abilities to find an extra hole or electron at each base pair, within the WM, or at each
base, within the ELM, are shown in Figs. 8.11 and 8.12, for odd or and even NV, respec-

tively. Within the WM, given that |¢/,*(YX. ..) = [t —rs1)|” (Xcompt Yeomp - - - )» for
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Figure 8.10: Same as in Fig. 8.9, but for N = 13.

all u, Eq. (8.1) leads to identical mean probabilities for (i) TCTC... and GAGA..., (ii)
CTCT... and AGAG..., (iii) ACAC... and GTGT..., and (iv) CACA... and TGTG.... Also,
within the WM, we observe that the carrier moves preferably through the monomers
that are identical with the one it was initially placed at, i.e., from the first monomer to
the third, and so forth. Within the ELM, it carrier moves preferably through the bases
that are identical with the one it was initially placed at, i.e., through the same strand
from the one or the other base of the first monomer to the identical base of the third
monomer, and so forth, i.e., carrier movement is mainly of inter-strand character. Both
TB approaches show that the mean probability to find the carrier at the last monomer
is bigger for NV odd than for IV even, cf. Figs. 8.11-8.12.

8.1.3 Frequency content

We mentioned above that within the WM, for I1 and 12 polymers, all eigenvalues are
symmetric around the on-site energy of the base pairs (cf. Theorem 2). Hence, the
total number of frequencies involved in charge transfer is & 24’1 for N odd and NTQ
for N even. For D2 polymers with N even, the eigenvalues are symmetric around
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Figure 8.11: Mean over time probabilities to find an extra hole (HOMO) or electron (LUMO) at each
base pair, within the WM (top), or at each base, within the ELM (bottom left: initial condition 1, bottom
right: initial condition 2) for all D2 polymers, for N = 12.

w, hence the total number of frequencies is NTQ, too. For type D2 polymers with
N odd, the eigenvalues include Ei’p and the total number of frequencies is %‘M.
Within the ELM, there are no symmetries like those mentioned for the WM, hence
the total number of frequencies for all three types of polymers is N(2N — 1). From
Eq. (6.15) it follows that all the palindromicity and equivalence properties presented
in the above subsection for the mean over time probabilities, (|¥;(#)|*), hold for the
Fourier spectra, |F;(f)|, too. In the following, we focus on the Fourier spectra that
correspond to charge transfer from the first to the last monomer i.e. on |F;(f)| and
|Fn(f)| for the WM, and on |Fi(f)|, | F2(f)], [Fen—1(f)| and | Fan(f)| for the ELM.
Both TB approaches show that the frequency content is mainly in the THz domain, cf.

Figs. 8.13, 8.14, 8.15, for examples of I1, 12, and D2 polymers.

5 5

For I1 polymers, the main frequencies within the WM are in the range ~ 0.3 - 97
THz. Within the ELM, they are in the range ~ 0.1 - 110 THz. The main frequency
content is between the FIR the MIR. As an example, we show in Fig. 8.13 the Fourier
spectra, at the first and the last monomer, of an extra hole in poly(dA)-poly(dT) with
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Figure 8.12: Same as in Fig. 8.11, but for N = 13.

N = 20. From the top panel of Fig. 8.13, we observe that the Fourier amplitudes
for the first and the last monomer are equal, mirroring the efficient hole transfer in
poly(dA)-poly(dT), cf. also Fig. 8.8. The same conclusion can also be drawn from the
bottom panels of Fig. 8.13, for both initial conditions; additionally, the ELM underlines
the intra-strand character of carrier transfer and shows that initial conditions 1 and 2
lead to similar form of Fourier spectra.

For 12 polymers, the main frequencies within the WM are in the range ~ 0.01 - 40
THz, i.e., between microwaves and the MIR. Within the ELM, they are in the range
~ 0.01 - 210 THz, i.e., between microwaves and the NIR. As an example, we show in
Fig. 8.14, the Fourier spectra, at the first and the last monomer, of an extra electron
in ATAT... with N = 14. From the top panel of Fig. 8.14 we observe that the Fourier
amplitudes for the first and the last monomer are approximately equal, mirroring the
finally large electron transfer in ATAT... for NV even, cf. also Fig. 8.9. However, this
large transfer is very slow, its main frequency is very small but with a large amplitude.
The same conclusion can also be drawn from the bottom panels of Fig. 8.14, where we
can additionally observe the inter-strand character of charge transfer and that initial
conditions 1 and 2 lead to similar form of Fourier spectra.

For D2 polymers, the main frequencies within the WM are in the range ~ 0.4
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Figure 8.13: Hole transfer Fourier spectra at the first and the last monomer (WM, top) or at the bases
of the first and the last monomer (ELM, bottom) for an example of I1 polymers, poly(dA)-poly(dT) with
N = 20.

GHz - 40 THz, i.e., between radiowaves and the MIR. Within the ELM, they are in
the range ~ 0.02 - 190 THz, i.e., between microwaves and the FIR. As an example, we
show in Fig. 8.15 the Fourier spectra, at the first and the last monomer, of an extra hole
in TCTC... with N = 21.From the top panel of Fig. 8.15 we observe that the Fourier
amplitudes for the first monomer are much larger than the ones for the last monomer,
mirroring the inefficient hole transfer in TCTC... for NV odd, cf. also Fig. 8.12. From
the bottom panels of Fig. 8.15, we can additionally observe the intra-strand character
of charge transfer and that initial conditions 1 and 2 lead to somehow different form
of Fourier spectra, initial condition 1 being more efficient than initial condition 2 for
hole transfer, cf. also Figs. 8.12.
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Figure 8.14: Electron transfer Fourier spectra at the first and the last monomer (WM, top) or at the bases
of the first and the last monomer (ELM, bottom) for an example of I1 polymers, ATAT... with N = 14.

8.1.4 Pure mean transfer rates

As previously, we focus on pure mean transfer rates between the first and the last
monomer, within either the WM or the ELM.

As a characteristic example of I1 polymers, we present in Fig. 8.16 the hole pure
mean transfer rates for poly(dG)-poly(dC), from the first to the last monomer, within
the WM and the ELM. Specifically, (I) for the WM we illustrate £; x on the left panel,
and (II) for the ELM we illustrate the pairs k; 2 = kan_12n (cf. Eq. 6.19), kq on—1 and
k2 on, k1 2nv and kg on—1, on the right panel. We have already noticed that, within the
ELM, carrier transfer is almost exclusively of intra-strand character. Hence, k1 oy_1 ~
kg on are the largest transfer rates. Comparing ky y for the WM with k1 on—1 = ko on
for the ELM, we observe an excellent agreement, both qualitatively and quantitatively.
Within the ELM, the intra-base-pair rates k15 = koy_12n are small and the inter-
strand rates k; on ~ koon_1 insignificant. Increasing NNV, the intra-strand transfer
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Figure 8.15: Hole transfer Fourier spectra at the first and the last monomer (WM, top) or at the bases
of the first and the last monomer (ELM, bottom) for an example of I1 polymers, TCTC... with N = 21.

rates kjon_1 =~ kg on decrease reaching gradually the level of the the intra-base-pair
rates k19 = kon_12n, at which point, finally, charge transfer along the polymer is
insignificant. Increasing NV, the insignificant inter-strand rates k; on ~ k22on_1 also
gradually decrease further.

We have already mentioned that both TB approaches predict that for some cases
of 12 polymers, for N even, the carrier is transferred at a large percentage to the last
monomer but the transfer is very slow. Such a case is presented in Fig. 8.17. Specifi-
cally, we show the electron pure mean transfer rates for ATAT..., from the first to the
last monomer, the WM and the ELM. Specifically, (I) for the WM, we illustrate k; x
on the left panel, and (II) for the ELM, we illustrate the largest transfer rates on the
right panel. We have already demonstrated that, within the ELM, the extra carrier is
transferred almost exclusively crosswise, through identical bases. Hence, for the ELM,
the largest transfer rates are k; oy_1 and ks oy for N odd, and &y on and kg on—q for
N even. We depict these largest transfer rates in the right panel of Fig. 8.17. In other
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Figure 8.16: Hole pure mean transfer rates (I) k1 n for the WM (left), and (II) k1 2, kon—1,2n, k1281,
k22N, k1,2n, and kg o1 for the ELM (right), for an example of I1 polymers, poly(dG)-poly(dC).

cases of 12 polymers the pure mean transfer rates fall over N in a different manner,
which is somehow similar to D2 polymers (see below).
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Figure 8.17: Electron pure mean transfer rates (I) k1, for the WM (left), and, ko1 for NV odd, k1 25
for N even, ks o for N odd, k2 2n—1 for N even, for an example of I2 polymers in which, for IV even,
the carrier is transferred at a large percentage to the last monomer but the transfer is very slow, ATAT....

