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ABSTRACT

Conjugated polymers which are different from traditional semiconductor, have some
unique properties. Most of them are quasi-one-dimensional systems with strong
electron-phonon interaction. Their carriers are composite particles, which are different from
simply electron and hole, charactetized with the surrounding distortion of lattice configuration
(polaron with spin 1/2, bipelaron with spin 0 etc.). The transport of the carriers and the
process that oppositely charged polarons combine to from exciton are believed to be of
fundamental importance for electroluminescence properties. In this paper, based on the
tight-binding Su-Schrieffer-Heeger (SSH) model and by using a nonadiabatic molecular
dynamic method, we investigated some unclear problems of polymers in details, such as
polaron dynamic properties in different systems, the inelastic scattering processes of
oppositely charged polarons driven by an extemal electric field, and the influence of
electron-clectron interactions on the dynamics of é charge polaron in conjugated polymers.
The conclusions of this paper include three parts.

1. The dynamics of charge polaron in conjugated polymers

In the third chapter, based on the tight-binding SSH model which neglects electron-electron
interactions and its extended model, and by using a nonadiabatic molecular dynamic method,
dynamics of charge polaron in conjugated polymers are studied, the results show that:

(1) The polaron driven by an external electric field has a stationary velocity. It is found that
the stationary velocities of polaron depend on the figld strength and mode of the electric field
(£, ), confinement parameter (¢,), and the electron-phonon coupling constant (e« ). But all
these changes of stationary velocities are owing to the changes of the Jocalization and/or the
localized charges of polaron. The weaker the localization is and the fewer the localized
charges are, the larger the stationary velocities are.

(2) The polaronic migration in the polymer/polymer interface is believed to be fundamental
imﬁortance for the transportation and light-emitting properties of conjugated polymers in
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polymer based light-emitting dicdes (LED's). Our calculational results shoe that the polaronic
migration at the interface dependents sensitively on the potential basrier induced by the energy
mismaitch in interfaces (A, ), the coupling interaction (r, ) which effectively reduces the
potential barrier in interface, and the applied electric field strength (£, ) which provides the
polaron kinetic energy to overcome the potential barrier. The stronger the £ is and the
smaller the r, is, as well as the lower the A, is, the easier the polaron hops over the
coupled interface to nearby chain.
2. The inelastic scattering dynamics of oppositely charged polarons in polymers

In the fourth chapter, we investigate the inelastic scattering dynamics of oppositely charged
polarons in single polymer chain and the polymer/ polymer interface. We find that the
scattering process of the charge and lattice defect is different under different strengths of
efectric field and the interchain coupling interactions.

{1} The results of the dynamics of oppositely charged polarons in polymer chains show
that: (DAt a weak field (<0.1 mV/A), they finally scatter into an entity, which will be
dissociated as a pair of neutral solitons afier their first collision and separation.2) At a mediate
electric field (0. 1 mV/A < £, <1.2 mV/A)}, the oppositely charged polarons will scatter
into a pair of independent particles and each of them is a mixture of a polaron and an exciton.
The yield of exciton in this process depends strongly on the strength of applied electric field.
@At a stronger electric field (E,>1.2 mV/A), the two polarons will merge together and
form an entity, and then the entity will dissociate into a pair of oppositely charged solitons, or
they will break into a lot of small lattice vibrations, depending on different initial conditions.

{2) The resulis of the dynamics of oppesitely charged polarons in the coupled conjugated
polymer interface show that : If it is smaller coupling interactions (r,) in interface, the
oppositely charged polarons return with primitive charge after collision under the driven of an
external electric field, as the ¢, increases, the overlap of oppositely charges waves increase,
the charges of two polarons decrease gradually, polarons return with the residual charges and
signs remain, they are a pair of independent particles and each of them is a mixhre of a

polaron and an exciton. In degenerate polymer, continue to increase the coupling interactions
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ininterface (e.g. £,=0. 1mV/A, ¢, 21.88eV ), they will form a self-trapping exciton which
evolves into a charge solitont and neutral antisoliton after a long time on one chain, and other
chain is dimerization. At a stronger field and bigger coupling interaction (e.g. £, =2.0
mV/A 1, =2.0eV), we can find that two polarons with opposite sign charges will dissociate
after collision, the electron and/or hole is freely scattered in chains.

3. Effects of e-e interactions on the dynamics of pelaron in conjugated polymers

In the fifth chapter, based on the one-dimensional tight-binding SSH model and the EHM,
by using a nonadiabatic molecular dynamic method, we investigate the effect of
electron-electron interactions on dynamics of charged polaron in a conjugated polymer chain
at the unrestricted Hartree-Fock (UHF) level. The polaron energy levels which are degenerate
for spin without e-¢ interactions are split, and the localization of polaron is changed by e-e
interactions.

(1) In the simpler Hubbard model (HM), results show that the stationary velocities of
polaron varies with the on-site Coulomb interaction (U ). One can find that bath the Coulomb
attraction (U <0 ) and repulsion (U > 0) restrain the polaronic motion and the stationary
velocity of the polaron reaches its local extremumn value at U/ =0, where the system
undergoes a quantum phase transition between charge-density-wave (CDW) for U <0 and
spin-density-wave (SDW) for I/ > 0.

(2) Next, we turn to considering both on-site repulsions (U ) and the nearest-neighbor
interactions (¥ ), ie., extended Hubbard model (EHM). Only positive U,V >0 are
considered, and the resuits show the stationary velocity of the polaron varies with e-e
interactions. It is found that the maximum value of stationary velocities of polaron appears at
U =~ 2F where quantum phase transition between CDW and SDW undergoes in the extended

Hubbard model.

