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Abstract The polarizetion characteristics of electroluminescent polymers were studied with the theoretical model includ-
ing the externai fieid, eiectron-electron and electron-lattice interactions simultaneously. It was discovered that on-site
Hubbard energy and the nearest neighbor electron-electron interactions increase the negative polarization of self-trapping
bi-excitons in polymers obvigusly. The physical significance of negative polarization—a new phenomenon, and its possible
applications were also explored.
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Electroluminescent polymers are new-generation
opto-electronic functional materials with wide appli-
cation prospects. Nowadays. the study on palymers
has become a new 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 flexible and colorful vi-
sual displays with large area, Besides, we can also
use polymers to make portable and foldaway elec-
tronic newspapers, All these mean that polymers will
open a new channel for the technology of display and
opto-electronics. Therelore, the study of polymeric
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electroluminescence has attracted much interestl' ™%

of international academic circles. and become one of
the front subjects since 1990”s. In 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 electric-field behavior of polymers, 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 [3~4] 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-lattice 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 of self-
trapping bi-excitons in polymers obviocusly. The
physical significance of negative polarization and its
possible applications are also explored.

1 Methodology

Regarding an electroluminescent polymer as a fi-
nite chain of N CH groups with nondegenerate
ground states. the electron-electron interactions in an
electroluminescent polymer can be described by the
extended Hubbard model

H_.=Ysre.. — %)(c:ﬁ,c,_ﬂ — iy
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Where U is the usual on-site Hubbard energy. and V
represents the nearest neighbor electron-electron in-
teraction,

Assuming that a uniform electric field E is along
the chain direction, the additional potentical energy
due to the field is then

Hy = YeEnaClC,.. (2)

Thus, the Hamiltonican in an electrcluminescent

polymer can be written as;

A A A A
H‘—'.ﬂ + H..,+ Hg + Huporo. = H.t})Y + Hooror
(3

where H._,1s the electron —lattice interactions,

H,_,=- 2lte — aluees —wa) +
(— 171.0(C 1 e, + HO), (4)
H i 15 the elastic energy of the lattice.
Husse = §KE Gty — 0 +

ZKJ (s — 2,). (5)

From the electronic eigenequation
HeEZn._tt|n>= epz Zn.ptln >- (6)

We can get the energies €, and the wave function Z,,,
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-dimensional lat-
tice has instability. So it is easy to be distorted™",
Extra electron (s) and hole (s) will make a low-di-
mensional lattice deformed-™*. So will the applied
electric field. Therefore for polymers. we should
consider electron-excitation. lattice relaxation and
applied field simultaneously. As a result, the Hamil-
tonian of electrons depends on atomic configurations.
1. e. atomic conifigurations 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 seli-consistent method to solve
the problem. First we must find out the self-consis-
tent equation. Let the variations of the bond-length
tni-ti, be (—1)F (@ + @) . where {¢f} represents
the static equilibrium configuration of the system.
Uniold 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.

oc, '
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Besides, since the electron-electron interactions
are considered, the electronic eigen equation should
also be solved self-consistently. In the approximatian

of Hartree-Fock,
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where X,.=<<@|C}_C....| 9>, State ®, which is
used to caleulate 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 seli-consistently
solved. In order to arrive at these two self-consisten-
cy. we have to solve Eg. (1) to Eg. (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-
temn in the presence of any external field.

In the calc;.lation. the electron-electron interac-
ticns Uf and V are regarded as parameters. [/ ranges

from 0 to deV, and V<U7/2.