As a characteristic example of D2 polymers, we present in Fig. 8.18 the hole pure
mean transfer rates for TCTC..., from the first to the last monomer, within the WM and
the ELM. Specifically, (I) for the WM we illustrate k; x on the left panel, and (II) for the
ELM we illustrate k; oy_1 and kg on on the right panel. We have already mentioned
that, within the ELM, the extra carrier is transferred almost exclusively through the
strand it was initially placed at, i.e., for D2 polymers the charge transfer is mainly of
intra-strand character. Hence, for the ELM, we show k; 95— and k3 o, which are the
largest transfer rates. Above, we demonstrated that, for I1 polymers, k1 on—1 = k225
as shown in Fig. 8.18, this does not hold for D2 polymers.
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Figure 8.18: Hole pure mean transfer rates ki y for the WM (left), and k1 on—1, k2,25 for the ELM
(right), for an example of D2 polymers, TCTC....

8.2 Polymers with increasing repetition unit

After our comparative study of all possible I1, 12, and D2 polymers within the WM and
the ELM, we move on to the study of DNA polymers with increasing repetition unit.
As demonstrated in Sec. 8.1, the two TB models give coherent, complementary results,
so now we will focus on the simpler WM using the S parametrization (Table A.1). The
types of segments studied are presented in Table 8.2.

Table 8.2: The types of polymers mentioned in this Section. I (D) denotes polymers made of the identical
(different) monomers. u is the number of monomers in the repetition unit. We only mention the 5" — 3’

strand.

‘ (LD)u H sequence example
I G...or A...
12 GC...
I3 GGC...
I4 GGCC...
1§ GGGCCC...
I8 GGGGCCCC...
110 GGGGGCCCCC...
120 GGGGGGGGGGLLeeeeeecc...
D2 GA...
D4 GGAA...
D6 GGGAAA...
D8 GGGGAAAA...
D10 GGGGGAAAAA...
D20 GGGGGGGGGGAAAAAAAAAA...
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8.2.1 Energy structure

In Figs. 8.19 and 8.20, we show the HOMO and LUMO eigenspectra of [12, I4, 16, I8, 110,
120 and I1 polymers] and [D2, D4, D6, D8, D10, D20 and I1 (G...), I1 (A...) polymers], and
in Figs. 8.21 and 8.22 we plot the corresponding DOS. The HOMO and LUMO bands
of each polymer consist of u subbands, e.g., for 16 or D6 polymers, the number of
subbands is 6. Some eigenenergies protrude periodically from the subbands at certain
relationships between N and w. At the limits of subbands, vHS occur. The subbands
are separated by small energy gaps, which, increasing u, decrease.

For I polymers (cf. Figs. 8.19, 8.21), all eigenvalues are symmetric around the
monomer on-site energy and for /N odd the trivial eigenvalue, equal to the monomer
on-site energy, exists (Theorem 2). Increasing u, the eigenspectra tend to the eigen-
spectra of I1 polymers, and, of course, the DOS tends to the DOS of I1 polymers.

For D polymers (cf. Figs. 8.20, 8.22), increasing u, the eigenenergies gather around
the two monomer on-site energies. Increasing u, the eigenspectra gather within the
limits defined by the union of eigenspectra of I1 (G...) and I2 (A...) polymers. In
Fig. 8.21, increasing u, the subbands become narrower, but they are wide enough (e.g.
for 110 of a few meV) so that their DOS minima remain low enough; therefore we
don’t have to change the vertical presentation scale. In Fig. 8.22, the already very
narrow subbands, increasing u, become even narrower (e.g for D10 two to nine orders
of magnitude narrower than for I10), which drives the DOS minima in each subband
much higher; therefore, to depict the DOS, we have to increase the vertical presentation
scale. Finally, we remind that the eigenvalues for NV = mu can be obtained analytically
and recursively with the help of the Chebyshev polynomials of the second kind, via
the Transfer Matrix Method (see Chapter 3).

We now turn our attention to the HOMO-LUMO gaps. At the large-N limit, in-
creasing u, the gaps of 12, I4, 16, ... polymers approach the gap of I1 polymer (cf.
left panel of Fig. 8.23). Indeed, increasing the repetition unit in the mode GC, GGCC,
GGGCCC, ..., finally results in a G...GC...C polymer which is almost G... with just a
switch from G to C at the middle of the polymer. Hence, at the large-N limit, the
energy gap of I1 polymers is the smallest of these series of polymers. For the same
reason, increasing u, the eigenspectra and the DOS of 12, 14, I6, ... polymers tend to the
eigenspectra and the DOS of I1 polymers (cf. Figs. 8.19, 8.21).

At the large- NV limit, increasing u, the gaps of D2, D4, D6, ... polymers approach the
gap of the union of I1 (G...) and I1 (A...) polymers (cf. right panel of Fig. 8.23), which is
~ 0.5 eV lower than the gaps of the relevant homopolymers (G..., A...). Increasing the
repetition unit in the mode GA..., GGAA..., GGGAAA... and so on, finally results in
a G...GA...A polymer which is energetically almost a union of separated G... and A...
polymers. This happens due to the large difference of G-C and A-T on-site energies in
comparison with the ¢g5 hopping integral. Increasing u, the lowering of the energy
gap in the case of D polymers [~ 0.6 (0.7) eV relative to the A-T (G-C) monomer gap]
is much bigger than in the case of I polymers [~ 0.25 eV relative to the G-C monomer

gap].



8.2. POLYMERS WITH INCREASING REPETITION UNIT

135

Eigenenergies (eV)

-7.8

-8.0

-8.2

-7.8

-8.0

-8.2

-7.8

-8.0

-8.2

-7.8

-8.0

8.2}

-7.8

-8.0

-8.2+

7.8

-8.0

-8.2+

-7.8

-8.0

-8.2

i R )

et AT RIS AT DY

o SxangAvd bogeNONOAT:

12GC... 4.45].12GC... i
A et o o e iv oot IR 2 1 - TITH T TR THINTTITAR T
—-gAvq -4, > : >

A 8013 DA PONTEOTOATOONES TNV OONIOARODONNNRINC SRt R 0D AT
H 1 -455f 1
14 GGCC... 445 14 GGCC...
wan 004080, n- H0A! uo o -ou vosasEgIe
LI st it e TS e o1 et Ql!illi!Bllﬂlllalllﬂllﬂ
mAdOOIOVYDPEXNBACOOIOVY PR X H AQOIOOO VY 450fm A 40020V PekxuAqOOIOYTPEABRAQOIOOO Y-
L | S EL S 1 L SIS ] E [ WL iR ﬁlillllaBIIIIII!EIII!IIIH
R R sttt Bl HH AN L i B Ra “rtaidie
r 4 455}
16 GGGCCC... 445/ 18 GGGCCC...
Rasleeli U LR LU L LR e 2L U AT TR TR
- o g aslei TR

“wosssnivsainimiobinindvininiaeiniog

Rl Lo oL O e LI mmnm

o < mmwﬂ m:ﬁmu Rtl!allﬂ! B!I!Emﬁ Rllﬂllﬁi
e <mmmﬂmiislmimlsam a:izallzamlzsllta
o m‘*e'uii m!i!llﬂi lt!l!illﬂ! mmma !ill:%llﬂ!

B2 selronstyapetosonlararbenssloavd boanhdnessd mmmﬂ

-4.5(

r -4.55 - 4
| 18 GGGG(;CCC... ' ' ' ' 'A 445 18 GGGG(;CCC... ' ' ' ' 'A
74300+ QUBATA OGNS AT BSRRHINGAT PIODKONUATARYNNIGUOAY """*!Il*!!“!l*llml YOI AT ORI TN IO
hd >ox ok b *Qu . : % : o > o e L4 HQA
ORNE 72 bR [= el H R[S essisiip g st b tng e it
M ACOOOQOVYPEARNACOIOIOVY PR A B AQOOOOY 450 e a
, e IR A A SIORR eI A Ao
“woctendiasbombotun b bosbniobo k| Srodsesdiastostalontoselianbavabioniansiverion:dnoale
110 GGG(-‘:GCCCCC ' ' ' ' ' -4.45 110 GGGG'GCCCCC...' ' ' ' '

=]

,<m|n|unbgnn|nn LT mmm laad MLLL7 <]
-;».-‘zs;:m:m;lmuguim QLT
RRRICRE S A= 11 T r:u;anza:suiumannsum
. 4,..:sizﬁitalzlllﬂiélﬁllﬁ Bonginotndbony nogke

“varettsanstvardtonaitave nilu Bo0sEINOATEPOOR PNOAN

RS n..u,n-o;om«ptltallﬂi !!“*ﬂl]ta 80:3104%4

. '{ ., *...A,o‘.«e..m;tn;a (T3] i ok “'lia“ﬁ‘
LR A«,.tua..q,»tntan ;alu ml#en
K »..:::::m;i.::s:zmiz'zzslagt:: HTH :z'z

4551 .
120 GGGGGGGGGGCCCCCcCcCcCC... 4450 120 GGG( CCCCccCcCcCC...
Blettiars | s eiis it HHEH T m‘-s“f 33e8:318 . .
R <,..;::.:J,E.:.::...:E..?.:.gm; o ’!“;“5“‘!' ,<»-u§_=§§5::§§.§ 'gili‘ L gipng
o voleaVapleswauaivgbent ajeavd poasxgloaigpelosine L IR n.-Aﬂ;‘-lt e L ﬁl“ 0000
Av > e *o-oAvﬂ»gotol.A«b”fﬂ“t“ m.;a.l‘a '!;gl.m Tre *°-'Av<>3t‘¥3|lﬁ $910d ' U ' ¥ I
mMA<OeO0 -450tm A 4« 0000 30 f .