Keywords: conjugated polymer, polaron, electron-phonon interaction, electron-electron
inferactions, Hubbard model, inelastic scattering process, nonadiabatic molecular dynamics,

exciton.
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F-E BRERNEAE
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(1) BERBHEE (2) BFLFN ab initio iHH. HEAHAEAEEFRMNE,
kTR, Monte-Carlo A&l FHIFHIE. WHARHHED, B bER LB P
A Coupled-Cluster £, BEAFR# AR AYRENELERE s
7E 1979 SEEH) SSH AHE!, SRR SYP LM R MBI RS TR,
SSH BT HRFEZEBTFRKAELER, A TEXENHARAR S PERFIINE
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RHTRNMLERE, RREREZNETSERE, REeimEmkE. 8
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~ a n+l n ¢ n+1%n n¥n+l 2 ~ nl n 2 - (]

(2.20)
WES: =0, FEEHAEAFBVEAREFEAER (219 K, Ftk 2.200 XL
HiEM,

§2.1.2 RaWBEITHEAZ

MR 21 SSH R EIMRAIRZRER QIRERIREN L. BTN
— BB (u, | EAVIESE, NETESMREERLE (BEHHH
BRITHZAID), RERTH—RIISERR (o, IAERRHR|Z,,], Higm
BEFERAAEERERRNHEN ARSI, BE—ERNSIELE{]}, W
WETERAFFRRRALSRE O], RRMKEREE. TENMEIHERER
HEHH SR, |

SSHRRETR (2.19) ATFHETHIMREREH,

H, ==Y [t,-a(uy-u,)](clics +clpn) - .21)
CRTERSIEI S (u,} TR TEGRBHTORER. ST
REAEEEN () My, ) WATHATHIZY

Hy,=¢y, (2.22)
7E Wannier ®% 7, ATHERBFIRRERTRAMNENES
v,=2.Z,,|n%  |m)=c0). (2.23)

B (2.23) ARAREFR (2.22), FAERU(m|, 717
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s )] Z o2 00)]Z i = 62,00 220
AN RN AR B R TRAREET R,
E())=Ze, () +5 Ttn )" (2.25)
HAHFHF “occ” RFAMET HIEARA.
E({un})=~§[ro~a<uﬂ.—u)1<zm,z Y202, z(

FFEERR, HTBILHAIRE, BEME—AREMFRERFERRIERY,
> (e —4,)=0, (2.26)

n

FRSEIBAERTE, B3 (u,,, —u,) K&, BIS—BIEHE

n-l oce

U, —HU, --—[Z o Lumet ~ ZZ n m,] 2.27

RS QA H A (2.24) 0 (2.2T), BRRTFAEE, FTERBE RIS,

§ 2.2 REhebsh hFEhk
HBSHRETE T EBIEERE THRE TSN, REHARSYERMN
F—ib, TEERETHETEIE. B THRETERS THAKENTE, ¥
IR NFEREN RS HEEE, NERT—RERETERT, Sk
fE, REREESTRE. HERITRARSYNSINE S
FIR R — BV SR (n,), MEBETHRE NAALERISR

E({u,}), MEERMRLERIGI (u,} TRSFETHE ELS PETRENA
R F,=-0E({u,}) ou,, MERFAETLREM FULF,BARERN

0 ' n=1
F = Za(p,,-p,,_,)—K(2u,,—u,,_,-uM,) l<n<N, (2.28)
0 n=N
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E*%E%Wiﬂgxégwxmﬂﬁman,ﬂ=m¢m%5ﬁ@%%%ﬁﬁ&
S LRI E. EENGGET, SaEPkie, BHUREYNEINY
LA, N TR
H=H+H +H,, (2.29)

H, B45M5 E@) WIFTRR, Sheth EQO) TEEANRGFR— VS UBIERD, fEX—
MRREIEE H,, O,

H,, =le|Y (na+u,){clc, ~1)E®) - (2.30)
R, ATHARARENEW, XAT M EEFREOEAS BN MB5E
B, BAWETE, HREEEY, P

E,exp(-(t-T.)' IT3), 1<T;
E, 12T,

]

E(t)= (2.31)

K, T, =75 RBHEHAHPL, T, =256 RESRUNEE, E,ZBHHK.

o2 o2
HEFREBHEA, 1 =25V, K=21eV/A , M=1349.14eVs?/A ,

a=12A, a=41eV/A.
et =00%, —BEINRATT VIR SRS REREFA46, BAER>0) A
FEmg o) AR RIS H 2R E,

Mii, (t)=-K [Zun ()-u, (1)-u,, (t)] +2a [ Lo (1)~ Prpr (t)] ~leE(t}p,., -1

(2.32)
AP R HCE A8 Schrodinger HFZHAR,
Loy, (nt ,

m—"%—) = S hut (7). (2.33)

F12 (2.33) Fih,, RETH I Hamiltonian FIFEFFRR,
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~t, +a(u,~u,)+(-1)"t, for n'=n-1,
by =it valu,-u)+{~1)1, for #=n+), (2.39
ldE() (2, 1) Jor 0 =n,
BAHE (2.32) 0 (2.33) ATLUH 8 Bralassh K &Y Runge-Kuta H5RAE5Y, & —7
BELERERIL TN ED MBS MRS H S R, BT LR
iHE BIRAXBSRTSE
8, = (- (2, -u,,-u,, )4, (2.35
TR, W& AFRE KR
o, (1)=§;,|% (ma)f 1. (2. 36)
§2.3 BTFHEEAELERRGNERLSG*
BRI F- S THEER, BERNEYZTERELSEMRE NI Ein

3 E# Hubbard #57% (Extended Hubbard Model) P , Hi3% FBIRIR B4 5320
H=Hg +H_+H_ (2.37)

Hgy REZEBT BeHER F
—-Z[t a( a1 ¥ )]( n+l,:cn,;+cn,:cp+u) Z( Uy — Y, ) +— Zu

(2.38)
B FAHE {E R R 2

H, =—Z[ Cr s 2]( 0,-5Cn,ms 2)”’2(»; Cos ;)[ Cnst 5 Casle ;)

