
③ 2 一2 厂 
第 19卷第 4期 

2000年 8月 

红 外 与 毫 米 波 学 报 
J．Infrared Millim．Waves 

V0l_19，No．4 

August，2000 

EFFECTS oF ELECTRoN—ELECTRoN INTERACTIoNS 

ON THE PoLARIZATION CHARACTERISTICS OF 

ELECTROLUM INESCENT POLYM ERS 

FU Rou—Li 

(National Laboratory for Infrared Physics，Shanghai Institute of 

Technical Physics，Chinese Academy of Sciences，Shanghai 200083，China) 

GUO Guang—Yu 

(Department of Physics，National Taiwan University，Taibe[，Taiwan 106]7，China) 

Al~tmct The polarization characteristics of e[ectro[uminescent polymers were studied with the theoretical model includ— 

lag the external field，electron-electron and electron·lattice interactions simuhaneously．It was d~covered that on．site 

Hubbard energy and the nearest neighbor electron—electron interactions increase the negative pol~rization of self．trappiag 

b[-excitoas in polymers obviously．The physical significance of aegative potarization-- a new phenomenon．and its possible 

applications Were also explored． 

Key words electron-electron interactions，polarization，electroluminesvent polymers，external field． 

电子一电子相互作用对电致发光高分子 

极化特性的影响 ． 

傅柔励 
T _； 、{ 

(中国科学院上海技术物理研究所，红外物理国家重点实验室，上海，200083) 

塑 主， 
(国立台湾大学物理系，台湾省，台北市，]0617) 

0 6多S 

擅■ 用同时计入电子一电子相互作用．外电场及电子·晶格相互作用的理论横型研究分析了电袭发光高分子的极化特性， 

发现在位电子相互作用和相钟捂点i习电子的相互作用明显增加高分子中双擞子毒的反向极化．本文还摄讨了反向极化这 

个新的暂理现泉的意义及其可能的应用． 
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Electroluminescent polymers are new—generation 

opto·electronic functional materials with Wide appli． 

cation prospects．Nowadays，the study on polymers 

has become a ilew growing point in the fascinating 

field of opto—electronics．Electroluminescent frequen． 

cies of polymers are in the range of visible light，and 

have various colors．In addition，polymers are cheap 
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in price·and not heavy in weight． Using polymers 

we can construct completely flexihle and eolorfuI vi— 

SUSl displays with large area．Besides，we can also 

use polymers to make portable and foldaway elec． 

tronic newspapers．A1l these mean that polymers will 

open a new channel for the technology of display and 

opto—electronics．Therefore，the study of polymeric 
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Abrtnu:t The polarization characteristics of elecuoluminesçent polymers were studied with the theoretical model includ 

ing the external field. electr<>n-electron and electron-lattice interac tLons simu1taneously. lt was discovered that on-slte 

Hubbard energy and the nearest neighbor electron-electron Înleracüons Încrease the negative polari.zatlOn of self-trapping 

bi-咀Clto田 in polymers obviously. The phys i.caL signiflcance of 田gative polarizaúon-a 四w phenomenon. and 归 possible:

applicationa were also explored. 
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摘. 用同时计入电于电于相互作用，排电场且电于-晶禧相互作用的理论模型研究#析了电量芷光高#于的植化特性，

且现在位电于相互作用和相钳掉点网电于的相互作用明蛊增如高分于中在激于击的且由植化‘本文还规甘 T 且向极但这

个新的精理现血的意义及其可瞌的应用，
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cation prospects. Nowadays. the study on polymers 

has become a new growing p咀int in the fascinating 

field of opto-e1ectroniC5. Electroluminescent fr吨uen

des of polymers are in the range of visible light. and 
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electroluminescence has attracted much interest E ] 

of international academic circles，and become one of 

the front subjects since 1990’s．In recent years t the 

development of electroluminescent devices has made 

great progress，and electroluminescent devices are 

nearing practical application．Because the electrolu— 

minescence of polymers is due to the external field， 

the authors of the article and their cooperators stud— 

led the electric—field behavior of polym ers，and found 

that the applied electric fields polarize the self—-trap—- 

ping excitons of polymers，and put forward firstly a 

new physics idea of negative polarization[。～ ．How— 

ever．the references r3～43 have not considered the 
electron-electron interactions．But for polymers，the 

electron-electrbn interactions can not be neglected L ． 

Hence，this presentation is devoted to study the joint 

effects of electron—electron interactions， applied 

fields and electron．．1attice interactions on the polariza—— 

tlon of polymers．W e discover that on—site Hubbard 

energy and the nearest neighbor electron—-electron in—- 

teractions increase the negative polarization of self— 

trapping bi—excitons in polymers obviously． The 

physical significance of negative polarization and its 

possible applications are also explored． 

1 M ethodology 

Regarding an electrohminescent polymer as a fi— 

nite chain of N CH groups with nondegenerate 

ground states，the electron-electron interactions in an 

electrolumi nescent polymer can be described by the 

extendod Hubbard model 

一  

一  (c ，c 一吉)(c 一 ．一 一吉)+ 
v

⋯

E
．，tot，c⋯一专)(c ．一c川． -一虿1)， (I) 

W here U is the usual on—site Hubbard energy，and V 

represents the nearest neighbor electron—-electro n in—- 

teraction． 

Assuming that a uniform electric field E is along 

the chain direction，the additional potentical energy 

due to the field is then 

HE= ∑eEnaC+ ⋯． (2) 