-4.55

L e *.-.Avﬂzﬁiﬂltﬂ
.. ‘*.-.A«tg.l;

u:..EEEE""Bz:xs-mimlzgmg l!ﬂn: 3:|!s|i

T T T T
"nG..
0..0*0-

et
n

L L

HRHEHE bbb
=t

i
i
i
3
4y
Y
X
3
Y
4y
Ay
§

, '*g;,:;:ssiiéilﬁs

-4.55

».:::simiiﬁi: i

0 10 50

0 10

20 40

Figure 8.19: Eigenspectra of periodic I polymers. HOMO regime (left) and LUMO regime (right).
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Figure 8.20: Eigenspectra of periodic D polymers as well as of I1 (G...) and I1 (A...) polymers plotted
together. HOMO regime (left) and LUMO regime (right).
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Figure 8.23: HOMO-LUMO gaps. Left: 12 (GC...), I4 (GGCC...), I6 (GGGCCC...), I8 (GGGGCCCC...), 110
(GGGGGCCCCLC...), I20 (GGGGGGGGGGCCCCCCCCCCL...) polymers, as well as 11 (G...) polymers.
The horizontal green line at 3.5 eV shows the energy gap of G-C base pair. Inset: HOMO and LUMO
band upper and lower limits. Other variants of I polymers follow the same trend, e.g. the gap of I3
(GGC...) is =~ 3.36 eV. Right: D2 (GA...), D4 (GGAA...), D6 (GGGAAA...), D8 (GGGGAAAA...), D10
(GGGGGAAAAA..)), D20 (GGGGGGGGGGAAAAAAAAAA..)) polymers, as well as the union of I1
(G...) and I1 (A...) polymers. The horizontal green line at 3.5 €V (purple line at 3.4 eV) shows the energy
gap of the G-C (A-T) base pair. Inset: HOMO and LUMO band upper and lower limits.

8.2.2 Mean over time Probabilities

The main aspects of our results for the mean over time probabilities for 12, I4, ... poly-
mers are summarized in Figs. 8.24 and 8.25 for some example cases. For N equal to
natural multiples of u (N = mu, m € N¥), palindromicity holds, i.e., the probabilities
are palindromic. This is due to the fact that for N = mu, the Hamiltonian matrices
of these polymers are palindromic, i.e. reading them from top left to bottom right and
vice versa gives the same result. The palindromicity for N = mu is shown in Fig. 8.24,
for an example I8 (GGGGCCCC) polymer, for all possible initial placements of an extra
hole. It is evident that palindromicity holds for all initial conditions. Hence, in these
polymer cases, the appropriate choice of the monomer the carrier is injected to, can
lead to enhanced presence at specific sites at its other end, leading to more efficient
transfer. For N # mu, palindromicity is lost. This is shown in Fig. 8.25, for an exam-
ple case of an 16 (GGGCCC) polymer. In the HOMO regime, all studied polymers with
N # mu, show increased mean (over time) probabilities at the 3 initial monomers.
For example, for type I6 polymers, for NV # 6m, we have increased probabilities at the
first, second and third monomer (left panel of Fig. 8.25). This property is so evident in
the HOMO regime due to the magnitude of the hopping integrals: ¢g is the greater
of all, and tg¢ is much smaller than tcg. In the LUMO regime, this property cannot be
clearly seen, because t¢ is the greater of all, but ¢cg and ¢gc have similar values. For
the same reason, in the LUMO regime, for N = mu+ %, we have an almost palindromic
behavior (see e.g. the right panel of Fig. 8.25). As seen previously, for I1 polymers and
initial placement of the carrier at the first monomer, the mean over time probabilities
are given by Eq. (8.3). Increasing u, the relevant probabilities of 12, 14, I6, ... polymers
tend to the I1 probabilities.
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Figure 8.25: Mean over time probabilities to find an extra hole (left) and electron (right), initially placed
at the first monomer, in a GGGCCC... polymer (v = 6) made up of N = u+7,7 = 1, ..., u monomers.

The main features of our results for the mean over time probabilities for D2, D4,
.. polymers are summarized in Fig. 8.26 for the example case of an I8 (GGGGAAAA)
polymer, for all possible initial placements of an extra hole. A basic observation for
polymers made of different monomers is that if we initially place the carrier at a G-C
monomer the probability to find it at an A-T monomer is small, and vice versa.
Detailed numerical results displaying all the above mentioned features, having
placed the hole or electron initially at the first monomer, for N = u+7,7=0,1,...,u—
1, can be found in the Supplemental Material of Ref. [59], and specifically in Figs. A.1-
A5 for periodic I polymers, and in Figs. A.6-A.10, for periodic D polymers.

8.2.3 Frequency Content

The Fourier spectra of the time-dependent probability to find the carrier at each monomer,
are, generally, in the THz regime.

For N = mu, m € N*, for I1, 12, 14, 16, ... polymers, the Fourier spectra of the
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Figure 8.26: Mean (over time) probabilities to find an extra hole in a GGGGAAAA polymer for all
possible initial placements.

time-dependent probability to find an extra carrier at the various monomers, either
for the HOMO or the LUMO regime, are palindromic, i.e., they are identical for the
p-th and (N — p+ 1)-th monomer. This stems from the palindromicity characterizing
the Hamiltonian matrices for N = mu, n € N*. The Fourier spectra of the probability
to find an extra carrier at the first and at the last monomer, having placed it initially
at the first monomer, for I and D polymers, for the HOMO and the LUMO regime, for
N =u+7,7=0,1,...,u — 1, as well as similar diagrams for greater /V, can be
found in Refs. [259, 260]. Since for N # mu, n € N* the Hamiltonian matrices are not
palindromic, the Fourier spectra are also not palindromic. Preliminary analysis of the
frequency content of 11, 12, D2, I3, 14 and 16 polymers, within the WM and the ELM,
including the Fourier spectra, the WMFs and the TWMF as a function of NV can be
found in Ref. [261], with the HKS parametrization.

Next, we focus on the TWMF as a function of N for various types of periodic I
polymers (cf. Fig. 8.27). In I2 (GC...) polymers, only two hopping integrals are in-
volved: e, teg. In14 (GGCC...), I6 (GGGCCC...), ... polymers, three hopping integrals
are involved: ¢gg, tgc, tcg. This is the reason that in the limit of large IV, the TWMF for
12 polymers tends to a different frequency region than for 14, 16, ... polymers. For 14,
I6, ... polymers, increasing u, the role of g gradually increases, hence, this series of
polymers has as a limit I1 (G...) polymers, where only one hopping integral is involved:
tce. In particular, the TWMF of 14, 16, ... polymers, in the limit of large [V, tends to the
TWMF of I1 polymers.

Next, we focus on the TWMF as a function of /V for various types of periodic
D polymers (cf. Fig. 8.28). In D2 (GA...) polymers, only two hopping integrals are
involved: tga, tag. In D4 (GGAA...), D6 (GGGAAA...), ... polymers, four hopping
integrals are involved: {gg, tga, taG, taa. This is the reason that in the limit of large NV,
the TWMF for D2 polymers tends to a different frequency region than for D4, D, ...
polymers. For D4, D6, ... polymers, increasing u, the role of t5; gradually increases;
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Figure 8.27: Total Weighted Mean Frequency (TWMF) as a function of the number of monomers N
in the polymer, having placed the carrier initially at the first monomer, for I1 (G...), 12 (GC...), 14
(GGCC...), I6 (GGGCCC...), I8 (GGGGCCCC...), 110 (GGGGGCCCCC...), and 120 (GGGGGGGGGGC-
CCCCCCCCC...) polymers, for the HOMO and the LUMO regime.

the same happens with the role of {54. However, if we place the carrier initially at
the first G-C monomer, the probability to find it at any A-T monomer is very small
(e.g., cf. Fig. 8.26). Hence, for initial placement of the carrier at a G-C monomer (like
in Fig. 8.28), the TWMF of D4, D6, ... polymers, in the limit of large /N, tends to the
TWMF of 11 (G...) polymers, where only one hopping integral is involved: ¢gc.
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Figure 8.28: Total Weighted Mean Frequency (TWMF) as a function of the number of monomers
N in the polymer, having placed the carrier initially at the first monomer, for 11 (G...), I1 (A...),
D2 (GA...), D4 (GGAA...), D6 (GGGAAA...), D8 (GGGGAAAA...), D10 (GGGGGAAAAA...), and D20
(GGGGGGGGGGAAAAAAAAAA...) polymers, for the HOMO and the LUMO regime.