(2.39

HepU oy £ Hubbard 5, 2BIFRE—# 5L B R FRAEE AL
AEMETFIEEAR. B2 L2MATE—#, ARMBRABEAREEAS

uM,—u,:_ZI?[Z zz, ——ZZZ’ ...,] (2. 40)

H ...| H
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HAREXFHEFERR  RRRSHPRATHH A FRE

(2.41>

e Ll o) 1) 00 WA A
"[VW..’ +ty—a (2, ;“n )z —[VT’V,,'_, +hy-a(u,-u,,)]|Z,,
S0 = TN W= T2 2 AR R,
=007, —4REVHELT—MULTERMN—w, —BRIWE TS
KIS R F 24, FBATE (1 > 0) 2RI EAR AN AT LA R F RSB T REm e,
M, (1) =K 23, () ()54 1]
+265 [Pl ()i (O] HEQZ 2205

RPBEEREL 0, = Xwi’ (W) i (10) 0 Jr, =D REHRE RIS

2

5
Z,,

(2.42)

A, (IR, BFHREEAR Schrodinger FFEFIE,
a : k4 (3 r r
m-‘%’ﬂ = i () (2.43)

TifE (243) F8k;, REAFESE) Hamiltonian #I5EFF IR,

r-—t,+a(u,, -u,,)¢ Vo, Jor i=n-1
-t,,+a(u,.-un)-Vp:J, Jor " =n+1
h:”, = U(p;'jﬂ' -%)+ V(Zp::-lﬂ—l +Zp::+l,n'+l -2) 2. 44)
< .
SEOIER jor =
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FEZF RAEVTBATHHAEHRR

E=E ReYPRETFHHHERR

§3.15lF

1977 EREFITRIL, BEAMSARTHRSOETURMER, TRREHE
P, SERESVHRRSET AT URARNE P, W LA/ MRS Y
EHEREH THRAMBMEEHAD T, ZEBRNAMO/ MR, B, STaE
FTMPIRIEAB R G2 A LRERER THIBREERK, AMEBEMFE
FIRERPMRMHEAEE, BT HEREERRES () MRS RBR AN
BAKTRE. [RTRERGHANRRNBEEERMENG, EANBFRZR
EBHEARRNEE RN R BRI LR R AR A fERIA
FHERED, FUATRSYRAFOANE EEREE N ARSI,
RN TFEARSRPLREFZ ERNEN, WENEWER. RIFEE, BN
AURFHETEAERS, REREBLNRMTFRENEE. REHRAEHNL
EFEERANER. Gk, SEaERATHRERRTFEENEIFEIE/ A
BAEZ FEMIEREMEAREN S~ T ERER, MRBRANFERE
ZHIER

HTHRT—AEALER, BFRERFARSYFEESHIEEETHER
(FARLT) P T UFETESEHNRSYHED), 8L, AN
ERER SV TR TIONE T HH2E>,

EIRERFD, ETEREN—EARN SSH AP ImEty BRI S
BRBESHFFECET EHARGUR SR EERY TR %2
B3, Conwell 1 FANKTETH TR T AILMES —MEF o hiEs), TR
BTRERE, BdMIreReE, TURIRATREBAZNREXBHEN

6 mV/ A (%), 1993 4, Blackman 50 Sabral 9L T AR AR AT EF
TR AN RN R YA R T AL TSRS, UREIEE |
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HEIR NS ATRERFEMLIRR, 2001 4, Johansson FI Stafstrom " A FEEL iR
TR T RESEH HEPTHES. SAEAMENEERAYRERPRILT
EHSHHMBEBRRIXR, KARREASERT, LHESBEILEEN, &
FIALURILEI S &

2004 £F, Johansson 0 Stafstrom!* %% AZEARA RN T 3R 1L FAEAIA T 403E3)
TARARR: METRMEGRE, ROTRFE—MEEEEE, MERDN
¥, ISR, £ 0.14 mV/A MHE, BEEEER— MNFERSES
EM BT, HBIH% 35 mV/A R, BUTHIERANEHEE, RIBANE
REE. SRpETIENRCTRE. ARS8 T RN, 8548
& BERHTRFREN A TREENYW, RIUMRLTF I LA —FREE53]
H—&EE, MEXHNIBEBRTHERRE, 2006 &, Liv EAPHATELYE
SR PR TRIBIAF MBI, MARA, MBS SN, aE
TERAMIRS T, MILTFOATLERMIEns TR, BRREE, AL
HtRERI, RATREUESEZS). RASTHLENHE, ATIEHER/
REWSREHTRFANET, TBEURREYT AR TR SERAE
(FRREAT TR,

E—MERENZERHARBUDEFPS, BT (BR BERENE,
HFRF— RSN, EANETEOER SR BARILT, Fratkik
THERYNEERREEERSYAE, FUTEFENREMHLFHERENE
ERRMHEERENHEAD, fiin, RUTFREFELENRSE TREDLR
HEERNE, REFRNTERELNEI A% TN EER D E.

