
PHYSICAL REVIEW B 15 FEBRUARY 2000-IVOLUME 61, NUMBER 7
Origin of the 0.89 eV peak inx „3…
„À3v; v,v,v… of polyacetylene: Electron correlation effects

G. P. Zhang*
Department of Physics and Astronomy, The University of Tennessee at Knoxville, Knoxville, Tennessee 37996-1200

~Received 10 August 1999!

The third-order optical susceptibilityx (3) of polyacetylene is calculated by the Lanczos-based density-matrix
renormalization group. The theoretical results now remarkably agree with two different sets of experimental
data: both the positions of two major peaks and their relative intensities. The 0.89 eV peak, originally assigned
to a two-photon resonance, is actually a three-photon resonance due to thenBu state. This state lies above the
band-edge statejBu which itself accounts for a hidden hump on the right shoulder of the 0.6 eV peak. The
electron correlation effect is the main origin of these rich features.
d
s

ea
it
tio
,

er
n

viv
d

c
on
in
s

sm

le

en
on
ha
U

.

ng
er
m
o
bl

ha
la
ge
er

f

n
the
ain

ard

fter,

the

ell-
nu-
ity-

-
ss

er-
e.
lts

al
ck
ddi-
G

he
i-
r
or
nc-
r

the
ical
Nearly a decade ago, Fannet al.1 measured the whole
spectrum of the third-order optical susceptibilityx (3) in
trans-polyacetylene~PA!. Two distinctive peaks at 0.6 an
0.89 eV were identified. The 0.6 eV peak was quickly a
signed to the three-photon resonance as the gapEg in PA is
around 2.0 eV. However, the assignment of the 0.89 eV p
has been controversial. An early attempt was to attribute
a two-photon resonance, as suggested by the peak posi2

A noninteracting theory3 did show a cusp around 0.89 eV
which seemingly supported the above assignment, but lat
was proved to be an artifact of the zero damping. Wu a
Sun4 deliberately demonstrated that the cusp cannot sur
a small damping. Its amplitude is too small, at least one or
of magnitude smaller than the experimental data. Yuet al.5

did not even observe the so-called ‘‘two-photon’’ resonan
peak for a reasonably long chain. From the symmetry c
sideration, such assignment is even more questionable s
this transition is precisely forbidden unless one assume
two-photon state near the band edge. Other mechani
such as the conjugation length effect,4 special damping
factors,6 lattice fluctuation,7 and interchain coupling effect,8

have been proposed, but their relative roles are less c
The correlated-electron calculations in small polyenes9,10 im-
proved theoretical results, but they are not fully consist
with the experimental observation in both the peak positi
and the relative ratio of the intensities. In particular, one
to worry about the finite-size effect in these calculations.
to now, this issue has not been resolved completely9–11

though better experimental measurements are available12 It
is our present aim to explain thex (3) spectrum and finally
settle on the origin of the 0.89 eV peak.

In this paper, we do not invoke the interchain coupli
nor other special mechanisms, but only employ a gen
correlated model with the common parameters of PA to de
onstrate in a long chain that the theoretical spectrum, b
peak positions and relative intensities, is in remarka
agreement with two different sets of experimental data1,12

within the experimental errors. Our results clearly show t
the 0.89 eV peak is not a two-photon resonance as specu
by the earlier studies,1–3 nor the resonance of the band-ed
state and mAg state conjectured by the finite-clust
calculations,9,10 but a three-photon resonance due to thenBu
state. ThisnBu state lies above the band-edge statejBu and
can survive in the long chain limit and in the presence o
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finite damping. ThejBu is responsible for a hidden hump o
the right shoulder of the 0.6 eV peak. This rationalizes
exciton binding energy. The electron correlation is the m
reason for these rich features.

We begin with the generic Peierls-extended Hubb
model,10,13

Ĥ52t(
i ,s

@11~21! id#~ci 11,s
† ci ,s1H.c.!1U(

i
ni↑ni↓

1V(
i

nini 11 , ~1!

where all the operators have their usual meanings. Herea
the on-site and intersite electron interactionsU andV are in
units of the hopping integralt which is chosen to be 1. We
only use a generic set of parameters for PA, namely,
dimerizationd50.07,U54 and the ratioV/U50.4.14 There
is no additional parameter which can be adjusted in our w
defined model. The half-filling case is considered. The
merical calculation is done with the Lanczos-based dens
matrix renormalization group method15 ~LDMRG! until the
results are well-converged.16 220 eigenstates of density ma
trices are kept in each block with the truncation error le
than 1029 and the relative error around 1022.17 The essence
of the LDMRG success is that the scheme skips over num
ous intruder states and avoids the targeting catastroph18

The technical details can be found in Ref. 15. Our resu
will be compared with two different sets of experiment
data.1,12 This constitutes an objective and challenging che
of the model and parameters used since we have no a
tional parameters to tune. As one will see soon, the LDMR
scheme indeed gives a very accurate spectrum.

