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Electron-Lattice Relaxation, and Soliton Structures and Their Interactions in Polyenes
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Density matrix renormalization group calculations of a suitably parametrized model of long polyenes
(polyacetylene oligomers), which incorporate both long range Coulomb interactions and adiabatic lattice
relaxation, are presented. Th&B, and2'A; states are found to have a 2-soliton and a 4-soliton form,
respectively, both with large relaxation energies. ThB, state forms an exciton polaron and has a
very small relaxation energy. The relaxed energy ofzhe; state lies below that of the'B;, state.

The soliton/antisoliton pairs are bound. [S0031-9007(99)08504-X]

PACS numbers: 71.20.Rv, 63.20.Kr, 71.35.Gg

Electronic interactions in polyenes and polyacetylenaused the DMRG method to study the relative stability of
(PA) induce strong spin-density-wave correlations in thebipolarons using the same model.
ground state, resulting in low energy spin flip (or covalent) The PPP-SHH Hamiltonian is defined as
triplet ®B;") excitations. These combine to form even-

N-1 N-1 N-1
parity (dipole-forbidden) singlet'A;) excitations. Op- H = -2 Z 6T + Z A2+ T Z A,
tical (dipole-allowed) transitions to the odd-parity singlet i=1 dmgh = i
state('B;) are essentially ionic in character, resulting in
charge transfer from one site to another. In the nonin- + UZ(”iT = 1/2)(n;; — 1/2)

teracting limit the1’B;" and 1'B;, states are degenerate,

and the21A; state always lies higher in energy. How- 1 &
ever, electron correlations can lead to a reversal of the iy > Vini = D)(n; = 1), (1)
energetic ordering of the' B, and2'A; states. Electron- i#]

electron correlations i conjugated systems, such as PA, A . . ¢
are conveniently modeled by the one-band Pariser-Pariwhere,r; = (1o + 3) and T; = 3> ,(¢i+14¢ic + h.C)
Pople (PPP) model, which includes long range Coulomiss the bond order operator of thigh bond. We use
interactions. the Ohno function for the Coulomb interactiol;; =
Electron-phonon interactions in the noninteracting limitU/+/1 + ,Brl , where = (U/14.397)? and bond lengths
are described by the SSH model. In the adiabatic limi@re in A. The single and double bond lengths used in the
it predicts a wealth of nonlinear excitations, including evaluation ofV;; are 1.46 and 1.35 A, respectively, and the
charged/spinlessS¢) and neutral/spin-A2 (S7) solitons.  bond angle is 120 Various semiempirical parametriza-
It is the interplay of both electron-electron and electron-tions exist forrp andU. We adopt the values which are op-
phonon interactions in PA which leads to an extremelytimal for benzene [10], whose C-C bond length of 1.40 A
rich variety of excitations. To describe these excitationgs almost the same as the average bond length in PA thin
we employ the density matrix renormalization groupfilms,i.e.,zp = 2.539 eV andU = 10.06 eV. The dimen-
(DMRG) [1] method to solve the PPP-SSH model, andsionless electron-phonon coupling constantjs defined
utilize the Hellmann-Feynman (HF) theorem to calculateby A = 2«2/ 7 Kto, wherek is the elastic spring constant
the low-lying excited states and the lattice relaxation(estimated to be 46 eV R [11]), and a relates the ac-
associated with them. tual distortion of the'th bond from equilibriumy;, to A;:
Earlier work on the solitonic structure of the low-lying y; = A;/2a. I is chosen so that the relaxed ground state
excitations include, a renormalization group calculation ofof an infinite polymer has the same chain length as the
the Hubbard-SSH model of up to 16 sites [2]; a mean-fieldunrelaxed state, i. eZ "A; = 0. This ensures that the
study of the Heisenberg-Peierls model [3]; an exact diagoaverage hopping mtegral i5, which is applicable to C-C
nalization of a 12 site extended Hubbard-SSH model [4]pond lengths of 1.40 A. However, the chain length is per-
and a strong coupling and perturbation calculation of themitted to change for excited states, and for all the states
Hubbard-SSH model [5]. The DMRG method has recentlyof finite oligomers. The remaining parametar,is cho-
been used by and Yaraet al. [6] and Fanoet al.[7] to  sen so that the model fits theertical excitation energies
solve the PPP model for linear and cyclic polyenes, respe®f the 1! B, and2!'A; states of hexatriene in the gas phase
tively. Jeckelmann [8] studied the metal-insulator transi{12]. A choice ofA = 0.115 andI" = 0.602 gives 4.965
tion in doped PA by solving the extended Hubbard-SSHand 5.212 eV, compared to the experimental values of 4.96
with the DMRG method. Likewise, Kuwabagt al. [9] and 5.21 eV, for tha'B;, andZ‘A; states, respectively.
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The equilibrium values of the bond length distortion areTABLE I. Convergence of the ground state energy (in eV) as

determined by the HF condition that, a function of the SBHSS for th& = 102 site system in the
noninteracting casel{ = 0) for three geometries defined by
IE(A}) . the soliton form (3), taking = 4.03 and (i) xo = 0 (uniformly
——— =0=A;, =2700A[{T;) — T]. (2) dimerized geometry), (iijx, = o (uniformly dimerized with
94, long and short bonds reversed), and (i) = 24.87 (a