FEREHTET R R SSHIRE, 7R ASFR ORI T3) 1% T AR E
L9, RARRS TR, MARGHP ORI ER TSP
TRIBIH AT VAR 5
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FEF REOVWFHRAETHHAEHAR

§3. 2 BAMBEH LRILFHE MR

X1, ROEREEASERT—4R4YE LR Fash 2k
. TEFFUBE, . FHBRES, . B—PRASHa STHRLTIH IR
fIRm. W T AR FIEsEE SR T B SR %R.
§3. 2.1 BIF £, SR HIMABRSH R F 3 A F R N

TR LT, R T — 65300 ME SRR ZRE MR TFHE %
. ERMERZE, REBA—THT, IBERTRRE— M RBERILT.
BAVERALT O EREER 75t <o LILEAMGRE, SURTERT 7S XA

MO USSR E, . REEFEY RUFERRREE, THREAEERA
B. BRIOUBATHEATFORTARLTHEESETEL

(v,=0,al2=4KIMal2, o, BAFETHHR KHEBRSNELXE.

x()-x(-&)
&

(x ZEREERE p, () B3P0, B 3.1 R THREFROMBURBRUTENER

I ERL T RESE N, AR EE T ORERIERE N, ¥, =

ErEREERR, WEPATLUEY, BIFEXL 758 Froaiasl, HasmaL.
FRIREER E RV T A LA RIS BT B A AR R A R I T B3, Rk
FRBIHIREEABAHMNRFRFH IR, B MTREFAATLs. LA
g, RAGCTMRRETRE NS, RICTREME, AE 3.1 Fafkl
B, TRANSGSAAEANMEDE, Sepi/he, nEdRegzg. 22
B I EAIAREEE I, ARG T EERELIES), HEGINATHRREMRRER D
Ay AEETARSHEBTELNER, ETRNESER TEELATRNEEE,
REEIMBEEERERY, (B 3.1 PRRERERE BIRGHREERITRA
WIEtE IR, RPRH TP, IXFHERS B A T R R E R ED.
ER 31 PRIRR#R T NVATRGES T, RICFEER MR PO E
BENERNE KR, NETRTTLIED, WEERGHER TR EEREX,
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FE¥% ROUFTBETHNNFHRE

AT EHAN T R FEARAG TREHER, ARG T
TR RSHEARR, ROTFHREERERSOTURRRABILTIRE

HERBT BIARAR A/, BIREE ISR E, Wi, LT AR,

fErpiaia K T &t KR, Jih% 3.5 mV/A o, IR FEIEREAUESE.
RFIRAMBEEE. AngaTHAERRATES (H3220. HTEFENFERE
BEAMKFR, RIMET RN TFRSRER S TR LXR (H32b), KIHE
EFHFREMEE, BRRERLTRERE R TRENL, RARBERL
FRRBET M RERE TR ISR AN, XEE NS RSN TREMm,
P RAMEERS M, BETHREMETRETSHRNGY, XEBREaS
LHETFHRERHNSFONEEN. HEERLTRERBTHEFERERLTY
FEBRERRE, ERSAETERAD, Rk FElEEsdiZn R
A BT RARRERAD, LR R i a S InE A A

WA R T EBEHRIMASR (T, =756,T, =256) T, RUEEHIRE
BRI, TRGMATANRTE, RERIABHMATR $R1E) xR
TR EENES, RITEN—EENBHRE (0.5mV/A), TEEKH 600
FRZHET, w5 E, UARMEHEAMA. ME 3.3 FILUEE, BERGMA
FEMTE, RUFOHREBEERETRE, F—IMAEEEFEGRT, T

BIZMAL RS, BETFRANREEENHERE, BEEHERNBEST, €7
EXFBEEMNBEZEBEY 047946, XHMAFTRAELE

T, <1100f5, T, <550fs, MRHARLBEENE, SHRNEAXRSEZNE
WRFREEFTR. MR IRREBLYNE, MRAGHUEZENGTE
AN (T, 212006,7, 260065 ), $RALTFE—MRIBMETE, RAEEFE
v =0. 15A/5s PIESRS, ASZXMAEERR SR NE, HLNKRREH
HEREATYE, BRREBRIIZHEMETRD. ddba MRAFEEEESM
AHRBX, MAFRGAF S LRI EFEEENBR.
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05 = — —
_Da } R
< ; ~ =+ T =800fs, T_=4001s
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zvr e T, 120083, T, 60005
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B33 B FHEEER ) FREERSTEH b) BT EHARS,

BT AN RHRLEAR AL T R F HBE R R R R R I LIRS
AR (T, <1100, T, <550fs), BIFERIGMAREM, IR T R EHE

FHETHRBIRIPEORERS, R TRERETHRTERD, &
WTFERMRERA, FTLUERRA, Xt RIFERM SRR BT BRI
R. MEZEMARGEERET, FRRERLTREFETHRTHIRESH
HEBESTE, FRASHETHINEIMER, KRLUTERUE, FUER
BRI T R HRTRS, R TEREENIENREEER, BER
he BRI GABRER SHURIERL TR EENEEEE.
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§3.2. 2 EHRERBH, HRUTHHENEW
AT ERRH R TR R RIS, BB T R T RIS
BEMIFFRERS S, PR KR, JHEN 0.5 mV/A MIE MG, WA 3. 4a TLLEH

ARFAERHERT, TR ERRR, RHFRSHr, b, RLTHREg
BEE, VD, FTLMRICTAR EREEK: R, EHBHESH, BX, BILTHR

BRHK, BEEERD. WA 3. 4 AR S TR THER AT LER
REREHEFSHRNRNRR, BERFRRS KM EEHRHREEE
ZR, WMATHZRUMK, RICTRSERERN—IED, EREZA5R0

B, RILTHIRE (RALRAERy) EFAD, B, BEE:, M0.02V N

F0.5¢V , IRALTFHITERE y HFERAY 24. 0A B/hF 10.9 A, XiR W H S5

MR T B RS R THREENE. BERERERL TP i FHEEE R
FIAAERFR (B 3. 40), BEEBHBRS KM, R b T s h s T
WHAB|PHARERD, MRAEERETRRREDHETRE, EHRLTE
BRERK, BATEREEIROREER, EERD. RILTFHAERE
ERPERNTREEENA—NEREE.
§3.2.3 REHS S« MBRLFIHNFEHER

BITERA T T i E, MEH SRS S, R FRREEREW, MHE—
RES o BERWRALTEN—MEEER. WE 3. 5a TUFEHFRME—F
Besla hEZF, BTNEEERAR, BEEREEREREEHa BN
e MNAFIRERESHTRLTHRRE. RILTHRG SR T RIS S
RN MR E AR SRR R, BERFBRE2 o 1M,
R FRISHEAE AN, RIGTHREE y BHb, BRETHZREER, 17

