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LATTICE RELAXATION OF EVEN-PARITY SINGLET EXCITED 
STATES IN POLYACETYLENE 

w. P. s u  
Deparment of Physics and Texas Center for Superconductivity, 
University of Houston, Houston, T X  77204-5506 

Abstract We have carried out a theoretical study of the lattice relaxation 
of some lox-lying even-parity singlet exited states in polyacetyelene. Both 
degenerate perturbation and strong coupling calcualtions give very similar 
results which indicate the relaxed configuration of the lowest A, state is a 

4-soliton bound state, with a binding energy of about 0.05 eV against dis- 
sociation into four free neutral solitons. Experimental implications of the 
theoretical findings are discussed. 

Polyacetylene is the simplest conjugated polymer. It is generally accepted that soli- 
tons and polarons' are the dominant elementary excitations in such a system. One 
particularly interesting example is the relaxation of photogenerated electron-hole 

pairs into soliton-antisoliton pairs. It was predicted in a noninteracting theory2. 
There has been a substantial amount of experimental data on this issue in recent 
years. While it is confirmed that charged soliton-antisoliton pairs are photogen- 
erated on a subpicosecond time scale3 as predicted by theory4, the simultaneous 
presence of photoinduced neutral solitons5 on the same time scale677 has not been 
well understood*. As such it calls for a reexamination of the relaxation pathways 

of photoexcited states. 

In a noninteracting model, charged solitons are degenerate with neutral soli- 
tons. Electron-electron (e-e) interactions can lift the degeneracy and are required 
for any quantitative treatment. Several workers including Mele and Haydeng, Taven 
and Schulten", Campbell and others" have studied interacting models, but the re- 

sults on the relaxation of even-parity states have been at odds with each other. In 
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46 W.P. su 

this paper we employ degenerate perturbation theory aiid strong coupliiig model to 

study this problem. The results converge to a consistent picture of the relaxation 

pathways of low-lying excited states of polyacetylene. 
We first present calculations done with the followiiig Hamiltonian, 

wliicli is thc Sii-Sclirieffer-Heeger'~ model supplemented by a Hubbard term. Figure 

1 dcpicts the potential energy curves for the folloiviiig oiie parameter set of soliton- 

antisoliton configurations, 

)I 1 2x0 11U - xo iaa + 50 
) - tanh( ~ A,, = A{ 1 + tanli( -)[tanli( ~ 

E E E 

In the eneigy calculation, thc Hubbard term in (1) is treatcd as a perturba- 

tion. As we havc alluded to above, for large soliton-antisolitoii (SS) separation the 

vaiious gap state configuiatioiis arc degencrate. Therefore we treat those states 

with degeiieratc perturbation tlicory. The parameters are chosen so that the co- 

Iierence length 6 is about 4 lattice spacings in the uiiiforinly diinerized grouiid state. 

2 3  (sS Separation) 
5 

Figure 1. Potential energy curves in the two soliton sector calculated 

in a degeiierate perturbation theory. 
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LATTICE RELAXATION OF EVEN-PARITY SINGLET EXCITED STATES 47 

The repulsion strength U of the Hubbard term is taken to be 2.5 t ,  where t is the 

average hopping integral. 
The lowest curve in Figurc 1 represents the ground state energy in the presence 

of s a soliton-antisoliton pair. The one above it is the lowest triplet excitation curve. 

For large SS separation, the two curves converge to  two neutral solitons in the 

singlet and triplet states. Our calculatioii is more reliable for large SS separation. 

For shorter SS distance the triplet curve should bc lower than Figure 1 shows in a 
more complete calculation. In any case, the triplct curve describes the relaxation 
of a triplet excited state into two iicutral solitons. 

The two uppcr curves in Figure 1 correspond to two charged solitons in the odd 
and even parity states. Iiivelson and WuI3 have used the degeneracy of these two 

states a t  large S s  separation to argue for charge separation in the photogeneration 

of solitons. The gap value is about 0.8 t. For large Ss separation, there is an onset 

of continuum slightly below the gap value. From the energy differences between 

tlic curves, onc can sce tliat a charged soliton absorb light at about 0.5 eV and a 

ncutral soliton absorb at  ahout 1.5 cV provided we clioose t=2.5 eV. The U valiic 
lias been choscn to  rcproducc t h e x  cxperiinentally observed absorption energies of 

the charged and ncutral solitons. We would like to emphasize here that although 

inorc coinplctc calculations are likely to alter the shape of those curves in Figure 1, 

I c 

4 Solitons 

2 3  (sS Separation) 
5 

Figure 2. Potential energy curves in the four soliton sector calculat~ed 

in a degeneratc perturbatmion theory. 