The frequencies involved in charge transfer are given by Eq. (6.13). Hence, the
maximum frequency is determined by the maximum difference of eigenenergies, i.e.,
by the upper and lower limits of the HOMO or LUMO band. Since increasing u, the
eigenspectra of 12, 14, 16, ... polymers tend to the eigenspectra of I1 polymers, the
maximum frequencies of these polymers also tend to the maximum frequency of I1
polymers. Furthermore, since increasing u, the eigenspectra of D2, D4, D6, ... polymers
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tend to the eigenspectra of the union of I1 (G...) and I1 (A...) polymers, the maximum
frequencies of these polymers also tend to the maximum frequency of the union of 11
(G...) and I1 (A...) polymers. Numerical results regarding the behavior of maximum
frequency can be found in Fig. A.11 in the Supplemental Material of Ref. [59].

8.2.4 Pure mean transfer rates

Next, we study the pure mean transfer rates, k; y, from the first to the last monomer.
For simplicity, we drop the indices. An impressive case where appropriate sequence
choice can increase k£ by many orders of magnitude is shown in Fig. 8.29, where we
depict k(N) for N = mu, either for HOMO or for LUMO, for type I1 (G...), 12 (GC...), I4
(GGCC...), I6 (GGGCCC...), I8 (GGGGCCCC...) and I10 (GGGGGCCCCC...) polymers.
These polymers are palindromic, hence there is enhanced presence of the extra carrier
at the last monomer. Results for any N can be found elsewhere [259].

In all cases, k() is a decreasing function. The electron k range is many orders of
magnitude narrower than the hole & range, due to the much smaller difference between
the hopping integrals ({cg, toc, tc) involved.
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Figure 8.29: Pure mean transfer rate £k of type I1 (G...), I2 (GC...), I4 (GGCC...), I6 (GGGCCC...), I8
(GGGGCCCC...) and I10 (GGGGGCCCCC...) polymers, as function of the number of monomers N in
the polymer, for N equal to natural multiples of their u, for HOMO (upper panel) and LUMO (lower
panel).

In Fig. 8.29 we observe that for N = mu, starting from type 12 (GC...) polymers
and increasing u, i.e. for types I4 (GGCC...), I6 (GGGCCC...), ... polymers, k takes
increasingly larger values. In other words, the degree of transfer difficulty is greater
for type 12 (GC...) polymers and decreases gradually for types 14, 16, ... 110 polymers.
And so it will be if we still increase u taking similar types of polymers. However,
k(N) has an upper limit which is k() of type I1 polymers. The latter polymers are
structurally simpler (more precisely, they have the simplest possible structure), a fact
that favors charge transfer along them, so their transfer rates are higher than those of
the other polymer types. As u increases, the influence of {;¢ and to¢ becomes less
significant, hence this upper limit appears.
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Generally, for an extra electron (LUMO), Ink(In/N) is approximately linear, of the
form Ink = Inky — nlnN, a relation that generally does not hold for an extra hole
(HOMO). However, for type I1 (G...) polymers the above mentioned linear relation
holds both for HOMO and LUMO. For HOMO, generally k(d), whered = (N —1) x 3.4
A is the charge transfer distance, is approximately of the form Ink = Inky — f3d, a
relation that does not generally hold for an extra electron (LUMO).

To gain further insight, we have performed the exponential fits k = kye™? and
k = A+ koe P as well as the power-law fit k = k), N~". In all cases we studied k from
the first to the last monomer, under the condition N = mu, N < 40. We observe that
for12 (GC...),14 (GGCC...), 16 (GGGCCC...), I8 (GGGGCCCC...), 110 (GGGGGCCCCC...)
polymers the HOMO regime is better characterized by exponential fits and the LUMO
regime by power-law fits. For type I1 (G...) polymers the power-law fits are better
both for the HOMO and the LUMO regimes. his fact can also be easily seen in Fig. 8.29,
where in the HOMO regime all 12, 14, 16, I8, 110 polymers show a linear relation between
Ink and d, while, type I1 polymers do not satisfy this linear relation. In the LUMO
regime, none of 12, I4, 16, I8, 110 polymers satisfies a linear relation between Ink and
d. In the LUMO regime, all 12, I4, 16, I8, 110 polymers as well as I1 polymers satisfy an
almost linear Ink - In/N relation.

For polymers made of different monomers k(/V), is depicted in Fig. 8.30. We ob-
serve that, while for type I1 polymers (G... and A...) k drops ~ by only 2 to 3 orders
of magnitude, increasing N from 2 to 30, as the number of A in the repetition unit
increases, k(/N) drops dramatically by many more orders of magnitude. Again, this
behavior shows that the pure mean transfer rate can be increased by many orders of
magnitude by appropriate choice of the repetition unit. All in all, our results suggest
that type I1 polymers are the best for electron or hole transfer.
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Figure 8.30: Pure mean transfer rate k of type I1 (G...), I1 (A..), D2 (GA...), D4 (GGAA...), D6
(GGGAAA...), D8 (GGGGAAAA...) and D10 (GGGGGAAAAA...) polymers, as function of the num-
ber of monomers NN in the polymer, for N equal to natural multiples of their u, for HOMO (upper
panel) and LUMO (lower panel).
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8.3 Conclusion

In the first part of this Chapter, we employed two TB approaches, the WM and the
ELM, to examine carrier transfer in DNA monomer polymers (I1) and dimer polymers
(I2 and D2). The two TB approaches give coherent, complementary results.

For the time-independent problem, we studied the HOMO and the LUMO eigen-
spectra and the occupation probabilities, the DOS and the HOMO-LUMO gap. We
saw that the upper (lower) subband of the HOMO (LUMO) eigenspectrum calculated
within the ELM corresponds to the band calculated within the WM. The occupation
probabilities within the WM and the ELM show various degrees of palindromicity and
eigenspectrum (in)dependence of the probabilities to find the carrier at a site. The DOS
displays nice van Hove singularities at the (sub)band edges. As expected, the poly-
mer HOMO-LUMO gaps are smaller than the HOMO-LUMO gaps of the two possible
monomers, reaching a level of 3.4 to 3.0 eV. The smallest HOMO-LUMO gaps occur for
D2 polymers.

We also investigated the mean over time probabilities to find the carrier at each site
(base pair for the WM and base for the ELM), the Fourier spectra and the pure mean
transfer rates from a certain site to another. The mean over time probabilities illustrate
clearly the basically intra-strand character of carrier transfer in I1 and D2 polymers.
However, while in I1 polymers the carrier moves successively through all bases of the
same strand, in D2 polymers it moves through the bases that are identical with the
one it was initially placed at, i.e., it moves through the same strand from the one or
the other base of the first monomer to the identical base of the third monomer, and so
forth. Carrier transfer is basically of inter-strand character in I2 polymers. The Fourier
spectra give us a nice representation of the frequency content of charge transfer. Both
TB approaches show that this frequency content is mainly in the THz domain; the
details depend on the type of polymers and the TB approach used. The pure mean
transfer rates k£ show both how fast carrier transfer is and how much of the carrier is
transferred from the initial site to the final one. Our results indicate that the fall of k£
as a function of N becomes generally steeper as the intricacy of the energy structure
increases.

Having demonstrated the agreement between the two TB approaches, in the sec-
ond part of this Chapter, we employed the —simpler- WM to study the transfer of an
extra carrier, electron or hole, along N-monomer periodic polymers (made of the same
monomer, i.e. I1, 12, I4, 16, 18, 110, 120, as well as made of different monomers, i.e. D2,
D4, D6, D8, D10, D20).

For periodic I polymers, we show that the eigenenergies are always symmetric
relative to the monomer on-site energy. Increasing the repetition unit, we have wit-
nessed convergence of types 12, 14, 16, ... polymers, to type I1 polymers, in terms of
eigenspectra, DOS, energy gaps, mean over time probabilities to find the carrier at the
first and last monomers, frequency content (total weighted mean frequency), and pure
mean transfer rates, i.e. for all the properties we studied. In other words, increasing
the repetition unit, the physical properties of 12, 14, 16, ... polymers tend to those of the
relevant homopolymer. The homopolymer has the smallest HOMO-LUMO gap. Gen-
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erally, for homopolymers, the magnitude of & is larger and the fall of k() is less steep.
As the repetition unit increases, the influence of ¢t and ¢ becomes less significant,
hence £ of the homopolymer acts as an upper limit. Moreover, we have ascertained
palindromicity of physical properties such as the mean (over time) probabilities and the
Fourier spectra, when the number of monomers is a natural multiple of the repetition
unit.

For periodic D polymers, the eigenenergies gather around the two monomers’ on-
site energies. Increasing the repetition unit, the gap decreases, converging to the gap
of the union of the two relevant homopolymers, which is ~ 0.5 eV lower than the
gaps of the relevant homopolymers. As far as the mean probabilities are regarded, if
we initially place the carrier at a G-C monomer, the probability to find it at an A-T
monomer is small, and vice versa. Increasing the repetition unit, k£ (from the first to
the last monomer) falls dramatically.