LTFHIRALEM, Fim, BEERERAS o N3.9 85 4. 4eV/A, BALTHIR

41



HEREXFHEFEHT  ARREVTRRTODHFRE

aso
] a0l 2
o)™ :
2 0] oael
i i
%aw %
om0 fout
5 i
Foul ’ou[
T oz o3 o7 o5 018 017 018 019 020
L(eV) E(eV)
0080
o075 040l PP
0070F .. i e 5
U SRRy FRne e e e R Fox
—~p
.S— 080 i
0055}
o - 1= 0.15eV Tow
0050 - g 025V b
0045 ceeee gm O35V g
eostf {f = - PRPYTAy ozs}
0035 . —— 1 " Pu—
v % 100 158 20 250 e n s 4 8 18
site index o HA)

Qa0p 2l
go.as s
go s}
3
D25
(] 1l‘JO 200 200 4;0 500 0 8850 089855 09980 0 8965 0.8970
time (fs) local smergy occupied sumber

3. 4 L FREZE @ BB OGLREBMRTEE 1) BEHREH, TUXF:
L FRREECRIMTIL FAHRABF @) BULTF R 02) RIGHGERSTH (c2) FIEHXR,

PRI Y 13 0.15eV ME0.37eV (B3 50, BIEBREER LR TESES
B, BRI RS R IR TS, XUHEERES Yo M E
TR RRNEEER, REERERETIETRYS, MR THAYRE
BXT, FURLTHREEERD. MU THREEES 0. WANREH
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B FRERREINL THIEE @2). LT HIE 02) REBHERSFH (c2) HFHXF.

HEEREZRNEURRTUEY, RIRSYFHERULTFH=MHIE: 2
BRI GRET R, FRERIE M F T B BRI TR R A
(AT LA SR F R ) REERILTFRIESERE, REHE T RILFHRE
BRI, RATLIS BRI TRIEIIER.

43



MREAFREFLEHEL LRREHTRATHHAFUR

§3.3 BAMRESREPRETHNNFER

FEREEIIA TR TR TR AP %R, EREXTHNEER
KBS, BREFHAROEAMEENR, E—MERENEZFIRRRE
e, L REMTTUTEHRT STREEN, AR THERLEEERMT
g, BT RARE, AT, FREUTEFIEARRRIERAYR
TE, aZIATGEME, flu, BATREEADZENRE, EEKILRE
HERNE, R FERBNRESBERMBEXATS, BRLTEFETHN
AR RO EEAMER]. EXTENERFRALELRD. L, RE
BAPRBA AR AR TAEA RN F IR RIBh A

AV e A T I E Hamiltonian
H=Hg, +H, +H_, 3.1

He Hygy, RIEFIFFARR BT SSH AR,

Hy, = -Z[ta -a,(t,,0-1,,) +(~1)"ze](cj_,,ﬂcm +he)
I

3.2)

K Mgt .

+-_Z(uur+l U, )2 +—Zu“' +K Z(u.t.ml U, )’
25 2% I

K= -%zz @ Ly, Gon) BH TR TS R 4,
i k

t,=0.05eV .,
E&YIRE2 FOHEERR (H,) WLEERA (, RREYV/REVEHN
FEFERD): H, =-t, (clT,NCZ,l + czt,lcl,ﬂ) ' 3.3

B FRARRRATHAERAIHE, B4, AN TRIHLERRS,
EAIKS AR EE: Hk, BIMEPEEERAMOEMEEA, _TE
MEHEE - EHEEW, WEFEASSRLESREEE, DR HEE
XEMERSYNEEES. MTARNRAYE AemiEEe b &aes Ly
HFMiRE, RERFHMRE, WNESEGAR SR, Bdmis
BARGAHRENRELAIE, FREMENRTEN. NTFENT —METimH



FZF ROBTHRUETHHNFHE

MR R ANRARESH, [ 3.6 AU TRAYRAREHIRE
TR, EREAENIT, FARANAI R RIS,

B8 — SRRV LEDs A0 HIZIE (Bl PPY) RIRSEREH, RAE,
ORKIRIEE: 2R A BERHIS— L EHTAL LEDs (R TFHIEE (Bt CNPPY)
Gt R E, WRMEIE (5, >E,), L5, HERMNEH

A=2a’ /Kt PGB, FERERESHA, <E,-E,=(E, ~E,_) 2 REEFILEK
EYRAHPRERRYE (B2NRE, ABK, B288), E(E,)PHAE

~— (D) #ENSHRNER. B 3.6 FRNLERTIRNIER _£H%F—1 8
THRATHE, BEERHNNA, REEERZHRREMN, ERERLHKD
EXNE, BUTEBZNEAT, MRBEIFDREE A, PLBE K
HIFBR PR TR FRER, Wk RE 3. 6 TRUELESS).

B3 6 ISR S YR EREH A B B,

§3.3. 1 RABSEE ., ML FHI hEERER

BEMALGR], EHRANESMRAKRTE_ARBR— 0T, ROrD
ZERENERMAE-MRTFIRT, BHEPERETERNRET. UBHLE
RIGSHRIBT R R AN (4, = 020581, E,=1.78:V: 1,=0204 1, E, =1.76eV )