Thus， the Hami ltonican in an electroluminescent 

polymer can be written as： 

H⋯ 十 H⋯ + H g十 Hd⋯ 一 H H 、 十 Hd ：． 

(3) 

where 一 is the electron--lattice interactions， 

 ̂

一  

= 一 ∑It0一a(u 一“ )+ 

A  ̂

(一 1) ](c__ ． -u HC)， (4) 

H“ is the elastic energy of the lattice． 

月 =÷ ∑(“ + 一“ )。+ 

∑ (“ +1一 “ )， (5) 

From the electronic eigenequation 

H ∑z n>= ∑Z I >． (6) 

W e can get the energies E and the wave function Z ． 

of electrons． 

It should be pointed OUt that electroluminescent 

polymers are different from conventional inorganic 

semiconductors，for electro luminescent polymers are 

quasi one—dimensional systems．Low—dimensional lat— 

tice has instability．So it is easy to be distortedE ’ ． 

Extra electron(s)and hole(s)will make a low—di— 

mensional lattice deformed ． So will the applied 

electric field． Therefore for polym ers， we should 

consider electron—excitation． 1attice relaxation and 

applied field simultaneously．As a result，the Hamil— 

tonian of electrons depends on atomic configurations． 

i．e． atomic c0nfigurations determine the electronic 

states． Meanwhile，the eigenvalues of the occupied 

electronic states as the additional potential of the lat— 

rice affects the atomic configurations conversely． 

Hence we have to use self—consistent method to solve 

the problem．First we must find OUt the self—consis— 

tent equation．Let the variations of the bond—length 

“ I一“ be(一1) (儡+儡+1)，where{ }represents 

the static equilibrium configuration of the system． 

Unfold the total energy of the system around the 

static equilibrium configuration．Since the lowest en— 

ergy state is the state which is reasonable in physics 

and existent in nature，let the coefficient of one order 

term be zero，then we obtained the self—consistent e— 

quation． 

(一 ( + )= z Z⋯ + ) 

Be sides．s_nce the electron—electron interactions 

are considered，the electronic eigen equation should 

also be solved self—consistently．In the approximation 

0f Hartree—Fock． 
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electroluminescence has attracted much interest[I-2] 

of international academic circles. and become one of 

the front subjects since 1990's. 1n recent years , the 

development of electroluminescent devices has made 

great progress. and electroluminescent devices are 

nearing practical application. Because the electrolu 

minescence of polymers is due to the external field , 
the authors of the article and their cooperators stud 

ied the e1ectric-lield behavior 01 polymers , and lound 

that the applied e1ectric fields polarize the self-trap 

ping excitons of polymers , and put forward firstly a 
new physics idea of negative polarization[3-4]. How 

ever , the references [3-4J have not considered the 

electron--electron interactions. But for polymers , the 

electron--electron interactions can not be neglected[;]. 

Hence , this presentation is devoted to study the joint 

effects of electron-electron interactions , applied 

fields and electron-Iattice iriteractions on the polariza 

tion of polymers. We discover that on-site Hubbard 

energy and the nearest neighbor electron-electron in 

teractions increase the negative polarization 01 self

trapping bì-excitons in polymers obviously. The 

physical significance of negatîve polarization and its 

possible applications are also explored. 

1 Methodology 

Regarding an e1ectroluminescent polymer as a fi

nite chain of N CH groups with nondegenerate 

ground states , the electron-electron interactions ìn an 

electroluminescent polymer can be described by the 

extended Hubbard model 

H ,_. =~ ~(C;':ι~ )(C;':_ ，C. 嘻÷)+

V L: (C ;,:,c.., - +)(Cλ I./C叫‘ -4〉， (I)
町 s.1 i. i. 

Where U is the usual on-site Hubbard energy. and V 

represents the nearest neighbor electron-electron ìn

terac t1on. 

Assuming that a uniform electric field E is along 

the chain direction. the additional potentical energy 

due to the field is then 

H E = L:eEnaC;':,C.. ,. (2) 

Thus , the Hamiltonican in an electroluminescent 

polymer can be written as: 

^ ^ 
H , _þ + H ,_, + H. + H ,'m" = H ,( lu.l) + Hdo阳'

(3) 

where H~_p IS the electron-lattice interactions! 

^ H ,_. =- L: [t。一叫Un 4- J - U n ) + 

(- ])飞] (C:4- 1.sCn4- 1.,• HC). 

H由他， is the elastic energy of the la ttice 

Hω= 护车(U a+ l 一 u.)' + 
L:K' (u.+ 1 - u.) 咽

From the electronic eigenequa tÎon 

(4) 

(5) 

H，L:Z叫 In>=ιL: Z...ln >. (6) 

We can get the energies 乌 and the wave func口on 2". 1" 

of electrons. 

It should be pointed out that electroluminescent 

polymers are different from conventional inorganic 

semiconductors. for electroluminescent polymers are 

quasi one-dimensional systems. Low-dimensÎonallat

tice has instability. So it is easy to be distorted[5. 7] 

Extra electron (s) and hole (s) will make a low-di 

mensional lattice deformed:7..] 50 will the applied 

e1ectric field. Therefore lor polymers. we should 

consider electron-excitatÎon. lattice relaxation and 

applied field simultaneously. As a result. the Hamil 

tonÎan of electrons depends on atomlC configurations 

ì. e. atomic configurations determine the electronic 

states. Meanwhile , the eigenvalues of the occupied 

electronic states as the additional potential of the lat

tice affects the atomic configurations conversely 

Hence we have to use self-consistent method to solve 

the problem. FÎrst we must find out the self-consis 

tent equation. Let the variations of the bond-Iength 

U'~I-u.be (-])叶'(I" +\<h ，)咽 where ~.rp;:) represents 

the static equilibrÎum configuration of the system. 