Some further general remarks: For both I and D polymers, the frequency content
of carrier transfer (in terms of the TWMF) lies within the THz regime. For bothI and D
polymers, although k(/V) is a decreasing function, it can be increased, for the same N,
by many orders of magnitude with appropriate sequence choice. The homopolymers
(e.g. G... and A...), i.e. the simplest cases, display higher pure mean transfer rates,
hence they are more efficient in terms of electron and hole transfer.
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Deterministic aperiodic and random
DNA polymers

This Chapter is devoted to charge transfer in several categories of deterministic ape-
riodic and in random binary DNA polymers, within the WM. The content of Secs. 9.1
and 9.3 can be found published in Ref. [60], under CC BY 4.0. Since the author of the
present PhD thesis is not the first author of Ref. [60], we will restrict to a presentation
of the main results of this work in Sec. 9.1, we will make some additional remarks re-
garding different initial conditions 9.2, and discuss experimental transfer rates in the
context of our TB approach in Sec. 9.3. As previously, we will use only the 5" — 3’
strand to denote the segments, and I polymers refer to polymers made up of identical
monomers, while D polymers refer to polymers made up of different monomers. For
deterministic aperiodic binary polymers, the notation X(Y) means that that the first
monomer in the sequence is X, and the other monomer in the sequence is Y.

9.1 Main results

9.1.1 Energy structure

The energy structure various categories of deterministic aperiodic binary I and D DNA
polymers have been calculated using the HKS parametrization (see Appendix A, Ta-
ble A.1). Our numerical results are illustrated in Figs. 1-4 of Ref. [60]. For respective
results for D polymers within the S parametrization, cf. Figs. 5.4, 5.5. For both I and D
polymers, in fractal polymers the DOS is fragmented and spiky, while in the rest cases
the DOS has rather acute subbands. Also, as proven in Appendix C, Theorem 2, for
all I polymers, all eigenvalues are symmetric relative to the monomer’s on-site energy
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(this, obviously, also holds for the DOS). For D polymers, the eigenenergies (and the
DOS) gather around the two monomer’s on-site energies.

Regarding HOMO-LUMO gaps, the G-C (A-T) monomer gap is always greater than
the gaps of I polymers made of G and C (A and T). D polymers have smaller HOMO-
LUMO gaps than I polymers (cf. left panel of Fig. 5 of Ref. [60]). Furthermore, the
lower HOMO (LUMO) band limit of D polymers is always between the lower and upper
HOMO (LUMO) band limit of I polymers consisted of A and T, while the upper HOMO
(LUMO) band limit of D polymers is always between the lower and upper HOMO
(LUMO) band limit of I polymers consisted of G and C (cf. right panel of Fig. 5 of
Ref. [60]).

9.1.2 Mean over time probabilities

The main aspects of our results for the mean over time probabilities for I and D poly-
mers, for initial placement of an extra hole (HOMO) or electron (LUMO) at the first
monomer, are summarized in Figures 6 and 7, as well as in Appendix A of Ref. [60], for
some example cases. Usually, these probabilities are distributed to monomers close to
the one the carrier was initially placed.

The probabilities of finding the extra carrier at each monomer of a polymer de-
pend on the sequence on-site energies and magnitude of hopping parameters between
successive monomers. This can more easily be seen in I polymers, where only the
hopping integrals affect the energy structure. For the TM G(C) polymers, the proba-
bilities are palindromic for odd generation numbers. This is due to the fact that the
Hamiltonian matrices of these polymers are palindromic, i.e., reading them from top
left to bottom right and vice versa gives the same result. This property stems directly
from the sequence structure. For CS A(T) polymers, the mean over time probability
for an extra hole is almost totally distributed at the four (or three for g = 1) starting
monomers, regardless of /V, while for an extra electron the probabilities are almost
semi-palindromic, i.e., <|\Ilu(t)|2> = <|\I/N_M+1(t)|2> = 2,4, ..., N — 1. In this case,
even if the sequence structure is the same for HOMO and LUMO, the magnitude of
hopping integrals has a stronger effect on the results. Another example is the RS A(T)
sequence where the mean over time probability for an extra electron is almost totally
distributed at the four starting monomers, regardless of /V, while for holes it is ba-
sically distributed at monomers 1, 2, 3 and 6. Regarding the extra hole in ACS C(G)
polymers, the probability is much higher for monomers 1, 2, 9, 10 of every 32-monomer
period. Generally, for I polymers, the mean over time probabilities are significant only
rather close to the first monomer, although in some cases we observe non-negligible
probabilities at more distant monomers.

Generally, for D polymers, the mean over time probabilities are almost negligible
further than the first monomer. An exception is the RS A(G) sequence where the prob-
abilities for both HOMO and LUMO are almost totally distributed at the three starting
monomers of each polymer, regardless its length. Likewise, the mean over time prob-
ability for the extra electron in CS A(G) polymers is almost totally distributed at the
first and third monomer of each polymer, regardless its length. An extra electron in
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PD A(G) reaches somehow more distant monomers.

A general picture is that for deterministic aperiodic polymers, the mean over time
probabilities generally decline a little away from the first monomer, at which the car-
rier is initially placed. This situation is different from the general picture in periodic
polymers studied in Chapter 8 (cf. Refs. [56, 58, 59]), where, as a rule, non-negligible
probabilities exist at distant—from the first—sites.

9.1.3 Frequency content

The frequencies involved in charge transfer are given by Eq. (6.13). The Fourier spectra
of the time-dependent probability to find an extra electron or hole at each monomer
are generally in the THz regime, mainly in the FIR and MIR part of the electromagnetic
spectrum. When the dominant frequencies, i.e., those with greater Fourier amplitudes,
are smaller (larger), the carrier transfer is slower (faster). Extensive examples of the
Fourier spectra of the probability to find an extra carrier at the first and at the last
monomer, having placed it initially at the first monomer, for I and D deterministic
aperiodic polymers, for the HOMO and the LUMO regime, can be found in Refs. [262,
263].

In Fig. 9 of Ref. [60], the TWMF as a function of NV for the various types of deter-
ministic aperiodic polymers is depicted. We notice that the TWMF generally stabilizes
as the generation number increases. In all cases of deterministic aperiodic polymers
studied in Ref. [60], the TWMFs are in the region ~ 1072-10% THz. We notice, for
comparison, that In various cases of periodic I and D polymers studied in Sec. 8.2 (cf.
Ref. [59]), the TWMFs were found in the region ~ 10°-10? THz.

9.1.4 Pure mean transfer rates

We focus on the pure mean transfer rates from the first to the last monomer, k; y, or
from now on, just k. k(N) either for HOMO or for LUMO, for I and D deterministic
aperiodic polymers, is depicted in Fig. 10 of Ref. [60]. In all cases, k(N) is a decreasing
function. Generally, the degree of coherent transfer difficulty is greater for D polymers.
Overall, our results suggest that I polymers, which are simpler cases in terms of energy
intricacy, are more efficient regarding coherent hole and electron transfer.

In each panel of Fig. 10 of Ref. [60], k£(/N) of homopolymers (e.g., A...), which are
the “champions” among periodic polymers in terms of efficiency of coherent carrier
transfer, i.e., in terms of magnitude of k£ and of slower decrease of k(N (see Chapter 8),
is included. It seems that k£(/N') of homopolymers is an unreachable limit for aperiodic
polymers. Comparing the periodic polymers studied in Chapter 8 (cf. Refs. [56, 58, 59])
with deterministic aperiodic polymers, in terms of k(V), we realize that although gen-
erally periodic polymers are more efficient, specific aperiodic polymers can be better
than specific periodic ones. However, the general picture is that charge transfer in
deterministic aperiodic polymers is orders of magnitude worse than in periodic poly-
mers.
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Furthermore, in each panel of Fig. 10 of Ref. [60], a random shuffle of the se-
quence of best deterministic aperiodic polymers, in terms of k(/N), is included. In
all cases, except for HOMO CS , this random shuffle deteriorates severely k(/N). For
CS, A(T) and T(A) have identical k() because the CS rules for A(T) and T(A) pro-
duce equivalent polymers, cf. Eq. (6.11). For equivalent polymers, k() from the
first to the last monomer are identical, cf. Eq. (6.19). For example, TAT = ATA,
TATAAATAT = ATATTTATA, TATAAATATAAAAAAAAATATAAATAT = ATATT-
TATATTTTTTTTTATATTTATA, and so on. Similarly, of course, the CS rules for G(C)
and C(G) produce equivalent polymers, which have identical k(N). For CS HOMO,
the best sequences in terms of k(/N) are A(T) and T(A), where the hopping integrals
involved are txp = ttr = — 8 meV, tar = 20 meV, tty = 47 meV, and we have just
one on-site energy, that of A-T. From these hopping integrals, ty4 has the smallest
absolute value. Given the structure of the CS sequences, making the random shuffle,
the number of {4, decreases, while the numbers of the larger hopping integrals, ¢t
and t1, increase. For this reason, in HOMO CS, the random shuffle increases k(NV). In
LUMO CS, this argument is inverted because now the best sequences in terms of k()
are G(C) and C(G), where the hopping integrals involved are tgc = tcc = 20 meV,

tcc = —10 meV, tcg = —8 meV, and we have just one on-site energy, that of G-C.
In this case, the random shuffle decreases the number of the larger hopping integrals
tcc = tlcc and increases the number of the smaller hopping integrals {gc and tcg.