D
ow

nl
oa

de
d 

by
 [

T
om

sk
 S

ta
te

 U
ni

ve
rs

ity
 o

f 
C

on
tr

ol
 S

ys
te

m
s 

an
d 

R
ad

io
] 

at
 1

2:
38

 1
8 

Fe
br

ua
ry

 2
01

3 



48 W.P. su 

tlie feautures at  la.rge Ss  sepa.ration should stay the same. We have exhausted the 

four possible states of two well separated solitons and their relative energies are 

fixed by absorption experiment. Aiiother important feature is the creation energy 

of a neutral soliton pair is only about 0.5 eV. This small value of tlie creation 

energy is actually consistent with tlie measurement of triplet energy in polyenes14. 

By compa.ring the energy of the neutral a.nd charged solitons, it is obvious that the 

energy to create 4 neutral solitons is less than t.liat for creating two charged solitons. 
Therefore one would expect to see an even parity state relaxes into 4 neutral solitons 

as being more fworahlc t1ia.n the relaxation into two charged solitons. 
To test the above reasoiiing, we have calculated the energies of the ground 

state as well as t,lie lowest cven parity singlet excited state in the following two 

parameter set of 4-soliton configurations, 

) 
2x0 

E 
/ l C I  - 5[1 - .Cg 11c1 - 5 d  + XrJ 

E 
) - tanh( 

E 
A,, = A{ 1 + t?L1111( -)[tanh( 

By niiniiiiiziiig thc encrgy of the lowest even-parity excited state, we find the 

4-soliton bound state configuration sliowii as curve (a) in Figure 3 corresponding 

to n.0 = 1.3755 and x , ~  = 2.5[. We tlicn plot the energy of the ground state and 

excited state in  the one parainctci family of coilfigurations connecting the uniformly 

Site Number 

Figure 3.  Two 4-soliton configurations. 
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LATTICE RELAXATION OF EVEN-PARITY SINGLET EXCITED STATES 49 

diiiicrizcd ground state and t,lic 4-soliton 11ountl state we just inentioned, i.e., Iiy 

lteepiiig a fixed ratio :cd/zg = 1.81s in (3) .  At the other end of this family of 

configurations (for 20 = 2<), we have four frcc solitons as shown in curve (b) in  

Figure 3. 111 calculating the eiiergy of four solit,ons, we again treat all the gap 

state configura.tioiis by degciicrat,e perturbation theory. Despite tlic finite binding 

energy of the k o l i t o n  state ( 0.05 eV), it is likely that tlie relaxation of the even- 

parity state woiild lead to the production of four neutral solitons. Tlie fact that 

we are getting 4 neutral solitons aiid not 4-charged solitoils is clear from energetics 

considerations. 

To provide an indepeiiclcnt clicclt of tlie above results, we have considered tJic 
following q)iii-lat ticc H a n d  toiiiaii , 

(4) 
li 
2 

H = c {J[1 + p6T;j]9i . sj + --(&$} 
<i , j>  

wliicli can be regardcd as tlic strong coupling limit of the SSHH Hainiltonian (1). 

Tlie avcrage exchaiiged coupling is of tlic order t 2 / U .  Followi11g has hi mot^'^, the 
spin-lattice Hamiltoniaa is first, transforiiied into a ferinion-phonon inodel by a 

Jordan-Wigner traiisforinat,ioii aiid the rcsiiltaiit inodel is solved by single particle 

perturbation theory. Takinioto aiid Sasai" have employed this approach in coin- 

paring the creation ciiergy for 4-soliton versus 2-soliton configurations. They found 

indeed $-soliton 1ia.s lower ciiergy than 2-solitCoii. Wc haw carried out a more ex- 
tensive niininiizatzioi~ of tlie cxcitcd state ciiergy within the family of configurations 

( 3 ) .  We fiiid a.ga.in that a 4-soliton l~ouiid state lias tlie lowest, excited energy. A 
plot siinilar to Figure 2 is given in Figiirc 4. Tlie qualitative fe;Ltures are ratlicr 

siniililr t,o Figure 2.  A choice of J coinparablc to t would allow the two A, statc 

ciirves aiicl grouiicl state curves t.0 match each ot,licr except for sinall SS separation. 