Unlold the total energy of the system around the 

static equìlibrium configuration. Since the lowest en 

ergy state is the state which is reasonable in physics 

and existent in nature 咽 let the coeffÎcient of one-order 

term be zero , then we obtained the self-consistent e

quatlon 
I) _<><L vr 

(- ])气轨+轨+1) = ~; L: Z. ， .Z町 1. ， + ';". (7) .. , 

Besides. s i'nce the electron -electron înteractions 

are considered! the electronic eigen equatÎon should 

also be solved self-çonsistently. In the approximation 

of Hartree-Fock! 
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善c e． c ．一 善( ”ct．， - + 

x— ⋯c．一 )一善x⋯ 一 ， 
where咒． 一< ICZ⋯C．一 l >．State ，which is 

used to calculate the average value， is the ground 

state of self—consistent field。and it should also be de— 

termined self—consistently． It means that the 

Schrodinger equation should be also self—consistently 

solved．In order to arrive at these two self-consisten— 

cy，we have to solve Eq．(1)to Eq．(7)simuhane— 

ously． In this way，we can self-consistently obtain 

the solutions of atomic configurations and electronic 

wave functions at the lowest energy states of the sys— 

tem in the presence of any externaI field． 

In the calcuation．the electron—electron interac— 

tions U and V are regarded as parameters．Lr ranges 

from 0 to 4eV，and V≤U／2． 

2 The Polarizat n Charaeterisitics of n 

Polymer Chain 

Due to the jnstability of low—dimensiont - ．ex— 

tra electron(s)and hole(s)will induce a local defor- 

mantion in the lattice of polymers，thus leading to 

the change of electronic energy band structure．Fig— 

ure 1 shows that the main variation of energy band 

structure of polymers with extra electron(s)and hole 

(s)is that the top level of the original valence band 

and the bottom 1eveI of the original conduction band 

separate from the original continuative band，and en— 

ter the original energy gap．Thus these two levels be— 

come the localized deep levels and E n close to the 

mid—gap．The low level‰ originates from the top 

1evel of the ori hal valence band．W hen there exist 

no extra electron(s)and hole(s)。there should be 

two electrons at the low level‰ ，The high level 

origina tes from the bottom level of the original con— 

duction band．W hen there exist no extra electron(s) 

and hole(s)，there should be no electrons at the high 

level h n．Figure 1(a)represents that there is an ex— 

tra electron at the level and an extra hole at the 

‰ levle．Figure 1 (b)denotes there are two extra 

eleetrons at the Ievel and two extra holes at the 

Ieve1．It has been pointed Out that extra electron 

(s)and hole(s)wilI induce a locaI deformation in the 

lattice of polymers，leading to a strained field．In the 

meantime，the extra electron(s)and hole(s)them— 

selves are trapped by the strain field，and the self— 

trapping bound state of electron (s)一hole(s) is 

formed Ea]．Since the bo und state of the electron(s) 

and hole(s)is known as the exciton，Fig．1 (a) is 

single—exciton and Fig．1(b)is bi—exciton． 

Figure 2 and Figure 3 are the charge density dis— 

tribution of the single—exciton and bi-exciton，respec— 

tively．The charge density is a sum of squares for the 

absolute values of the wave functions of all the OCCU— 

pied states，i．e． 一∑IZ． In these figures．an 

electric field is along the chain direction，and the unit 

of the ordina te is the value of fin electron charge e． 

From the charge density distribution in the figures， 

we can see that the electric field transfer part of the 

lattice—point charges in a polymer chain．So the po— 

larization OCCURS．Figure 2 shows that，in a single— 

exciton，the positive charges move along the electric 

field and the negative charges drift in the opposite di— 

rection． This is normal polarization． Figure 2 also 

shows that a single—exciton displays weak normal po— 

larization．Figure 3 depicts that，in a bi—exciton．the 

positive charges move in the opposite direction of the 

field and the negative charges along the field． It is 

negative polarization．Figure 3 exhibits that a bi—ex— 

Fig．1 The schematic diagram ot the 

energy levels for the polymers with 

extra electrons and holes 

图 1 具有额外电子一空穴的高分子 

的电子能级分布示意 图 

(a)具有 1个额外 的电子一空穴(简称单墩子态 ) 

(b)具有2十鞭外的电子一空穴(问称双墩子态) 
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LC::.Ca"C;:-sC.. ,-. • L (Xn"C:-'，c'..s 十

Xn. _sC:'_ ，C町 ， -s) - 2:X ,."Xa,-s' 

where X." = <φI C~_，c.._， Iφ>. State oþ , which is 

used to calculate the average value ~ is the ground 

state of self-con5istent field. and it 5hould al50 be de

termined self-consistently. 1t means that the 

Schrodinger equation should be also self-consistently 

solved. ln order to arrive at these two self-consisten 

cy. we have to solve Eq. (1) to Eq. (7) simultane

ously. In this way , we can self-consistently obtain 

the solutions of atomic configurations and electronic 

wave functions at the lowest energy states of the sys 

tem in the presence of any external lield. 

In the calcuation. the electron-electron interac

tions U and V are regarded as parameters. U ranges 

from 0 to 4e V. and V';;;U! 2. 