FAEEM, ERRPIMANEAGRIEERS E,=2.0mV/A, RTRIERGER
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ALFEXFHLZERL AERSDTRET G HFREK

chain 1

P

7 2
7 ,,f,»:ﬁ,éf’;/ 7

chain 2

chain 1

chain 2

0 250 500 750 1000

chain 1

chain 2

B 37 HEEE QVIA) IIFERNRFEEAEATFT, — I BHFEBESRE

(A =0205, A, =0.204 ) HAIFHIZEEIFEIES, BIRHTHFILAF,

@) t, =106V ; (b)1,=1.6eV: (c)t, =19V .
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THRERZABRARZ—RENT QB3 BTETRRKOBAER, itz
—iEIEE), HIRLTENDIE REOBE, NREMHE, RO TERE
AAFEER, (1) SRELAESRE, B/, Bl =1.0eV . LT (BT
%) BAEIR AR, MoEREARY, RFEFELEE, ME 37
Fn, RAEMGRKNE (KANANED) BRRLTRENR T4 4188 m 8T
REAFPEFE—FE, EREEAIFE—FEARTTHTIERE, RULTFRAEN
BTN (RUNBAMEERPIRE). () ROMEIMESIRE,, . RUBER
B, U, RUTEFTLOSHNMNERSEE, Wl 37 Fir, BB
HmMEls, = 1.6eV HIEHE, BFHIFRRAIAL A 350, BRASHEAESET, B
REGEAZIFE—FBORTERIERLAN, RUFRAEEAEORNEE, KER
F—HE LR TRAZEABNET. Q) BEENINEETERE, , HRETHE,,
MBI~ MEFE =188V i, RATRAUNE BT LRAEIEE %
&%, MAKENMETERIRESRRME S, BORLT, RUTEEE 4
watiEz) (B37). ISR RESEMR, XEERFERERE, REF4HE
ZIEREEARERATRE, SMAEE, B, BARZ AMEERARERS
BES, ARG TOARR- M REMNBLEA T HE— &5, GETL,
FEEE AR, REWEATFERDEHN— M EERE.

A5t BABEHAT ARMERENARSS T, RUTERELEHRE

BREIRTEL (KR (B 3.8). IFIRIBEERS E, i, «wh: HEEHL

A FIEAN, 38, X—-GRETAENSRPEEERER,

§3.3. 2 RIARE £, MR FRI N E R ROEIE
AR AR SR DRESE, —E (Bl =206V ), KEAFAUHEARE
(B, A4, =0205%f, E,=178V; 4,=02040f, E,=176eV> MIERT,

57 E, MR TR SR ST AL N FEFRERA.
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- —r*—A = 0.01 eV

\ —+—4, =002eV
\:\ —+— A =004V

220f \\
1.9} \\-\

0.4 0.8 12 16 2.0
E (mV/A)

B 3. 8 DRISFEREE RFS, HEHERITR L, BB E, BEXF,

BEEEBMMA, BUTRSERGIER TRES 4%z, JEERMT
5, ARASEHHSIHRLTREN=EARFAER: (1) EHHRP (E<0.7
mV/A) T, IRWFU—MaeREEF —FRPES) DFEREN, RIITH
£RE|, REERHOEATHRAATES), EREMERS. RESRFRKR
] (RAAER) &, BT REHEDHET A BB R mEES—
&%, BREEANS—FBABRTRNFERE, BHEMNET, E3.% BF
T 0.5mV/A BEMER. BIX~HRORER RGN, RILTNBIHREBLGE
B, BB FREED, ARUERAEZFENSL. () EME7REE

E,>0.8mV/A B}, RETRMSRITFEEE _LFnN, BEEFIMITSHFLT

W, REABRKIIFE RS HE-AEE ATERGRESES A
W, RACTIRES—FEREHE. MEQURNEN, RAATERDLST

pEtElSwiE. B 3.0 Al T ip £, =1.0mV/AA B, BRALTREEEVER, RIURIL
TEHIIREGRRRETRE 4. Q) HHHE 2.8 mVAR, RIAESR
&, BTIRFREARSRET, RUTERPES, IKEdREE,
ERENBEFERRBHERT, wFhEiaTENEEs), dTRTRER, &2
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FZF REOMBTRAUTFHHAFAR

chain 1

chain 2

chain 1

chain 2

.....

chain 1

chain 2

"~ 600
time (fs)

B 39 PRBGRAEFHRAREHEATF (1, =20eV ), #FEHE (4,=0205,
A, =0.204 ) HEPP, BLFEERBFEZES, BRTEHELXR,

(2) E,=0.5mV/A; () E,=1.0mV/A; (c) E,=3.0mV/A.
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MABEXEFHEFERX ARRSHTRRTOHHFRR

ZIRIHR, TRRERFRER, EHER THFERSAEARERNR TGS
BIAEE, BTRETRBIRETES 8T 5 diED), XUTHIHET.
XL RRE, IR E, ERWRLTEREZIMAN - ERENEE. B
SRR E, T LAIARAL FHOBhAE, ATIMEMAR TS —REM/LE. IRl
TRAMBAMARREAERE T, MUTEIMERGNENXR, WK AT
B (A D). FEBAREL BX, RLTRIAE RN HENDSEER
B, XAE 3.8 ARMBLRTAREST, RLTEFILHEHBEER
B E, BXFYE. BEERGE, KM, o Bh.

§3.3.3 B2 NREFRSNFERHEE

WERRARMEREYE, BR2A, HRER SV AR RTIRIL FHIEIH
EHEMEE. RimE, EELXBRNSHA =20 /2K, 1A, PIRHEENRE
REREAN, BEE A, REBRE . RN, PRHE AR,
A,=E,-E,=(E,~E,)/2 FR. #ifn, 24, =0204 8, BEHE 4 850205 181nE)
0214, A, 0.0V HIIEI00%Y . A HEK, FARIEAKEIA
. FEMFIMHRS (FmE =2. 0mV/A) FHRENAEHAS (Fitgs, =2.0eV) 1EH
T (DInRHB2A, B (A, <0.03eV), RIEFALMEESRFTRE &, W
B 3. 10a Fi7m, ZREA LR FER 48N, RILTATRBIERE,, =0.71eV,
B FE R NN, E, ME—REISHRAIRHRE, =0.8%V &