] ] ) _geometry with a kink/antikink pair placed/4 and 34 of the
H possesses spatial reflection, particle-hole, and spifway along the lattice).m is the number of states per block.
flip symmetries. Symmetrized eigenstatesidf are con-

structed by an efficient process which makes use of the fact”_ SBHSS  x0 =0 Yo =% X =2487
that the block symmetry operators commute with the den- 75 5920  —332.57146  —330.205  —331.333
sity matrix at all stages of the calculation and which has 100 9384 —332.57217  —330.403  —331.366

150 22392  —332.57257 —330.426 —331.407

been tested against exact results [13,14]. _ 200 37512 —332.57271  —330430  —331.422
The calculation of the relaxed energy of a given state 230

. . . . 52312  —332.57272  —330.446 —331.428
for a given chain length is as follows: (1) The eigenstate ,7q 72392  —33257273  —330448  —331.430
is calculated for an initial choice oft;} by building  Exact —33257276  —330452  —331.434

up the lattice to the target chain size using the infinite
lattice algorithm of the DMRG method. (2) At the target

chain size the HF condition (2) is repeatedly appliedwith N. We have also calculated the energy of the
until the {z;} have converged. (3) Using the new valuesz!4} state using the relaxed geometry of thes, state.

of {1}, steps 1 and 2 are repeated. The procedure ighis always lies lower thaE*(1'B;), which implies

successfully terminated when the energies have convergeflat a vertical photoexcitation to the B, state will de-
after successive lattice and HF iterations. It is necessaryay to the2!A; state. Finally, the experimental values

to sweep through the lattice after each set of HF iterationg; E®O(11B7) gand E®OQIAF) for N = 10 and 14 are
. . u 8
to ensure that the electronic states and the lattice geometgy,

have converged simultaneously. with our calculation. Thel!B;, values are ca).3 eV

The accuracy of the DMRG |mplementatlon has beerTower than our predictions. The experimental results for
checked in a number of ways. First, the method has beejy’ ¢ 14 fave been analyzed by Kohler [16]. For the

compared with exact results in the noninteractiiig= 2A+ state the empirical relatiom®°(2!A*) = 0.96 +
N .

0) limit. The convergence of the ground state energy, . 8 X : . i
with superblock Hilbert space size (SBHSS) is shown in20’72/N was derived, in good agreement with the photo

Table | for the N = 102 site system with various lat- induced absorption result ca. 1.1 eV for polyacetylene

tice geometries. The total energy converges to withi thin films. However, Fig. 1 suggests that an algebraic fit-

T - . r][ing form is incorrect—the true scaling behavior is expo-
0.005 eV which is sufficient for energy gaps, which arenential, and can be seen only by considering sufficiently

of the order of 1 eV, to be resolved to within 1% or better. arge svstems
This represents the DMRG at its least accurate, as the addi- ge sy ) . .
In Fig. 2 we plot as a function of bond index from

.tion of correlations improves convergence, as can be >®4he center of the chain, the normalized staggered bond
in Table 11, where we present the DMRG convergence for ;oo dofined a8, — (=1)i(t; — 7)/7. where? is
) [ 1 ’

the ground state energy and a number of energy gaps. the average value of in the middle of the chain [17].

Using the ground state geometry, the vertical energie 3ot 14+ .
(E) of the 1B, 1'B., and2'A* states are calculated. Riote th_at thgl B, and2'A, stat_es undergo considerable
§ bond distortion, whereas thlelBu state and the charged

u’
These, as well as the relaxed energis, are shown in state (denotedE,) show a weak polaronic distortion
of the lattice. The oscillatory behavior of; in the

Fig. 1 as functions of /N. We first note that the vertical
energies of tha' B, and2'A; states are very close, with T - )
" olaronic distortions indicates a local expansion of the

a crossing at short chains, and again for long chains. |

own [16]. ThezlAg values are in good agreement

e e v inl g+ . attice.
the thermodynamlc imitE”(1°B,) < E*(2'A, ) This We fit the 13B;", 1'B; and charged state to a 2-soliton
large N crossing has also been observed in tieV form [5,18] u u

dimerized Hubbard model [14,15]. -
The relaxation energy of the!B, state is modest 8; = 8{1 + tanh2xy/ &) [tanh((i — x0)/&)

(ca. 0.3 eV) and has not converged (i.e., it is still rapidly _ .

decreasing) fov = 102. By contrast, the relaxation en- tanh((i + x0)/&)]}- (3)

ergies of thel*B;" and 21A; states are substantial, being The 2‘A; state, however, evidently requires a 4-soliton

ca.0.5 and 1.0 eV, respectively, and converge rapidlﬁ/ [5,18] fit of the form,

§; = 8{1 + tanh2x/&)[tanh((i — x4 — x0)/€&) — tanh((i — x4 + x0)/€&) + tanh((i + x; — x0)/&)
— tanh((i + x4 + x0)/&)]}. (4)
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TABLE Il.  Convergence of the ground state‘A;) energy and vertical and 0-0 transition
energies of the'A7 and1'B, states as a function of the SBHSS fér= 102.