2 The Polarization Characterisitics of a
Polymer Chain

Due to the instability of low-dimension=7, 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 ] 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 level 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 €, close to the
mid-gap. The low level &, originates from the top
level of the original valence band. When there exist
no extra electron{s) and hole {s), there should be
two electrons at the low level €.+ The high level ¢,
originates from the bottom level of the original con-
duction band. When there exist no extra electron{s)
and hole(s), there should be no electrons at the high
level g. 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
electrons at the €y level and two extra holes at the
€ level. It has been pointed out that extra electron

(s) and hole (s} will induce a local 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)-hole (s) is
formed™!, Since the bound 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 oceu-

or¢
pied states, i.e. g,= 2 | Z;..[% In these figures, an
M

electric field is along the chain direction, and the unit
of the ordinate is the value of an 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-
farization 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 pelarization. Figure 3 exhibits that a bi-ex-

Conduction Band (Unoccupled States)

£

e e

Valence Band (Occupied Sietes)

(a) (b}

Fig. 1 The schematic diagram of the
energy levels for the polymers with
extra electrons and holes
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Fig. 2 The charge density distribution of the single exci-

ton under an electric field {the thin solid line: '=0 and

V =20, the thin dashed line; U =4eV and V=10, the

thick solid line; I/ =4. 0eV and V = 0. 6eV. the thick

dashed line: UV = 2eV and V=10. 6eV. E is along the
chain direction)

H: BAFTHRAETEECAETHAGAHERSS
MER, U=0,V=0, 08, V=4V, V=0 8%H.
U=4eV, V=0, 6V, BB, U=12eV.V =0. 6eV,
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-.. citon digplays 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 salid line represents
/=0 apd V=0,i. e. without considering electron-
electron interactions; the thin dashed line is {7 =4eV
and V=10. By co:ﬁparing the'thin solid and dashed
lines in Fig» 2 or Fig. 3, respectively, 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 = 2eV and V =0. 6
eV the thick solid line is {/=4. 0eV and V=0, geV.
Comparing the thick solid and dashed lines in Fig. 2
ot Fig, 3, respectively, we can see that the neares:
neighbor electron-electron interaction V obviously in-
creases the negative polarization of a bi-exciton.
however, the interaction V restrains slightly the nor-

mal polarization of a single exciton.

3 The Physical Origin on the Negative Polar-
ization of a Bi-Exciton

Considering that the char'ge density of a polymer
is equal to a sum of squares for the absolute values of
the wave functions of all the occupied states, we
should analyze whar characteristics the wave func-
tions of the electronic levels have, so that we can dis-

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

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

d, the thin dashed lines &/ =4eV and V=0, the thick

solid line: U= 4, DeV and V=4, 6eV, the thick dashed

line, U =2V and V =0. feV. E is along the chain
direction)

B3 MATHNETEERG TRAANEEDN
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close the physical origin of the negarive polarization.
We noted that the wave functions of 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-exciton and a bi-exciton in polymers is
the different cccupations 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 ey levels, besides, 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 &, level, 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 ey
states) colse to the mid-gap.

Figures 4 and 5 depict the variation of the wave-
function corresponding to £, and &, levels with the
electric field, respectively, In the two figures, (a) is
obtained with E=0, two wave packets in the figures
express that two electrons can be accommodated in
one level. (b)Y and (c) in Fig. 4 express electrons
moving in the opposite direction of 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 polariztion.

The quantum-mechanics-theory of polarization
can illustrate qualitatively why the wave function of
the low level (e,,) corresponds to normal polariza-
tion, whereas the wavefuction of the high level (6unp)
to negative palarization, Please refer to Appendix A.

It is due to the above-mentioned two reasons
((1). two different polarization characteristics for
the two localized 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 & conjugated polymer with extra electron
(¢) and hole(s). :

0.4

{a)
0.2 |

.0

(b)

0.2 ¢ (e}

¢ % 4N 0 100
N

Fig. 4 Wavefunction corresponding to the lower localized
level guur () £, =0, Em0, (b) £, =0,E=10" V/cm. The
electric field is elong the chein direction. (c) ¢ =
0.05eV, E = 10'V/em. The field is along the chain
direction
B4 NWHRMNE TERRE . TMARER
(a) £, =0, Em0,(b) =0 Em]0'V/em HEFHHS
() £=0, 05eV,E=10°V /em, 5 0 HHBAFH

(1) For a single-exciton, there is only one elec-
tron on both the & and euu levels, besides, the
quasi-continuative valence band is fully occupied.
The negative polarization of & level is offset by the
normal polarization of .. level. Therefore, the nor-
mal polarization of the single-exciton originates from
the fully occupied quasi-continuative walence band,
This also means that the fully occupied quasi-contin-
vative valence band displays the characteristic of
small normal polarization (as shown in Fig. 2).