To have some flavor of our results, in Fig. 1 we plot t
calculatedx (3) spectrum for PA, together with the exper
mental data taken from Ref. 1~see filled boxes and erro
bars!, where the linear absorption is shown in the inset. F
clarity, as usual, the whole spectrum is illustrated as a fu
tion of Z: Z[\v/E(1Bu), where\ is Planck’s constant ove
2p, v is the incident photon frequency~fundamental!, and
E(1Bu) is the 1Bu state energy.19 A damping factor of 0.05t
is used in the spectrum. Since we are only interested in
relative ratio of peak intensities, we rescale the theoret
4377 ©2000 The American Physical Society
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amplitudes in order to make an easy comparison with
experimental data. Figure 1 demonstrates a noticeable ag
ment between the theoretical and experimental results.
example, on the low-energy side, though the experime
error bars are quite large, the theoretical curve exhibit
correct tendency as indicated by the experimental d
points. There are two main peaks plus a small peak in
theoretical spectrum and no additional peak exists below
optical gap, which is in line with the experimental observ
tion. Fannet al.1 noted that no other structure of comparab
intensity and width appears in the energy range extend
down to 1/4 of the optical gap. The intensity ratio betwe
two major peaks is 2.4 as compared to the experimental r
2.3 ~0.6/0.26!. The positions of two peaks are atZ50.33 and
Z50.47, which can be compared to the experimental val
at Z50.32 andZ50.47, respectively.

The good accordance with the experimental results is
only at these two peaks, but also in other regions. For
stance, in the area withZ>0.4, our theoretical curve closel
follows the experimental points. In particular, two valle
aroundZ50.41 and 0.53 are correctly reproduced; a nea
symmetrical structure of the second peak is also observe
the theoretical curve. In addition, the experimental data
the right-shoulder of the main peak suggest a possible hu
which now can be seen clearly in our theoretical curve. A
tually, this hidden hump had already appeared experim
tally in an oriented PA sample,12 but did not attract much
attention. In Fig. 2, we made another direct comparison w
the experimental data by Halvorsonet al.12 One can notice
that the hump almost precisely appears at the theoretic
predicted location. Note that this hump has an important c
sequence as soon seen. The relative intensity between
major peaks and their respective positions are again in k
ing with the theoretical results. The theoretical curve on
high-energy side also correctly reproduces the experime
trend~see Fig. 2!. Probably due to the disorders,12 such small
structures were smeared out in Ref. 1~see Fig. 1!. In view of
experimental uncertainties and numerical truncation err
such good consistency between theory and experiment i
markable. The most important thing here is that we do

FIG. 1. Dispersion ofx (3)(23v;v,v,v) in polyacetylene. The
solid curve refers to the theoretical results. The filled boxes w
error bars are the experimental data from Ref. 1. A remarka
agreement is reached between theory and experiment. In the in
the linear absorption spectrum.
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have any adjustable parameters to fit the experimental d
which gives one an objective and unbiased comparison.

In the following, we begin to pinpoint the origins of thes
peaks one by one. Analogously, the biggest peak is also
tributed to a three-photon resonance due to the 1Bu state.
One naive way to check this is to see whether the peak lie
one-third of the 1Bu peak energy in the linear absorptio
spectrum~see the inset of Fig. 1!. However, as noted by
McWilliams et al.,20 such assignment simply from energ
resonances without regard to intensities is extremely ris
when the states are congested. A more rigorous way i
isolate different contributions explicitly, which could be di
ficult to do experimentally, but is easy to achieve theore
cally. When we exclude the contribution from the 1Bu state
while keeping the rest intact, the peak disappears; otherw
the peak is always there. This proves that the peak ind
corresponds to the three-photon transition of the 1Bu state.

As aforementioned, there is a hump on the right shoul
of the main peak in both the theoretical and experimen
curves. We find that this hump is a three-photon resona
due to thejBu ~herej 54) which lies above the 1Bu . To see
it clearly, states with large transition moments are schem
cally shown in Fig. 3. The odd-parity states are represen
by short lines, while the even-parity ones by long lines. T
1Ag is the ground state. The first dipole-allowed excited st
is 1Bu . Some dominant excitation channels are marked w
double-arrow lines. The greatest significance of thejBu is
that it is a conduction-band edge state, from which the c
tinuum starts. We can prove this by the standard schem
Ref. 10. Namely, through the 1Bu , we first locate themAg
(m542 in the present case! by looking for states with the
maximal transition-matrix element. Likewise, starting fro
the mAg , we search for the band-edge state. Through
procedure, we can unequivocally identify that thejBu is such
state. It is not surprising that due to the finite and realisticU
andV, the continuum is naturally overlapped with the exc
ton states, which is also observed experimentally.21 Its direct
consequence is that besides the band-edge state, other
can survive in the long chain limit, an essential point f

h
le
t is

FIG. 2. A comparison with another experimental set of d
~filled circles! from Ref. 12 on an oriented PA sample. A clear
agreement between theory and experiment is found around
hump on the right shoulder of the main peak. The second pea
also consistent with the theoretical prediction. On the high-ene
side, the theoretical curve correctly reproduces the experime
tendency.
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understanding thex (3) spectrum, which was not clear in th
finite-size calculations9,10 since artificially largeU and V
pushed this band-edge state up to the very high energy
and its corresponding peak was then interpreted as thepar-
tial ‘‘second peak’’ ofx (3). Doing so, one faces a surpris
ingly large exciton-binding energy in PA, on the order of;1
eV,22 which cannot be easily explained within existing the
ries. It is clear now that the band-edge state does not acc
for the second peak, but for the hump or the continuum. T
yields a reasonable exciton-binding energy;0.220.3 eV, in
agreement with the experimental estimation.23