2 The PolllrizatioD Chllrllcterisitics of II 

Polymer ChlliD 

Due to the inst.bility of low-dimension :5 ，汀 t ex

tra electron也) and hole (5) will induce a local defor

mantion in the lattice of polymers , thus leading to 

the change of electronic enl盯gy band structure ‘ Fig

ure 1 5hows thot the moin voriation of energy band 

structure of polymers with extra electron (s) and hole 

(5) is that the top level of the original valence band 

and the bottom level of the originol conduction band 

sepa.rate from the original continu a.tive b a. nd t and en 

ter the original energy gap.τ1ms these two levels be 

come the localìzed deep level5 ε阳 and IEAlg-/I close to the 

mid-gap. The low level <1_ origina tes Irom the top 

level of the original volence bond. When there exist 

no extra electron (5) and hole(s). there should be 

two electrons at the low level "'_, The high level <，缸.'

originates from the bottom level of the original con

duction b a. nd. When there exist no extra. electronω 

and hole(s) , there should he no electrons at the high 

level ε~g-/I~ Figure 1 (a.) represents that there is an ex 

tra elec:tron at the 句" level and on extra hole at the 

ε'..， levle. Figure 1 (b) denote5 there are two extra 

electrons at the ε叩 level and two extro hole5 at the 

E阳 level. It has been pointed out that extra electron 

(5) and hole (5) will induce a locol deformation in the 

lattice of polymers t leadìng to a strained field ‘ In the 

mean t1me. the extra electron(5) and hole( 5) them 

selves are trapped by the strain lield. and the self

trapping bound state 01 electron (s )-hole (5) is 

formed['l. Since the bound state 01 the electron (s) 

and hole ls) i5 known as the exciton , Fig. 1 (a) is 

5ingle-exciton and Fig. 1 (b) is bl-exciton. 

Figure 2 and Figure 3 are the charge density di5-

tribution of the single-exciton and bi~xciton t respec 

tively. The charge density is a sum of squares for the 

absolute values of the wave functions of a1l the occu 
。吃C

pied states t i. e. p.. = 2: I Z~....12 ‘ In these hgures t an 
μi 嘻

electric field ìs along the chain direction , and the unit 

of the ordinate is the value of an ele<:-tron charge e. 

From the charge density distribution in the figures , 

we can see that the el时tric lield transfer part 01 the 

lattice-point charges in a polymer chain. so the po

larization occurs. Figure 2 shows that t in a single

eXclton t the positive charges move along the electric 

field and the negative charges drift in the oPP05ite di

rection~ This is normal polarization. Figure 2 also 

shows that a 平ngle-excìton displays weak normal po

lariza口on. Figure 3 depicts thaL in a bi-exciton t the 

positive charges move in the oPPo5ite direction of the 

field and the negative charges along the field. It is 

negative polarization~ Figure 3 exhibits that a bi-ex 
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Fig. 1 The schematìc diagrarn of the 
energy levels for the polymers with 

extra electrons ancl holes 
圈 1 具有额外电于空穴的高分于

的电于能级分布示章回

(al 具有 1 千额外的电于空穴(简穗单瞰于态)

Cb) 具有 2 个额外的电于-空穴(间穗双瞰于盔)
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Fig．2 The charge density distribution of the single exci- 

ton under an electric field(the thin solid line：U一 0 n̂d 

V 皇 0。the thin dashed Iinel U 一 4eV and V 一 0，the 

thick solid line U一 4．OeV and V=0．6eV．the thick 

dashed linet U # 2eV and  V= 0．6eV．E is along the 

chin direction) 

图2 高分子的单擞子态在电场下格点电荷密度分布 

细实线，U=0．V一0，细直线 t U=4eV． =0．粗实线： 

U=4eV．V=0．6eV-粗直线 t U=2eV．V一0．6eV． 

电场沿链方向 

、

、
citon displays obvious negative polarization．The or— 

dinate of Fig．3 is ten times as large as that of Fig．2． 

In Fig．2 and Fig．3，the thin solid line represents 

U= 0 and V孳 O，i．e．without considering electron— 

electron interactions I the thin dashed line is U一4eV 

and V ．By comparing thejthin solid and dashed 

lines in Fi 2 or Fig．3，respec~ively，it is clear that 

the on—site Hubbard energy U obviously increases the 
polarization of a polymer chain．In these two figures， 

the thick dashed line denotes U= zeV sad V一 0．6 

eVI the thick solid line is U=4．0eV and V一0．6eV． 

Comparing the thick solid and dashed lines in Fig．2 

or Fig．3，respectively，we can see that the nearest 

neighbor electron-electron interaction V obviously in— 

crease8 the negative polarization of a bi—exciton， 

however，the interaction V restrains slightly the nor— 

real polarization 0f a sirIgle exciton． 

3 The Physical Origin on the Negative Polar- 

lzatlon of a BI—Exclton 

Co nsidering that the charge density of 8 po lymer 

is equal to 8 sum of squares for the absolute values of 

the wave functions of all the occupied states，we 

should analyze what characteristics the wave func． 

tions of the electronic levels have．so that we can dis— 

Fig．3 The charge density distribution of the bi-exciton 

under an electric field(the thin solid line I U皇 0 and  V= 

0。t thin d~shed line：U一 4eV and V； 0，the thick 

solid line!U菩 4．OeV and V一0．6eV．the thick dashed 

line．U 一 2eV and  V = 0．6eV． is along the chain 

direction) 