HRE, AR TR, HRAF T, RiFRar il FmgE
FE—&E L, RERE—FE LR THESE R LR R AR
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chain 1

chain 2

chain 1

chain 2

chain 1

chain 2

B 3. 10 15/R455 (E,=2.0mVIA) FEERERES AT (1, =2.0eV ), —~PMEILFE

TGS AR PRI B Ao F 285, AR IR T,

(@) A,=00teV: &) A, =0.04eV;: (c) A, =0.08eV .
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TRIBEXFEEZERX BRROYTHALT 5 H T M A

WAL FREA. (2) BEERLZEMEA, =0.04eV, RUTFEFHFFEA, BEEE=
KRR IR K29 2001s f—BEHE], EFFTRPIRATF AN BEREREE,
AL 6006 ERVT REFEE —48 (B 3.100). TMEERMEE A, f9km, &
RS K, RERARAT ORI ESHREERRREMS2A,, X5
TTHTLFLEIA, =0.06eV . (3) HA, >0.06eVE (B 3.10 # A, =0.08eV ),

BUTFEIRER TASRKINE &%, RREES _ARNRY. XREALH
WFES &R, IRILTLTRERRE, =071eV, STLTEIZE &R
ROBERES, E, MS—AWNSHRAMA E, = 0.94eV BREOT, HRARLTH

WAERER, RACTRATRRRERAALRTRIR R L. REREHENRE
SREEE 3. omV/A, BTNERBRELIIEE F0E 3. 9c LR, ZRIREIORM
BaHERE, RBRERTHENEES), REFERT HF R RRnERNE
THEREIARY, BTREETREARATER KT BHEE), XUT

HEEHRT. AILRELEL A, B FER BCMRT ES XRIIER. [
¥, BIEE T PREEZIARBREEET, RUTFERRNRSHETHES)
B, BRI, SRS IR, BA, RCT RS LLAFFR RN (A, B
R EIELZ BIRGE . X 3.8 RRIGRM B, BSREIRAE, B E, &
WRRRYEN.
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FZ% REDHIBATHHHFHRL

§3.4 /h
ETF—@EWA SSH B8, FREERITFIHENE WRATREFERR

MEMERPRIEIAERR, XHATRIEBERTEAIRM I H Rz,
HEAFRESNRUTE &R T TR R R, TRSRRN:

(D) BATFERDNERTES), BRAGEEE, BeERmER) (E)
RN AR, FHFEREH () HE-FRE2H (o) NELEK

£, XESEIBERASIERILT BB T R RAEL,
RLFHRIRERTS . RSBrEERD, B TRRARE D, RICTFHEE
LR,

(2) IR EFIRUTERSYFEESI AR, Bl FEFRHEEXK
BTRERFHEALEENLESEA, . REMEFIRSKE (%) IHE

BESH,, VIR TR R, BRI, RENARY
K. WEROXREE,, STRESRITRS REIRSHRAYE.
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Fo¥ REGPIALT kR IR

FME RAYPRILT ISR

§4.131%

AIEESIHTA S 1LH Burroughs B#F50/MATE KA PPV BEE LIS R
BERIRABALLR, REVHERA NN A AR T a2, L
BHHE, REESHREXELHBFHER, WEEENRONE, HRE
B, FEEHE, MERIE) THIUNAA Skt B A A RS
P, R, FORAVAEARTAELSHNRENRESELEE, XRAA
BN R T RUR EHER R TRE. T4 R CSyIiEm
THRERTHER. PIIEBESNGINA, ERRLRFREERBRLL
BT HEOLETSEL25% B2 Heeger S APV Friend B APHSLB R HLX—
wﬁﬂuﬁﬂgiﬁﬂm%,ﬁﬂk?%ﬁﬂﬁmtm,mﬂ,km—ﬁﬁﬁiﬁ
TSR THEREER. FHENT SN R,

TERBR BN AP MR mE, BHEEPHEATIEA (BF
AT RIABRFPERAEN) FEANEFREREENEAES (BEEEN
BZiatem) MEBERAREFRREY, MELRTENEZAESSH, §2
 ERRARE. EAWET (R0 AR SN RS ER TRE
BIFELER, BUETAERARSREERTS, EINGNERT, Bz
SRR BREE—RES, EARATTHREE. S4%BdRParis
BAOMEERBENER, BB SRt BNYRER, £TaE
AR TE B ERIRIE RN %,

HRR |, REVINERFHMEHIMACIE T HLHES, AREGA
F, ETEREN SSH BAP e il AR R HE HEES 5
HIRREHR S P E MR TR OERTE. BT, AMNEENN
. PRRLFESMGHE T R EMT XEMFAPM, 1993 4, Blackman
Sabra" WA T R AR HAEB I L FATES MR FHEM R S WA RPIRL
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MPEAFHLEFEAL 2ERODTRALTFHDAHFRE

TR TFIARE, RO SRS X D EREBEAZNXR. 2001 F,
Johansson F1 Stafstrom M4 AFEIRAEHIT AT, #— AR THRMEL 55
A, FATITE, MR TEaiEEmEm, RIMRIL TR —& 825
—%&4E b, TRIXAT BT AIZRE . 2002 4, Johansson F1 Stafstrom ™V A
FEAREMEMTHR T EARH LTRSS AR RS YR IE R
AL TFESH SRR SRENRR. W SALSRBERESWSBEMTREN
1#£8. THERURESYT BMETHRRSERFENEMT TR, &
B=E, BINEHARTRETFEREFEANI R KRN FERE T ED
FAFHR MBS RBEAXR, EERAEORSREURMEFENLERX, &
IR, REASRAER, MEASRMAREE), RILCTIEES KT
O REEHRSAR S,

PIRBEHRNNEL BHRENRIENFARLTRE, FLUTBR R
FRABRARETFIRRERYWENNENREAREENRE, MRBRL
BEEREEENEA. EXEENRAESFT, BFRAETFHETBILT N
WARREATEIRLE, dTAT—SEHEEER, BEARRREY™E
LT, FUREYPRATRE SR THIERELNF EREMRIE TR SRRt
FHTOIRE, EFEEMT, EARATHERSMERTRSHESHRETH
iR, NEENEXET—FBEEHT: ERABEREANEETLRIIRARES
RN RAETIILTHERESEZ MR THEEESRET: DR
FENERATR &REBTE. HAXEEEER, MTFRIRERLRFHRANK
EHBPAFER. EXFEARRTREE. SOHIRAERMA, BRI EBAINA.