Of course, the most difficult task is the assignment of
second peak in Figs. 1 or 2. The peak energy is roughl
2/3 of the optical gap, which misled one to ascribe it to t
‘‘two-photon’’ absorption. Here we demonstrate that this
not the case. First, we turn off the 1Bu contribution while
keeping the rest unchanged and find that the second pe
still there, which indicates that the 1Bu is not responsible for
the second peak. Contrary to the early speculation,1–3 there is
no such two-photon state with a large transition elemen
the vicinity of the 1Bu , which is also the reason why th
1Bu does not account for the second peak. In particular
analogy to the finding in a short chain,10 the 2Ag has nearly
no effect on the spectrum at all. However, if we eliminate
nBu contribution ~in the present case,n510, see Fig. 3!
while retaining the components of the 1Bu and other states
the peak disappears. This crosscheck establishes that the
ond peak results from thenBu , not from the 1Bu or mAg as
originally believed. This assignment can be further justifi
by its location. The second peak energy in Fig. 1 is ac
rately at one-third (50.47/1.41) of the 10Bu energy~see the
inset!. This concludes that the second peak is due to
three-photon resonance of the 10Bu state. Note that for the
same reason~see above!, suchnBu was not obvious in the
previous finite-cluster calculation.

From Fig. 3, one sees that the 10Bu is above the band
edge state 4Bu and its linear absorption peak appears n
the end of the spectrum~see the inset of Fig. 1!. Although it

FIG. 3. Energy spectrum. Only optically relevant states are
played. The long lines denoteAg states while the short onesBu

states. The ground state is 1Ag . The continuum band starts from th
4Bu state. Some dominant excitation channels are shown in dou
arrow lines.
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has a quite large transition-matrix element to the ground s
~about one-third of that associated with the 1Bu state!, the
high-energy excitation reduces its amplitude greatly. Ho
ever, due to the three-photon process, the 10Bu contribution
~the second peak! is much more highlighted in thex (3) spec-
trum. Importantly, in contrast to the noninteracting case,
second peak is genuine;16 it can survive a finite damping
factor and a chain elongation, which can be verified by
gradual increase of the transition-matrix element, an e
dence which is not easily revealed from a small-cluster c
culation. Specifically, we find that the intensity of the seco
peak is increased about 1.6 times as one goes fromN530 to
40. Such persistence of the increment ensures that even
much longer chain, thenBu state and subsequently the se
ond peak still can be observed. Now comparing with t
previous noninteracting results,5 one can tell an importan
role of the electron correlation in thex (3). Previously, it was
known that the electron correlation rectifies the relative
dering between the 1Bu and 2Ag states while a noninteract
ing model always predicts the opposite to the experime
observation in PA.24 Spectrally, we know that the electro
interaction does not favor a single peak and always tries
‘‘split’’ a peak into several small ones. Its unique role here
that it pushes states, in particular, thenBu state to the high-
energy side and enhances its intensity to be visible in
nonlinear optical spectrum. Having observed the failure
the noninteracting theory and the success of the correl
theory to reproduce the experimental results such as~1! the
profile of thex (3) spectrum,~2! the major peak positions,~3!
their relative intensities,~4! the continuum-band edge or th
hump, and~5! the reasonable exciton-binding energy, t
gether with the correct ordering of 1Bu and 2Ag states, we
have a good reason to believe that the 0.89 eV peak, am
others, manifests the importance of the electron-correla
effect in polyacetylene.

In conclusion, we have employed the LDMRG method
accurately calculate thex (3)spectrum in polyacetylene. A re
markable agreement is found between two different exp
mental data and our theoretical results: both the position
two major peaks and their relative intensities. We locat
hidden hump on the right shoulder of 0.6 eV peak, wh
stems from the continuum-band-edge statejBu . This gives a
reasonable binding energy. Our results shed light on the
gin of the 0.89 eV peak. It is unambiguously shown that t
peak is a three-photon resonance due to thenBu state, not a
two-photon resonance as originally assigned. Compa
with the noninteracting results, we suggest that the app
ance of the 0.89 eV peak is another manifestation of
electron correlation effect in polyacetylene. Our conclus
is made on the generic correlated model Hamiltonian w
the generic parameters in a long chain without invoki
other mechanisms or assumptions. Thus, this appears to
most natural explanation of the physical origin of the 0.
eV peak of thex (3)in polyacetylene.

The author thanks Professor S. Mazumdar for carefu
reading the manuscript and many fruitful discussions a
helpful suggestions. He appreciates the support from M
Planck-Institut fu¨r Physik komplex Systeme, in Dresde
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