图 3 高分子的双擞子态在电场下格点电荷密度分布 

细实线：U一0， =0．细直绒：U一4eV． =0．粗实线t 

U 一 4eV．V 0．6ev．粗 盎 线 l U= 2eV．V皇 0．6eV 

电场沿髓方向 

close the physical origin of the negative polarization． 

We noted that the wave functions of a single—exciton 

are very similar to those of a hi—exciton，and their 

variations with the electric field are very similar， 

tOO．In addition。we consider that the difference be— 

tween a single—exciton and a bi—exciton in polymers is 

the different occupations of electrons on the two lo— 

calized levels close to the mid—gap，as depicted in 

Fig．1．For the single—exciton，there is an electron in 

both ‘{ and  ̂ levels，hesides，the levels Corre— 

sponding to the valence band are fully occupied{ 

whereas，for the bi—exciton。there is no electron in 

{ level and there are two electrons in l̂evel，be— 

sides，the levels corresponding to the valence band 

are fully occupied，too．Hence．we should study the 

effects of the electric field on the wave functions cor- 

responding to the two localized states ( and ‰  ̂

states)colse to the mid-gap． 

Figures 4 and 5 depict the variation of the wave— 

function corresponding to l枷 and h levels with the 

electric field．respectively．In the two figures，(8)is 

obtained with E=0，two WaV~5 packets in the figures 

express that two electrons can be accommodated in 

one leve1．(b)and (c)in Fig．4 express electrons 

moving in the opposite direction of the electric field． 
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Fig.2 Th. charge 出nsity dis.tribution of the single ex口
ton under an electric field Úhe thin solid line: U = 0 llnd 
v = (), tb.e. thin dashed lme I U = 但V 四d V~Q. th. 
.hick solid lin. , U~4. Oev .nd V~Q. 6.V. th. thick 
da.hed lin. , U= 2eV.nð V= O. 6eV. E i. .1ong th. 

cham direction) 
固 2 高分于的单撇于在在电揭下楠点电荷密度分布

细实线 ， U=O ，V=Q ， 细虚线 I U= 4eV ， V=O.坦实魏 z

U= 也V.V=Q. 6eV. 坦蛊绒 • U=2.V.V ~Q. 6eV. 
电揭情链方向

citon digplays obvious negative polarization. The or 

dinate of Fig. 3 is ten times as large as that 01 Fig. 2. 

In Fig. 2 and Fi且. 3, the thin solid line represents 

U = () JlDd V 哇。，1. e. without considering electron 

electron interactions , the thin dashed line is U = 4e V 

and V = b. By comparing the! ihin solid and dashed 

Iines in Fíg-..2 or Fig. 3 , respeclively. it is clear that 

the on-site Huhhard en町gy U o~viously increases the 

polarization of a polymer chain. In these two figures , 
、

the thick daahed IiDe deÌlotea U = 2eV and V = 0.6 

eV, the thick solid line is U=4. ()eV and V=O. 6eV. 

Comparing the thick solid aDd dashed Iines in Fig. 2 

or Fig. 3 , respectively , we C'an see that the nearest 

neighbor electron-electroD iDteraction V ob町。usly in 

creases the negative 阳larization of a bi-exciton. 

however , the interaction V restraíns slightly the nor

mal polarization of a single exciton. 

J The Physical OriglD OD the Negative Polar

izatiOD or a BI-ExcltOD 

Considering that the charge density of a polymer 

is equal to a sum 01 squares lor the absolute values of 

the wave lunctions of all the occupied states , we 

should analyze what characteristics the wave func

tions 01 the electronic levels have , so 由at we can dis 
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Fig. 3 The chllrge density distribution of the bi-exciton 
under lln electric field (the thin solid line I U= 0 and V= 
O. the thin da.shed 1ine~ U=4eV and V=O. the thick 
solidline: U=4. OeVand V=O. 自.V. th. thick dashed 
line: U = 2eV and V = O. 6eV. E is along the chain 

direction) 
圄 3 高分于的政撒于盔在电场下幡点电膏'度分布

细实线 u= 口，V=O. 细虚绒 I [/=4eV ， V=O.坦实线，

u= 相V. V """ o. Sev ，坦虚线 ， U=z.V.V=o. S.V 
电场沿髓方向

close the physical origin 01 the negative polarization. 

We noted that the wave functions 01 a single-exciton 

are very similar to those of a bi-exciton , and their 

variations with the electric field are very similar , 
too. In addition , we consider that the difference be 

tween a single-excíton and a bi-exciton in polymers is 

the different occupations of electrons on the two 10 

calized levels close to the mid-gap , as depicted in 

Fig. 1. F or the single-exciton , there is an electron in 

both E阳 and EM.且 levels. b四ides ， the levels corre

sponding to the valence band are lully occupied , 
whereas , for the bi-exciton , there is no electron in 

E恤 level and there are two electrons in Eh.I，~ level , be

sides , the levels corresponding to the valence band 

are fully occupied. too. Hence. we should study the 

effects 01 the electr;c field on the wave functions cor 

responding to the two localized states <<,_ and E,.", 

states) colse to the mid-gap. 