However, apart from the exception of HOMO CS, generally speaking, the conclusion
is that deterministic aperiodic polymers possess some kind of order, i.e., a well-defined
construction rule, that makes them more efficient than random polymers in terms of
k(N); therefore, when this rule is destroyed, transfer efficiency diminishes.

9.2 Different initial conditions

In Figs. 9.1 and 9.2, we present our numerical results for periodic, various deterministic
aperiodic, and random I and D, respectively, DNA polymers, within the WM and with
the S parametrization (see Appendix A, Table A.1), for all possible initial placements
of an extra hole.

Among the first things that can be observed from Figs. 9.1 and 9.2 is that periodic
and random polymers represent the extreme cases; in the former, the carrier is essen-
tially distributed all over the polymer, while, in the latter, the carrier is only present
only very close to the monomer it was initially placed at. Furthermore, for each cat-
egory of deterministic sequences with a definable substitution matrix [i.e., all cases
presented in Figs. 9.1 and 9.2 apart from KOL(1,2)], there are specific regions of the
polymer in which the carrier can be found; the relative length of these regions is scale
invariant, i.e., it does not depend on the generation number; the corresponding rela-
tive regions just become more fragmented (results not shown here). This is another
footprint of inflation/deflation symmetry. These regions seem to be somewhat more
strictly defined for I polymers than for D polymers. The above remark indicates that
the region of a deterministic polymer at which an extra carrier is located can be found
can be predicted, given the site it was initially inserted at. Additionally, regarding de-
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Figure 9.1: Mean over time probabilities of hole transfer for various categories of I DNA polymers and
for all possible initial conditions. First row: periodic GCGC.... (left) and random (50% G, 50& C, right).
Second row: TM (left) and Fibonacci (right). Third row: PD (left) and RS (right). Fourth row: CS (left)
and ACS (right). Fifth row: KOL(1,2) (left) KOL(1,3) (right).

terministic aperiodic sequences, there is a correspondence between the number and
occurrence percentage of possible triplets, as well as the strength of correlations, dis-
cussed in Chapter 5 (cf. Figs. 5.2, 5.3), and the extent of charge charge presence along
the polymer. For example, random and RS sequences are the least efficient cases, in
accordance with the 8 equidistributed triplets and the weak correlations they posses.
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Figure 9.2: Mean over time probabilities of hole transfer for various categories of D DNA polymers and
for all possible initial conditions. First row: periodic GAGA.... (left) and random (50% G, 50& C, right).
Second row: TM (left) and Fibonacci (right). Third row: PD (left) and RS (right). Fourth row: CS (left)
and ACS (right). Fifth row: KOL(1,2) (left) KOL(1,3) (right).

TM and KOL(1,2) sequences, with similar triplet distribution and similar correlations,
have resembling mean probability distribution (except for I TM polymers with odd
generation numbers, which are palindromic-a case not shown here). The most effi-
cient deterministic aperiodic sequences are Fibonacci, PD and fractal sequences, again
in accordance with the discussion of Chapter 5. All in all, it can be deduced that, al-



9.3. SOME REMARKS ON EXPERIMENTAL TRANSFER RATES 153

though end-to-end charge transfer in deterministic aperiodic polymers seems to be
rather inefficient, as shown in Sec. 9.1, further investigation shows that there are spe-
cific (for each category) regions at which the the excess carrier can efficiently travel
rather far along the polymer, given its chosen initial placement.

9.3 Some remarks on experimental transfer rates

Comparison of the coherent pure mean transfer rates £ of DNA with experimentally
obtained transfer rates is a rather complicated issue. In the past, the experimental
transfer rates in donor—bridge (DNA)—acceptor systems were obtained using the con-
centrations of different products generated e.g., when a hole is (PY) or is not (PN)
transferred. The concentrations of PY and PN were indirectly measured by methods
like polyacrylamide gel electrophoresis and piperidine treatment [264, 265]. Although
these methods revealed some aspects of hole transfer like the sequence dependence and
the ability of transfer, they do not provide the kinetics of hole transfer in DNA [266].
Although, generally, greater concentration of PY implies greater charge transfer, there
is no proof that the concentrations of PN and PY are proportional to the degree of
transfer.

Quantum mechanically, only a fraction of the carrier reaches the acceptor through
the bridge. For the same reason, the definition of transfer time is problematic. The
transfer rate should depend both on the amount and the speed of transfer. However,
the concentration of PY is not strictly proportional to the amount of carrier transfer
and not strictly inversely proportional to the time of transfer. A more direct experi-
mental approach is time-resolved spectroscopy, e.g., transient absorption, to observe
the products of charge transfer [266-268].

Our point of view is different, since the quantity we use, the pure mean transfer
rate [55], given by Eq. (6.18), uses simultaneously the magnitude of coherent charge
transfer and the time scale of the phenomenon. However, our method applies to co-
herent transfer only and cannot cover incoherent mechanisms like thermal hopping.

It is a common assertion in the literature that when the fall of the transfer rate
with respect to the length of a given DNA segment is described by an exponential fit,
the mechanism of transfer is superexchange, whereas when it is described by a power
law fit, the mechanism of transfer is multi-step hopping. However, we stress that the
fitted parameters produced this way should be treated with care, especially when it
comes to attributing them to specific mechanisms. For example, in Ref. [266], where the
hole transfer kinetics of various short DNA segments were experimentally investigated
with time-resolved spectroscopy, the authors present an exponential decay length 5 =
1.6 A~! by fitting the experimental hole transfer rates of G(A),,G DNA oligomers (n =
0,1, 2) to the exponential law K = Koye P where d is the charge transfer distance,
ie,d = 3.4 x (N — 1) A. Using the transfer rate values of Ref. [266], we observed
that, although f, determined as the slope of the linear fit In(K) = In(Ky) — 5d is
indeed & 1.6 A~!, a direct exponential fit gives § = 1.3 A~!, suggesting that the
law of decay is not exactly exponential. On the contrary, the fits of our theoretically
obtained pure mean transfer rates, k, for the same system, give § = 1.84 A1 for g
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determined as the slope of the linear fit In(k) = In(kg) — 3d, and 3 = 1.79 A" for
a direct exponential fit k = kpe 7, suggesting closer convergence to an exponential
decay. Similarly, in Ref. [269], the authors experimentally study, with time-resolved
spectroscopy, hole transfer through (GA),, and (GT),, sequences, where n = 2-12 is the
number of repetition units. The authors fitted the obtained transfer rates to the power
law K = K ,N ", where N is the number of hopping steps between guanines (in our
notation, N’ = % — 1), reported the same exponent for both sequences, ie., n = 2,
and suggested that this value provides evidence that the long-distance hole transfer
occurs by multi-step hopping between guanines. From the rate values provided in
Table I of Ref. [269], we observed that, although 7 as a slope of the linear fit In(K’)
ln(K(')) — nln(N) is indeed 2 for both sequences, a direct power law fit yields 7
1.4 for (GA),, and = 1.3 for (GT),, suggesting that the rate decay does not follow
exactly a power law. On the contrary, the fits of our theoretically obtained pure mean
transfer rates, k, for (GA),, give n = 1.40 for ) determined as the slope of the linear
fitIn(k) = In(ky) — nIn(N), and n = 1.56 A~! for a direct power law fit k = kN 7.
The respective values for (GT),, are n = 2 for both fits. Hence, our theoretical results
suggest that the fall of k, as the length of the bridge increases, convergences to a power
law and that the fall of the transfer rate is less steep when purines are on the same
strand compared to the case when purines are crosswise.
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Figure 9.3: Comparison of experimental hole transfer rates K for A,, and A3G,, segments [270] (full cir-
cles) with our theoretical coherent pure mean transfer rates k (empty circles), as a function of the number
of monomers N in the polymer. The parametrization is described in the main text.