ERTAFRIRIL TR D2 TR EYY, XEMNTEBET —HERE
SSH #iE!, FHELMSFHFEF L PREARKTFRESFRSYHEPH
iR EiE. BTFEXEYETRTERELATER, BTHRNBRES
B ETHER, ERZERIMERIRRE T TR KA Runge-Kutta 75, 7
IR AR MIES T 2R AR 8 Schridinger 512, RAEE T BT HBATER.
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Fu¥ RepruT s EpisitR

RAVTRERALET, EAMRMLTERSIERT —REER AR
HEREETRANER: MREARETRHASE—RRS R ERTILE (E
4.1 (a), (b)) MIREE: WRRENHEZ MERETRANXER, ERRLT
AR PRI T AT LATTIR AT, FURE 4. 1o MR TR RS PR AL THIRESS:
HRERAT L R RN R, BATITHHEFORY BIEE, T2
FEEFMRALTR (B 1.18d). FEEMNZHRN (1) REVEsE ERATHAFE
PERLGE, (2) BERBAR R R TR W, Q) AEREREY
# ERL TS, (O ReVFEPRAT e B faiETihe

'X,t —— —X; Xt—— —o—x;

d d d d
X X X %R

(@) Ex+g (b) g + Ex

Xt—o—- ——x; xt__ _._x;

d d d d
X —o-o- ——e X —— ——-X

C)P+P° (AP +P
B 4.1 BFEALFRE R FHR NGB,

1l OFxS ) PHRTREL () MEFNLE, TRERRNREE.

§ 4. 2 BEWEEE PR TR MRS
BHUE FiR b F ISR EA T It s Rt 2. RN B EEHE
WP AHBEHR H=H,+H, , Hy RIFHEH SH B E @ .

2
Hgy ==Y [t,~a(t,,-1,)](cl.c, +iu:.)+§2(u,,+I -u,Y +A—24-21:1,. , 4.1

EER— M EERR MRS MR SRE 28T, WFREANEBATERE
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FAFRXFHLFERX RERGBIRAUTHHHERA

MARFRR T — M2 T, Fif, ABRE AR FERNARER T —
MEFERET. ERMRUFLITREHIE, NMAEMIA. XERYITEEIRT
ATCARLE 89 B4R AR, W05 R 80T L BT T T A% B b s
B2 TIAMERMEMANTER 422)PEE. RE, E—MNEIIHHSRGE
AT, =/ (BF) RETFHEE (A) E3), YHEMULTERRS, RerEdE
SRR .

EAFMRITRET, RCTFHRELIEER 42 S, HPb—FRXY

REFEE (6,) WHEKER, R T ESLT S MENIRE, RKEH
W TSR (5,%0.40) , BREAMREMPELT GREF) feibr
Z (5,014 , MBEREETH—RUM (5,~044) , HH—FIRS
(R BRI 2R RS SRR M p, (1) = 2;1% (umt) =1, MEATLL

R, BEHERT, BT (70 RUAFERBHEATUREERES), MRAENN
HEKMT BRI (WALT 0.1, 0.5, 2. 0mV/A B35, BS54 0. 15,
0.37, 0.5 /fs) . FIFLIRFRATERR, EPBIGHERT, BAHBEREES
— AR —RIES, TLRIZREEE 4 0mV/A B, BTHRTHEEEALR%
ATHEZEER, RICFRRE. SR MRILTRERXAA60a(a HEEELE,
BHEITARE. BATRIAN THERGRRE, TOORETATR. ZBipRE
AT L2mV/A B, MR T RS EERBER TR PRI, HEAL40a
i, EfWEESH, BEMRNTEES. EHMULTSREEEENEiEd,

EIITH AR AN, SR MULTEL T, fREE BB —EED
RIBR RS R T RmiaE. BITEA BGRT UTF=Rigm.

§4.2.1. 5RIFER ( E <0.1mv/A)

R 2PEE TRMULTER—SHR20. ImV/A HER TROREDR,
RBILE400fs 71, PITRWTLNESUERTES), (BIE400f 24, BILTFAEETFS
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Wb, EREAFME TGOS, BN, &7 SRS,
RS TR ER B RSN R, EAA600s, TITAHR
MBS, TIEAT, SEERATRED. EAESHERT, CIREras,
fmiEe, R MELTATREGRE BUCIHRRETRAILE,
#, BEERMELTL NS RAT ARSI AL, SR, LM
WF AT, BT RN IRRENT, TS REAE. X
P T ERHIER T RTRATHRE GETIATHEE, BRREK) ,

EAEA A TG, FAHRT — T (RLTRT) . 5
SEAMRARZA, TLTHTRTREN, THE—SRE Y ST,

SR SR AR SR — B,

§4.2.2 hEEEREIAFR ( 0.1mV/A<E, <12mV/A)

FEPEEERGT, KIARFROTILT IR, BRI HEEA
BRT, HPSMENTRRRATARTHRSS. LEREN0. smV/A [N
B, Ba20)BnTEX—RST, RATHE. S50, AEFIURR,
T HRAMER, BRI TERSTSE FHRES), FHRF 0. TG BIREERE
3. ERY 240fs, FMRALFRBEMNORER, KRBT, BHERTRES),
3 HEREERIMESHF AR, S THREMIFREER—-KL50f SRR,
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