Figures 4 and 5 depict the variation of the wave

function corresponding toε阳 and E叩 levels 响th the 

electric field. respectively. 1n the two figures , (a) is 

obtained with E = O. two wave packets in the 自gures

express that two electrons can be accommodated in 

one level. (b) and (c) in Fig. 4 express electrons 

moviDg ín the opposite directioD 01 the electric field. 
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It is normal polarization．Figures 5(b)and 5(c)dis— 

play electrons transfer along the electric field．This is 

negative polaristion． 

The quantum-mechanics—theory of polarization 

can illustrate qualitatively why the wave function of 

the low hveI(‰ )corresponds to nornla1 polariza- 

tion．wheteas the wavefuction of the high IeveI( ) 

to negative po tar／zadon．Please refer to Appendix A． 

It is due to the above mentioned two reasons 

((1)．tWO different polarization characteristics for 

the two Iocalized electronic states close to the mid- 

gap in the polymers with extra electrons and holes． 

(2)．two different occupations of electrons on the 

tWO localized electronic states for the single~exciton 

and bi-exciton in polymers．)that lead to existing two 

different macroscopic polarization characteristics as 

follows in a conjugated polymer with extra electron 

(宣)and hole(s)． ‘ 

F_幢．‘Wavefunetion corresponding to the 1om r localized 

1evel‘ ，( 10．E-0，(b) l0，E军l0‘V，恤 ．The 

electric f_螗Id ||-IoII— the chain direction． (c)厶皇 

0．05eV，茸一 lO‘V，cm．The field is slo the clm~n 

direction 

田 4 綦憎中央附近．下定■■■ 对应的藏叠量 

(·)t~JO，E--O，(b) 一O，EI10‘V／cm 井电描滑甓 

方向，(c)t,J0．0fieV，E--l V／cm，井电曩滑t方向 

(1)For a single-exciton，there is only one dec— 

tron on both the and fJ 1evels，besides，the 

quasi-continuative valence band is fully occupied． 

The negative po larization of level is offset by the 

norm~1 polarization of‰ Ieve1．Therefore，the nor- 

mal polarization of the single-exciton originates from 

the fully occupied quasi—continuative valence ha nd． 

This also means that the fully occupied quasi-contin— 

uative valence band displays the characteristic of 

smalI norn~l po larization(as shown in Fig．2)． 

(2)For s bi—exeiton，there are two electrons on 

the fJ level and there is no electron on the‰ level， 

besides，the quasi-continuative valence band is also 

fully occupied．So the po[arlzation of s bi-exciton 

should be equal to the diffefence between the nega— 

tire polarization of the occupied s“-̂level and the nor- 

mal polarization of the fully occupied quasi—continua— 

tive valence band．As a result，the bi'exciton shows 

Fig．5 Wavefuaction corresponding to the hish~r loca1． 

iled 1evel E ．(a)1．=0，E=0．(b)‘．暑0．E= 105 V／ 

m ．The electric．field is along the chain direction，(c) 

10．05eV．E军10sV／cm．The fieId is along the ch~in 

direczion 

田5 II带中央附近，上定 麓曩 “一对应的谴叠量 

(_)to=O，Effi0，(b) =0．五军10 V／cm井电】胃措崔方 

向，(c) 一0．05eV，茸昔10’V／era 井皂曩沿甓方向 
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It is n田mal polari且tion. Figure.5 (b) and 5(C) di.

pl町 electrons transfer olong the electric field. This ìs 

negative polariztion 

The quantum-mechanic.-th回ry of polarizatìon 

can illustrate qualitatively why the wa咽 lunction of 

the low level (岛。.) corresPonds to normal polarìza

tion. whereas the waveluction of the high level (品，ρ

to negatl四 polari田tion. Please refer to Appendix A. 

lt is due to the above-mentioned two reasons 

(( 1). two dif/erent polarization characteri.tics lor 

the two 1胆ali四d electronic .tates close to the mid

gap in the polyme~s with extra electrons and holes. 

(2). two different occupations 01 electrons on the 

two localUed electrOnic states lor the single-exci ton 

and bi-exciton in polymers. ) tha t lead to existing two 

dif/erent macroscopic polari回tion characteristics as 

10110胃s in a conjugated pol)lDler with extra electron 

臼}田ld hole(s). 
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F唱. 4 Wavefunc:tion correspondìnø: to the lowfll localized 
l凹剖句_， (a】，，-口 ，E-O ， 【bl 1,-O, E= 10' V 1=. Th. 
d田trìc flelcl il 11ona: tbe ch&in direction. 【 ol 比 2

O. 050 V • E - 1 O'V Icm. Th. li.ld is 010"8 .h. ch息咀
directìon 

回 4 馨'中失附近，下Jt幢.._Jt鹰的模画.
(a) t~-O ，E-O， 也】岛-OtE-I0'VIcm 外电辑懵链
方向，【c) 1, -0. 05eV .E-10'V Icm. 外电揭精髓方向

(1) For a single-exciton. there is onIy one elec

tron on both the '1，由 and 岛.' levels. besides. the 

quasì-continuative valence band i. lully occupied. 

The negative polarization 01 0.;,. level ì. offset by the 

normal polarization of 0,- level. Therefore. the n田，

mal polarization 01 the single-exciton origìnates from 

the lully occupìed quasi-continuative valence band. 

This also means that the fully occupied quasi-contin

uative valence band displays the characteristic of 

small normal polari且tion (as shown in Fig. 2). 