(2) For a bi-exciton, there are two electrons on
the &, level and there is no electron on the &, level,
besides, the quasi-continuative valence band is also
fully occupied. So the polarization of a bi-exciton
should be egual to the difference between the nega-
tive polarization of the occupied &, level and the nor-
mal polarization of the fully occupied quasi-continua-

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

0.4 )
(a)
0.2

¢.0

(b)

~0.4
n_: b {c]

0.9 |

0 2 L I
N

Fig. 5 Wavefunction corresponding to the higher local-
ized level g0, {a) ,=0.E=0, (b) t,=0,E=10° V/
e, The electric, field is along the chain direction, {c)
£,=0. 05V, E=10°V/cm. The field is along the chain
direction
B RWbREIE, LREME e, R A3 SN
{0) t,=0,E=0,(h) ¢,=0,E=10"V/cm I el 5 ¥ & 7
Bl (c) £,=0. 05eV,E=10'V/em AR FRS T A
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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 guasi-continuative
valence band. In addition, the charge transfer quanti-
ty of the localized electronic states increases quickly
as the electron-electron interactions I/ and V in-
crease. Whereas, the total charge transfer quantity of
the occupied quasi-continuative valence band is af-
fected slightly by I/ 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

With 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 orthogonality.
Therefore, the polarization of microscopic states de-
pends not only on the applied field but also on an ex-
tra restricted condition-the orthogonality of wave
functions. The orthbgonality of the wave functions
implies that it is impossible that all 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 microscopic electronic states having
negative polarization. For example, this presentation
illustrates that the wave functions of the high level
Expr COtrespond to negative polarization. Negative po-
larization of microscopic electronic states will lead to.
in some circumstances, the macroscopic negative po-
larization. For example, the negative polarization of
the bi-exciton in polymers originates fram the nega-
tive polarization of the microscopic states.

The negative polarization is also due to that the
bi-exciton ih 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 cccupied

states are quasi-continuative (here “quasi-continua-

tive” means there is no unoccupied state under the
highest occupied state), there exists no negative po-
larization. Only when there is 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 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-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. Therefore there
could exist 2 new photoinduced phenomenon-photo-
induced polarization inversion. Diynamical study™
shows that the relaxation time of an exciton is usual-
ly very short. Hence, the phenomenon might be used
to make photo-induced ultrafast 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' =— PE, (9)

where P is the polarized vector of the system and P

=—¢ Ip {z)xdz, Since

HU'&DJ?':E.?-' g! H’lb.u:e#’lbp' (10)

the wave function mcluding the first-order in H' is
Hl’
¢p=¢'2+§’£ — '592! (117

s &

where the summation X excludes p=v. Since H',.

=—P'wE1

o= — X —}:-"’ir.bﬂ. (12)

£, — &,
The polarization of the pth level can be expressed as

P, =<¢,|IP|¢, > a3
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P
—< @il >— £y HEel 4

€, — &,

higher-order term. (14)

where the first term corresponds to zero field, and

the second term is due to the polarization induced by

the electric field. Since AP=YE. the polarizability of
the pth level is

r= 3 il

v g — &

(15}

The two localized levels s, and &, are energetically
close to each other, and far from the other levels.
According to the distribution of energy . the e, level
dominates the contributions to ¥...,» and so does the
€ level to Xuwme and the contribution of the other
levels to Y OF Xug can be neglected, Furthermore,
the wavefunction of &, level has odd parity and the
wavefunction of &, level has even parity. Since the
two (odd and even) wavefunctions *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, Xu., and Y can be written

approximately as

~ _2|P]?
Im—sbw‘__s’"‘h! (16)

~ _2IP
L'gh_sﬁlhﬁsm, (1?)

Since Eue <2 Xiw<0»1. e. the electron on the

low level ( g, ) moves in the cpposite direction of the

electric field (normal polarization). However. ¥uun>>

0, L.e. the electron on the high level (X)) drifts a-

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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