SBHSS 1A} 21AF 2'A7(0-0) 1'B; 1'B; (0-0)
15844 —509.6330807 2.8927 1.8051 2.7719 2.6785
25492 —509.633097 1 2.8795 1.8008 2.7650 2.6483
36312 —509.6331002 2.8764 1.7972 2.7617 2.6392
54916 —509.6331009 2.8744 1.7963 2.7605 2.6345
67240 —509.6331010 2.8737 1.7959 2.7601 2.6336

These functions give good fits to the relaxed geometriefor largex,. This attractive soliton/antisoliton interaction
of the N = 102 site system, as shown in Fig. 2. The implies much stronger binding forttiéA; state than that
difference in energy between using the fits and theobtained in [5], where the binding energy was found to be
actual relaxed geometry is around 0.01 eV. The 4-solitorta. 0.05 eV. Note, however, that [5] uses a Hamiltonian
character of2!Af state indicates the strong interplay with short ranged (on-site) interactions, with the strength
between electron-lattice relaxation and electron-electroshosen so as to fit the vertical absorption peak in PA thin
correlations in polyenes, for, as indicated earlier, this statélms. Furthermore, our calculations, being for polyenes,
has a considerable triplet-triplet character. necessarily use open boundary conditions. For an even
Figure 3 depicts the convergence of the various fittingsite chain there is one more short bond than there are long
parameters as a function 8. The1°B; andzlAg+ states bonds. This means that the ground state is nondegenerate,
converge rapidly withV, whereas the !B, state shows as it is energetically unfavorable to swap long and short
strong finite-size effects, and the coherence leggtmly ~ bonds, and is one reason for the long range confinement.
begins to converge at arousd = 102. The fact that the The role played by boundary conditions is subtle and im-
soliton structures converge wifki leads to two important portant, as real systems, such as oligomers and polymers
observations: First, the soliton/antisoliton pairs are boundyith disorder, have a finite conjugation length.
because if it were not its separatiag would increase Another consideration is the adequacy of the soliton
with N. Second, the soliton structures are pinned in thdits used in generating the adiabatic energy curves. We
middle of the lattice. This is a consequence of the classicatonsider the generalized potential energy curves where,
adiabatic treatment of the lattice, and is one of the reasorfér a given xy, we allow ¢ to vary so as to minimize
why the energy curves flatten off rapidly As— . the energy. Results for the' B, state are included in
To further investigate the soliton/antisoliton interac-Fig. 4, which show that relaxing yields a substantial
tions, adiabatic potential energy curves [5] (i.e., the en¥eduction in the energy, implying weak soliton/antisoliton
ergy as a function of soliton separation) are plotted in  binding. However, the energy reduction for thés;
Fig. 4. Our results differ qualitatively from previous ap- state is insignificant over the range .af values plotted,
proximate calculations [5] in that the' B, and13B;" are indicating that there is a stronger binding of the solitons
bound—the potentials have a minimum and are attractive
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/ FIG. 2. The geometriesé{ as a function of bond index
FIG. 1. Energy gaps for the'B, (solid lines),2'A; (dotted ~ from the center of the lattice) of various excitations:B,
lines), and13B; (dashed lines) states as a function lgfv.  (open diamonds)i*B,’ (filled diamonds)2'A; (stars), and the
Vertical/0-0 transitions are indicated by thin and thick lines. charged stat&, (open triangles), for th&/ = 102 site system.
Experimental 0-0 energies of théB, (diamonds) and®'A; The solid lines are fits to the 2-soliton form (3) [and the
(triangles) states for polyenes in hydrocarbon solution 16. Thé-soliton form (4) for the2'Af]. The inset shows the two-point
empirical fitting form E%Y(2'AT) = 0.96 + 20.72/N, derived  average§(2i + 1)/2,(8; + 8;+1)/2] for the polaronicE, and
in 16 from oligomer data, is also plotted (dot-dashed line). 1B, states, which are well described by the 2-soliton fits.
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1/N ergies are ca. 0.8 eV higher than data from linear [20] and
001 003* 003 004 005 006 00 2-photon [21] absorption and third harmonic generation
w——ces, . ,—%a (2'A]) 5 [22] experiments on PA thin films. This implies that there
12 £ 21A;)f are more substantial energy decreases due to solvation and

aggregation (interchain hopping and excimer formation)
effects. Such effects must be investigated via coupled
chain calculations. Also, the neglect of quantum fluctu-
ations in the adiabatic treatment of the lattice [23], leading
to the pinning of the soliton structures, will contribute to
this energy difference. A full treatment must include dy-
namical phonons. Such a treatment would also increase
our understanding of the soliton confinement.
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FIG. 3.  The convergence of the soliton fitting parameigrs
and ¢ for the 1'B;, and 1°B; states with the lattice sizey.
The inset shows,, £, andx, for the21A; state.
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