(2) For. bi-exciton. there are two electrons on 

the 0".. level and there ìs no electron on the 0阳 level.

besid凹. the quasì-continuatìve valence band is aJso 

lully occupied. 50 the 阳lari且tion of • bi-exciton 

should be equal to the difference between the nega

tive polarization of the occupìed o"..level and the nor

mal polarization 01 the lully 田cupied quasi-contìnua

tive valence band. As a result. the bi-exciton shows 
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Fìg. 5 Wavefunc:tion t:Ol"nspond ì.ng to the hìgMl local
ized level 1:.恤， (8) '.= OtE= 口. (bl 1, =O.E=IO' VI 
cm. The electric. field ìs along the 'Chaì.n direction~ (<::) 

1, -0. 05eV.E=IO'V/cm. Th. r..ld i. olong .h. ChaiD 
di..rection 
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obvious negative polarization (as depicted in Fig-3) 

due to the large negative polarization of the level 

and small normal polarization of quasi—continna tive 

valence band．In addition，the charge transfer quanti— 

ty o{the localized electronic states increases quickly 

as the electr0n．．electron interactions U and V in．． 

crease．W hereas，the total charge transfer quantity of 

the occupied quasi—continuative valence band is a{一 

fected slightly by u and V．As a result，the electron— 

electron interactions increase the negative polariza— 

tion of a bi-exciton obviously，as shown in Fig．3． 

4 The Significance and Possible Applications 

of Negative Polarization 

W ith the quantum—mechanics perturbation theo— 

ry，the appendix A demonstrates that a microscopic 

electronic state can exhibit，in certain condition，neg 

ative polarization．The negative polarization of micro— 

scopic electronic states originates from the reason 

that microscopic states demand 0rthogonality． 

Therefore，the polarization of microscopic states de— 

pends not only on the applied field but also on an ex— 

tra restricted condition-tha orthogonality of wave 

functions．The orthogonality of the wave functions 

implies that it is impossible that alI the electronic 

states correspond to norn'~I polariza tion in the 

persence of an electric field．The joint action of an 

applied field and the orthogonality of wave functions 

will compe l some microscopic electronic states having 

negative polarization．For example，this presentation 

illustrates that the wave functions of the high 1evel 

correspond to negative polarization．Negative pc一 

1arization of microscopic electronle states will lcad to． 

，the macroscopic negative pc— 

larization．For example，t} negative polarization of 

the bi-exciton in polymers originates from the nega— 

tire polarization of the microscopic states． 

The negative polarization is also due to that the 

bi—exciton in po lymers is an excited state．From the 

viewpo int of energy，the electronic state which has 

negative polarization is to ha ve higher energy． 

whereas，the electronic state with normal polariza— 

tion is to have lower energy．Hence，if the occupied 

states are quasi—continu'ative (here“quasi—continua— 

tive’’means there is no unoccupied state under the 

highest occupied state)，there exists no negative pc — 

larization．Only when there is unoccupied state under 

the highest occupied state，could there be macroscop- 

ic negative polarization in certain condition (the con- 

dillon is the negative polarization of the occupied 

state，which is above the unoccupied state，is larger 

than the normal polarization of the quasi—continuative 

occupied states， which are under the unoccupied 

state)．Such as the bi—exciton in polymers． 

By using the polarization characteristics of poly— 

mers that a single--exciton corresponds to normal po-- 

larization and a bi--exeiton exhibits negative po lariza—— 

tion，absorbing a photon can make a single-exciton 

become a bi—exciton in polymers．The process makes 

the inversion of the polarization． Theref0re there 

could exist a new photoinduced phenomenon--photo-- 

induced polarization inversion． Dynamical study 

shows that the relaxation time of an exciton is usual— 

ly very short．Hence，the phenomenon might be used 

to make photo--induced uhrafast quantum switch de-- 

vices or molecular switch devices． 

Appendix A 

The Hamiltonian in an electric field is 

H ： H + H (8) 

H ， the perturbation induced by the electric field， 

can be written as 

H ： 一 PE， (9) 

where P is the polarized vector of the system and P 

：一 P Ip(x)zdx．Since 

H。 = o， He 一 ． (10) 

the wave funotion including the first—order in H is 

=  

+军 ， (1】) 

where the summation∑ excludes —u．Since H 

一 ～ P ， 

=  一  差  ， (12) 
The polarization of the pth level ean be expressed as 

P 一< IPI > (13) 
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obvious negative polarization (as depicted in Fig. 3) 

due to the large negative polarization of the 乌『纠 level

and small normal polarization 01 quasi-continuative 

valence band. In addition , the charge transfer quanti

ty of the loca }jzed electronic states increases quickly 

as the electron-electron interactions U and V in 

crease. Whereas , the total charge transfer quantity of 

the occupieà quasi-continuative val巳nce band is af 

fected slightly by U and V. As a result. the electron

electron interactions increase the negative polariza

tion of a bi-exciton obviously , as shown in Fig. 3. 

4 The Significa皿ce and Possible Applicatio田

。f Neg.tive Polarization 

With the quantum-mechanìcs perturbation theo 

ry , the appendix A demonstrates that a microscopic 

electroníc state can exhibit , in certain condition , neg 

ative polarization. The negatlve polarization o{ micro

SCOPÌc electronic states originates from the reason 

that mìcroscopic states demand orthogonality 

TherefoI哩， the polarization of microscopic states de 

pends not only on the applied lield but also on an ex 

tra restricted condition-the orthogonality o{ wave 

functions~ The onhogonality of the wave functions 

implies that it is impossible tbat a11 the electronic 

states correspond to normal polarization in the 

persence of an electric field. The joint action of an 

applied field and the orthogonality of wave functions 

will compel some microscopjc electronic states having 

negative polari国tion. For example. this presentation 

illustrates that the wave funotions 01 the high level 

~_-.J， correspond to negative polarization. Negative po

lalÍzation of microscopic electronic sta-tes will lead to. 

in some drcumstances , the macr臼copic negatjve po 

larization. For example ., the negative polarization of 

the bi-exciton in polymers originates from the nega 

tive polarization of the microscopic states. 