DNA is a dynamical structure, i.e., the geometry is not fixed. Large variations of
the TB parameters are expected in real situations and also large variations of the TB
parameters have been obtained by different theoretical methods by different authors,
cf. e.g., Ref. [55] and references therein. Hence, the parameters any TB model uses
have to be utilized with care. In Ref. [270], the authors report experimentally deduced
(by transient absorption spectroscopy) charge separation rates, in capped A, (n =
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1-7) and A3G,, (n = 1-19) DNA hairpins with a stilbenedicarboxamide hole donor
and a stilbenediether hole acceptor. We computed our theoretical coherent pure mean
transfer rates, £, for the same systems with a modified HKS parametrization: t44 —
1.6t 44, tag — 2.1taq, tag — 2.25t 4, cf. Table A.1). In order to mimic the donor
and the acceptor, we added two sites at the ends of the TB chain, with on-site energies
€don = €4—17 — 0.1 €V, €, = €g_c + 0.1 eV. We used for the hopping integral from the
donor (last base pair) to the first base pair (acceptor) 100 meV (250 meV). Our results,
along with the experimental ones, are depicted in Figure 9.3. Apart from the A; and
A, systems, for which we find much larger rates, the pure mean transfer rates k are of
the same order of magnitude, in good quantitative agreement with the experimental
transfer rates K. Actually, the same sequences A, (n = 1-7) and A3G,, (n = 1-19)
analyzed in Ref. [270] had also been analyzed by the same group in Ref. [271]. In
Ref. [271], the authors mention a time resolution of ca. 180 fs. Hence, roughly, only
transfer rates K < (1/180) PHz ~ (1/200) PHz = 5 x 10~3 PHz can be detected by
this technique.

9.4 Conclusion

We discussed coherent charge transfer on deterministic aperiodic and random binary
I and D DNA segments, within the WM. Regarding the energy structure of the poly-
mers, the eigenenergies lie around the monomers’ on-site energies. For I polymers,
the eigenenergies are always symmetric relative to the (constant) monomer on-site
energy. For both I and D polymers, in fractal cases the DOS is fragmented and spiky,
while in the rest cases the DOS has rather acute subbands. D polymers pose smaller
HOMO-LUMO gaps than I polymers. The lower HOMO (LUMO) band limit of D poly-
mers is always between the lower and upper HOMO (LUMO) band limit of I polymers
consisted of A and T, while the upper HOMO (LUMO) band limit of D polymers is al-
ways between the lower and upper HOMO (LUMO) band limit of I polymers consisted
of Gand C.

Next, we studied the mean over time probabilities to find an extra hole or electron
at each monomer of the polymer, having it initially placed at the first monomer. For
I polymers, the mean over time probabilities are significant only rather close to the
first monomer, although in some cases we observe non-negligible probabilities at more
distant monomers. For D polymers, the mean over time probabilities are generally
negligible further than the first monomer. This is in contrast with periodic polymers,
studied in Chapter 8, where, generally, non-negligible probabilities exist at distant—
from the initial—sites.

Furthermore, we determined the frequency content of coherent extra carrier trans-
fer via the total weighted mean frequency of the polymer, using the weighted mean
frequencies of the Fourier spectra that correspond to the probabilities to find the carrier
at each monomer. The TWMF generally stabilizes after a few generations. In all cases
of deterministic aperiodic polymers studied, the TWMF lies in the regime ~ 1072 — 102
THz. This is different from various cases of periodic I and D polymers studied Sec. 8.2,
where the TWMFs were found in the region ~ 10° — 10? THz.
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The study of the pure mean transfer rates, k(/N), shows that I polymers, which
are simpler cases in terms of energy intricacy, are more efficient than D polymers re-
garding coherent hole and electron transfer. Comparing the periodic polymers studied
in Chapter 8 (see also Refs. [56, 58, 59]) with the aperiodic polymers studied here, in
terms of k(IV), we realize that, although generally periodic polymers are more effi-
cient, specific aperiodic polymers can be better than specific periodic ones. However,
the general picture is that charge transfer in aperiodic polymers is orders of magni-
tude worse than in periodic polymers. The structurally simplest periodic polymers,
i.e.,, homopolymers, represent an unreachable limit for all aperiodic polymers. Fur-
thermore, a random shuffle of a deterministic aperiodic monomer sequence destroys
the deterministic character of its construction rules, thus leading to vanishing transfer
rates.

Further comparative investigation of the mean over time probabilities to find a
carrier at each monomer of periodic, deterministic aperiodic, and random polymers
for all possible initial placements reveals that, although end-to-end charge transfer in
deterministic aperiodic polymers seems to be rather inefficient, there are specific (for
each category) regions at which the the excess carrier can efficiently travel rather far
along the polymer, given its chosen initial placement. The extent of these regions is in
accordance with our discussion on the number and occurrence percentage of possible
triplets, as well as the strength of correlations, discussed in Chapter 5. Less number
of triplets, the existence of dominant triplets and stronger correlations lead to larger
regions in which the charge can be found.

As far as comparison with experiments regarding the transfer rates is concerned,
large variations of the TB parameters are expected in real situations, hence modifica-
tions are necessary. Using a modified HKS parametrization, we were able to find hole
pure mean transfer rates k£ of similar magnitude with experimental transfer rates /'
obtained by time-resolved spectroscopy.



Conclusion

This PhD thesis is devoted to a comparative and systematic, both analytical and numer-
ical, study of charge transport and transfer properties 7 conjugated molecular wires,
and specifically of DNA and carbynes, using variants of the TB method. Regarding
charge transport, the computational code used throughout Part II was solely devel-
oped by the author, while, regarding charge transfer the code used throughout Part III
is a product of several amendments, additions, and optimizations made by the author
to already existing programs that had been developed within the group “Physics of
Nanostructures and Biomaterials”, again, with his participation.

Our first goal regarding charge transport was to study the simplest variant of one-
dimensional TB models, i.e., the WM, in a more generic manner. We focused on peri-
odic systems whose chemical diversity is measured in terms of the number of different
kinds of atoms and bonds in the unit cell, and found out that some properties, which
are usually regarded as specific properties of the systems considered, may turn out
to be quite general consequences of the adopted quantum lattice model instead. We
showed a recipe to produce their energy structure for cyclic and fixed boundaries and
systematically studied all factors that affect their transmission profiles. We introduced
an optimal coupling condition between the considered systems and the leads they are
attached to, based on two factors, i.e., the coupling strength and asymmetry.

Having obtained this knowledge, we moved on to apply our model to cumulenic
and polyynic carbynes. Our numerical results have shown that this model is able to
catch several experimentally detectable features of charge transport, such as the en-
ergy gap of polyynic carbynes, the metallic (semiconducting) behavior of cumulenic
(polyynic) carbynes, and the rectifying behavior of the current-voltage curves when
there is a mismatch between the Fermi levels of the leads to which polyynic carbynes
are attached.

Next, we focused on the interplay between the sequence structure, the energy
structure and the charge transport properties of several categories of DNA segments,
i.e., periodic, various deterministic aperiodic, and random sequences. We have shown
that there is a direct correspondence between the number and occurrence percentage
of the possible base-pair triplets present in each sequence category and the aforemen-
tioned properties. Apart from a natural unit in a TB model with nearest neighbor in-
teractions, base-pair triplets constitute the so-called codons, each one of which corre-
sponds to a specific amino acid or stop signal during protein synthesis. Specifically, for
all deterministic aperiodic sequences studied, we found that there are IDOS steps the
relative height of which is equal to the occurrence percentage of the possible triplets
within them. The strength of correlations within the segments, determined via the ACF
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of the quantities {*, which is also affected by the number of triplets and the possible
presence of dominant ones, is a fingerprint of the sequences’ inflation/deflation sym-
metry and is reflected on the localization and transmission properties of the segments.
By systematically studying the current voltage curves for all segment categories (which
all have distinct shapes), we found that although periodic polymers represent the most
efficient case, there are deterministic aperiodic sequences that can carry significant
currents. Homopolymers are a limiting case in terms of transport efficiency, and ran-
dom sequences are systematically the least efficient. We have also shown that the use
of a realistic parametrization, going beyond the somewhat simplistic assumptions of
solely diagonal or off-diagonal disorder, reveals much more detail about the studied
properties.

In order to understand coherent charge transfer of an extra hole or electron along
DNA, we started by focusing on small segments, within the WM and the ELM. We
showed that the two models give complementary results, predicting carrier oscillations
with frequencies in the THz regime for DNA monomers, dimers, and trimers. Within
monomers, charge transfer is very small to negligible. In dimers made up of identical
monomers, the whole extra carrier is transferred from the one monomer to the other
(when purines are on the same strand, transfer is of intra-strand character, while, when
purines are crosswise, transfer is of inter-strand character). In dimers made up of
different monomers, transfer is of intra-strand character, albeit only a small percentage
of the carrier changes monomer. Our results for the above mentioned TB models were
compared with respective ones obtained by RT-TDDFT, and are in good agreement.