Such a valiie of' J is co1iipiLtiblc with the iiiteriiicdiate value of U we are adopting. 

- 

The siinilnrity of tlic results obtained froin two indcpcndcnt approaches is 

encouraging. In ;icItIit,ion, sllli1ll sizc c s x t  tliagoii;Lli./,atioii study made by Campbell 

aiid Ga,mmcl" has revealed close mcii~iblaiice to our results. They have clioscn 

large gill) t,o iiiat,cli t,lie sll1illl s i x ,  still t,liey ~ c r c  iiot sure whetlicr tlicy had finite 

sixe effects or not. Oiir calculat,ioiis arc ~ssentially bulk calculations (SO sites). It is 

rather amazing that all results coilverge. The convergence gives us confidence that 

our results will survive more precise calculations. 
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50 W.P. su 

4 Solitons 

Figure 4. Potential energy curves in tlie 4-soliton sector calculated in 

a strong coiipliiig theory. 

Wit,liin tlie theoretical picture obtaiiietl so f‘a,r, let LIS try to iiialte inore coiinec- 

tions witli esperinieiit. The A, state, oiice escitcd optically, would lead quicltly to 
the prodwtioii of‘ neutral solitons. Tliat could explain the subpicosecond photogeii- 

cration of neutral solitons as observed by Sliilllli et t ~ l . ~  provided tliat tlie cven-parity 

state is accessible optically. Two-photon absorpt,ion is a possibility. The otlier pos- 

sibility is through parity violation. Impurities or structural iiiiperfectioiis can easily 

be the sources of parity violatioii, wliicli is idso iieeded to explaiii the separation 

of cliargecl solitons. Yet aiiotlicr possihility is the plionon-assisted absorption pro- 

posed by Melc i ~ i d  Haydcii’. All t,liosc liIecllil1lisi1is should lie further esaiiiiiied 

thcoretically i1.11~1 espelinlellt,i~lly. 

R.ecently Halvorsoii aiid Hccgcr” have iiicxured tlie two-plioton dxorptioii 

spectrum of’ oriented traiis-pol?.acctylciie, froiii wliicli tlicy were able to locate two 

A, states. The lowest A, s tak  was placed at  1.1 eV aiid a higher one at  1 . G  eV. 

The forinci is oiily slightly higher than tlie 4-soliton bound state energy. That 

could imply tliat significant, 4-soliton t.ype quaiituiii lattice fluctuations are present 

in  t,lie ground stat,e. It could also iiiiply a slllidler creation energy of the neut,ral 

soliton tliaii we Iiavc a,ssuiiicd, placiiig polyacetyleiie in the 111ore correlated regiiiic19. 

Siniiliir reiiiarlts apply t,o the even parity two cliargecl soliton state. 
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LATTICE RELAXATION OF EVEN-PARITY SINGLET EXCITED STATES 51 

Althougli our calculations have been done for polya.cetylene exclusively, they 

can be repeated for other nondcgnerate polymers. Because of the confinement 

potential, the 4-soliton configurations inay become less favorable compared to  two- 

soliton configurations dependiiig on the dcgrec of confinenient. However, as long as 

tlie 4-soliton energy is less than the gap, then t,he fission of an even-parity state into 
two neutral triplet polarons2' is quite possible. Due to  confinement, the 4 neutral 

solitons can not, be indefinitely scpa.rated, hut they can foriii two polarons in the 

triplet states and be separated. Calculations arc underway for sonic nondcgencrate 

polymers. 

I n  suniniary, we Iiavc stiidicd the IiLtticC rclilsiLtioii of even-parity singlet ex- 

cited stat,cs ill polyacctylcnc. A 4-soliton bound state is the lowest energy configu- 

ratuon, which caii c d y  dissociate into four well separated iicutral solitons. Higher 

even-parity excited states can decay into two charged solitons, but not neutral ones. 

This work was partially supported by tlie Robert A. Welch Foundation and 

tlie Texas ceiitcr for Superconductivity. The il.1itjlior acknowledges partial support 

froni the Donors of tlic Petjroleum Reseil,rch Fund, adniinistercd by the Aniericaii 

Clieiiiical Society. He tlianlis C. Ha.lvorson for bringing Ref. 18 to liis atteiitioii and 

Z. V. Vartlcny for st~iniuliit,ing disciissions. 
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