The negatjve polarizalÏon is also due to that the 

bi-exciton Ïh polymers is an excited state. From the 

viewpoint of energy , the electronic state which has 

negative polarization is to have higher energy. 

whereas , the electronic state with normal polariza 

tion is to have lower energy. Hence , if the occupied 

states are quasi-continu'ative (here "quasi-continua-

tive" means there is no unoccupied state under the 

highest occupied state) , there exists no negative po

larization. Only when there i. unoccupied state under 

the highest occupied state , could there be macroscop

ic negative polarization in certain condition (the con

dition is the negative polarization of the occupied 

state. which is above the unoccupied state , is larger 

than the normal polariw.tion of the quasi-continuative 

occupied states , which are under the unoccupied 

state). Such as the bi-exciton in polymers. 

By using the polarization characteristics of poly 

mers that a single-exciton corresponds to normal po

larization and a bi-exciton exhibits negative polariza

tion , absorbing a photon can make a single-exciton 

become a bi-exciton in polymers. The process makes 

the inversion of the polarization. There{ore there 

could exist a new photoinduced phenomenon-photo 

induced pol盯ization inversion. Dynamical study[吗

shows that the relaxation time 01 an exciton is usual

ly very short. Hence , the phenomenon might be used 

to make photo-induced ultra{ast quantum switch de

víces or molecular switch devices. 

Appendix A 

The Hamiltonian in an electric field 阻

H =H" 十 H' (8) 

H r , the perturbation induced by the electric field , 

can be written as 

H' =- PE. (9) 

F ,d n a m e t s vd s e h t f o r o t e e v i' 
a
u
-
-
n

俨
F

Z

‘
JV 

LCVA 
啤

m
ε
-

U5.= PZOVF O>,

"UJUY

b
x

几

t)LJ 
国

U
J

prUVJ ear 
町


JW= 

H仇 zε"r./JI"+ (0) 

) 

由

I

H n r e JU r' Md 
S

」

E
L叩

EE f
v

二

四

H
二
f

L
A
-
ε
 

ti 
咱
于
且
u

d+ 
叫

d

u= 
阳
A的

E n u f e T, a w e h 

where the summation 2: r excludes μ =u. Since H'μ 

=-P,..E. 

P,..E 
比=的 车'ζ丁王此 (1 Z) 

The polarization of the I"th level oan be expressed as 

P，=< 仇 IPI ;!ip> (13) 
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< lPl >一 E zIPj
一

_ A + 

higher—order tern1． 

1ow level( )moves in the opposite direction of the 

electric field (normal polarization)．However， > 

(14) 0
，
i．e．the electron on the high level( )drifts a— 

where the first term corresponds to zero field，and 

the second term is due to the polarization induced by 

the electric field．Since AP=牡 ，the polarizability of 

the／ah levelis 

=  
． 【15) 

The two localized lex,els El啪，and are energetically 

close to each other．and far from the other levels． 

According to the distrihution of energy，the level 

dominates the contributions to ，and so does the 

E level to ， ，and the contrihution of the other 

levels to or can he neglected．Furthermore， 

the wavefunetion of‰ level has odd parity and the 

wavefunction of h level has even parity．Since the 

two(od d and even)wavefunetions“match”each oth— 

er completely，their dipole transition matrix element 

is large and makes dominant contributions to P， 

while the wavefunctions of the other levels don’t 

match one another，the dipole matrix element of the 

other levels is thus small and contributes little to P． 

Because of these reasons， and can be written 

approximately as 

， ⋯  

=  ， ⋯  

Sinee‰ < ，Z < O，i．e．the electron on the 

long the the electric field (negative polarization)· 

Hence，the direction of the polarization of these two 

localized electronic states is opposite． 
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21P~1 
=<时 IP I~ >- EL:' : '~尹去+

'""JI. '"'tr 

higher-ord盯 term. (14) 

where the first term corresponds to zero field , and 

the second term Î:s due to the polarization induced by 

the electric lield. Since tlP= XE. the polarizability 01 

the μth level is 

l
l
τ
h
 

pu-
严。
&
-
ε

TUN -
F γ

a
h
 

(1 5) 

The two localized levels ε阳 and 岛p are energetkally 

close to each other. and lar from the other levels. 

According to the distribution 01 energy. the ε:11. 1111 level 

dominates the contributions to 111幽， a nd 50 does the 

'，.阳 level to X'" 悔， and the contribution of the other 

levels to X，.础。r X~.. can be neglected. Furthermore. 

the wavefunction of ε''- level has odd parity and the 

wavefunction of ε"J".1t level has even partty. Since the 

tWQ <odd and even) wavefuncttons lllmatch" each oth 

er completely , their dipole transit Î:on matrix element 

Ï:s large and makes dominant contributions to P. 

while the wavelunc!Íons 01 the other levels don' t 

match one another , the dipole matrix element of the 

other levels is thus small and contributes little to P. 

Because of these reasons , xt- and M;glo can be written 

approximately as 

X，~ "" _2巳L
ε&巅 εIú.b

:L...""- _ 21PI止，
·εlúgh εh伽

(]6) 

(]7) 

Since ε国<岛肘，Xu...<O ， ì.ιthe electron on the 

low level (岛四) moves in the opposite direction of the 

electric lield (normal polarization). However. X"" ,> 

O. i. e. the electron on the high level (:1:，缸，ρdrifts a 

long the the electric field (negative polarization). 

Hence , the direction of the polariza tton of these two 

localtzed electronic states is opposite 
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