The two models, i.e. the WM and the ELM, were also compared in a study of charge
transfer along the simplest periodic polymers, monomer- and dimer-polymers. They
give coherent, complementary results regarding the mean over time probabilities to
find the extra carrier at a specific site, the frequency content of transfer, and the pure
mean transfer rates, with the ELM allowing for greater detail. This complementarity
stems from the fact that due to the weak ppm coupling between the complementary
bases of a base pair, the HOMO (LUMO) of the base pair within the WM is very close
to the highest of the HOMOs (lowest of the LUMOs) of its two constituents within the
ELM. We also studied some other classes of periodic polymers, with increasing repeti-
tion unit in the fashion GC, GGCC, etc, or GA, GGAA, etc, within the WM. We found
that as the repetition unit increases, in the former case, all studied quantities related
to charge transfer (eigenspectra, DOS, energy gaps, mean over time probabilities to
find the extra carrier at each base pair, TWMFs, pure mean transfer rates) have the
homopolymers as a limit, while, in the latter case, the limit is the union of the two
possible homopolymers.

The fact that the -structurally simplest- homopolymers are the most efficient case
for charge transfer is demonstrated by a comparative study of periodic, deterministic
aperiodic, and random DNA segments. However, there are specific aperiodic poly-
mers that can be more efficient than periodic ones. Furthermore, although end-to-end
transfer is generally orders of magnitude worse in deterministic aperiodic polymers,
a further study shows that there are regions of initial carrier placement, specific for
each deterministic aperiodic polymer category, for which the extra carrier can be found
rather far away. The extent of transfer is, just as in charge transport, directly related
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to the number and occurrence percentage of the possible base-pair triplets in each
segment category.

Finally, we have shown that our coherent pure mean transfer rates can quantita-
tively reproduce experimental transfer rates obtained with transient absorption spec-
troscopy techniques.

Qualitatively, the results presented in this PhD thesis are not polymer-specific and
could be applied to study other polymers or, more generally, one-dimensional struc-
tures, as well. DNA, due to the ability it provides to construct sequences of choice,
could be seen as a prototype system. However, its large persistence length, combined
with the fact that, as we have shown, its charge transport and transfer properties are
strongly sequence-dependent, make it a promising candidate as a channel in nano-
electronic applications. Furthermore, the knowledge we have obtained from the sys-
tematic study of periodic DNA polymers could be employed to investigate repeated
nucleic acid oligomers associated with repeat expansion disorders, i.e., inherited dis-
eases caused when the number of nucleotide repeats exceeds a critical threshold.

Although we have focused on what is the most important intrinsic factor that af-
fects charge transfer and transport in DNA, i.e., the base-pair sequence, this is not
the only intrinsic factor that matters. DNA is flexible, and its structural deformations
would have a significant effect on the TB parameters. This is a subject currently studied
within our group.

Finally, having studied the charge transport properties of carbynes within TB,
we are currently extending our investigations to charge transfer in open and closed
polyynic and cumulenic carbon atomic wires and carbon-nitrogen wires, compara-
tively within TB and RT-TDDFT.
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Tight-Binding
parametrizations for DNA

We list the parametrizations used in the TB models employed for DNA in the present
thesis.

Wire Model

Table A.1: Hopping integrals for all possible successive DNA base pairs, in the 5" — 3’ direction, for the
two parametrizations used in this thesis to employ the WM. In each column, the left value corresponds
to HOMO, while the right value to LUMO. All hopping integrals are given in meV. For both parametriza-
tions, the two relevant on-site energies of the two base pairs are eg.c = —8.0 €V, a1 = —8.3 €V for
HOMO, and €g.c = —4.5 €V, a1 = —4.9 eV for LUMO.

—100 20 || —62 20
—20 -29| -8 —29
10 —10 1 —10
—50 —8 || —44 -8
35 0.5 20 0.5
20 2 47 2
—-30 31 -5 3
—110 -1 =79 —1l
—10 17 —4 17
10 32 2 32
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APPENDIX A. TIGHT-BINDING PARAMETRIZATIONS FOR DNA

Extended Ladder Model

Table A.2: Hopping integrals for all adjacent DNA bases, in the 5’ — 3/, 3’ — 3/, and 5’ — 5’ directions, for
the parametrization used in this thesis to employ the ELM. In each column, the left value corresponds
to HOMO, while the right value to LUMO. All hopping integrals are given in meV. The relevant on-site
energies of the four base bases are g = —8.0 eV, ec = —8.8 eV, ea = —8.3 eV, e = —9.0 eV for HOMO,
and g = —4.5€V,ec = —4.3 eV, €5 = —4.4 €V, e = —4.9 for LUMO. The intra-base-pair hopping
integrals are tg.c = —12 meV, ta1 = —12 meV for HOMO, and tg.c = —9 meV, tor = 16 meV for

LUMO.
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Fourier Spectra
of DNA dimers and trimers

We present representative Fourier spectra for DNA dimers and trimers within the ELM.
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Figure B.1: Fourier spectra, within the ELM and with the HKS parametrization, of the GG dimer. A
hole is placed initially at a base and we depict the frequency spectrum at all bases, A1(G), B1(C), A2(G),

B2(C).
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Figure B.2: Fourier spectra, within the ELM and with the HKS parametrization, of the GC dimer. A
hole is placed initially at a base and we depict the frequency spectrum at all bases, A1(G), B1(C), A2(C),

B2(G).
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Figure B.3: Fourier spectra, within the ELM and with the HKS parametrization, of the CT dimer. A
hole is placed initially at a base and we depict the frequency spectrum at all bases, A1(C), B1(G), A2(T),
B2(A).
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Figure B.4: Fourier spectra, within the ELM and with the HKS parametrization, of hole transfer in the
GGG trimer. A hole is placed initially at a base and we depict the frequency spectrum at all bases, A1(G),

B1(C), A2(G), B2(C), A3(G), B3(C).
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Figure B.5: Fourier spectra, within the ELM and with the HKS parametrization, of the GCG, CAC, CTC
trimers for initial placement of a hole at base A1.



Two theorems
on tridiagonal symmetric matrices

Theorem 1. The eigenvalues of real tridiagonal symmetric matrices do not depend on the
sign of their off-diagonal entries [272]

Proof. Let T be a tridiagonal, irreducible’’, symmetric N x N matrix with diagonal
elements T}, = a, Vk = 1,... N and off-diagonal elements T{;, ;1) = Tppre Okt
The1 > 0,Vk =1,... N—1. Since T is Hermitian, T{j 1 x) = rer1€%+1. Now, suppose
a diagonal N x N matrix D, with elements d; = 1 dk = dy_1€% Yk =2,...,N.
Then, D is unitary, and the similarity transformation T = D~ 'T'D leads to the matnx
T with diagonal elements T}, = a; and non-diagonal elements T(k k+1) = Tk+1. Hence,
the tridiagonal Hermitian matrix 7" has the same eigenvalues with the tridiagonal real
symmetric matrix T', which has positive non-diagonal entries [272]. Let us further
suppose that T is real. Then, 6 = 0 or 6 = 7, depending on whether T{; 5, 1) > 0 or
T k+1) < 0. The elements of D will then be d;, = di—1(£1),Vk = 2,...,. Hence, the
matrix T, which has positive entries, has the same eigenvalues with 7", which differs
by T in that its off-diagonal elements have negative signs in arbitrary positions. We
also notice, if ¥ is an eigenvector of T', then D~'4 is an eigenvector of T. [ |

Theorem 2. The eigenvalues of real tridiagonal symmetric matrices with the same entry
in the main diagonal are symmetric around the value of this entry.

Proof. Matrices of even order: A tridiagonal symmetric matrix, T', of order N = 2n,
with the same entry in the main diagonal, let us denote it by ¢, can be written on the

?A matrix is called irreducible if it cannot be transformed through permutations into a block triag-
onal. In our case, i.e., tridiagonal matrices, this simply means that all the off-diagonal elements are
non-zero.
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form

T =¢l -+ TGK7 (Cl)
where

0

ti1 0 9

Tk = to . (C.2)
0 topn
ton—1 0

is called a tridiagonal symmetric Golub-Kahan matrix. It can easily be shown that
T.x = PTBP, (C.3)

where P is the perfect shuffle matrix** and

O A i3ty

ton—1

Furthermore, by performing the Singular Value Decomposition of the upper bidiagonal
matrix A, i.e., by writing it as A = USW, and replacing in in B, we obtain

B -5 0\ .7 1 u U
B—J(O S>J’ J—E<_W W) (C5)
Thus, by combining Egs. (C.5) and (C.3), we arrive at

-5 0
Tox = PTJ ( 0 S) JTP. (C.6)

From Eq. (C.6), we conclude that the eigenvalues of T;x are given by the positive and
negative values of the diagonal matrix S, i.e., they are symmetric around zero [273].
Hence, given Eq. (C.1), the eigenvalues of T" are symmetric around e.

Matrices of even order: If T is of order N = 2n + 1, we add a zero row and a zero
column to T in the odd-order version of Eq. (C.2), so that it is again of even order,
and follow the aforementioned procedure. Then, two degenerate trivial eigenvalues
will appear apart from the symmetric ones in Eq. (C.6) [274]. Thus, the eigenvalues
of T occur by omitting the zero row and column in Tk, hence they are symmetric
around €, which is also an eigenvalue. [ |

BP = (ént1 €1 €nto €2 ... éa, €,), where é; denotes the column-matrix with zero elements
except the kth which is unit.
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