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The signatures of a charged soliton, a neutral soliton, and a polaron in the resonant and off-resonant
optical susceptibilities of conjugated polymers are calculated using the Pariser—Parr(HRiple

model which includes Coulomb interactions. The optical response is obtained by solving equations
of motion for the reduced single-electron density matrix, derived using the time dependent Hartree—
Fock (TDHF) approximation. The density matrix clearly shows the electronic structures induced by
the external field. The roles of charge density, spin density, bond order, and spin bond order waves
and how they contribute to the optical response are analyzed. Both charged and neutral solitons
show one absorption peak inside the gap of the half-filled case; the frequency of the neutral soliton
peak is about 0.7 eV higher than that of a charged soliton. A polaron shows two absorption peaks
inside the gap. ©1995 American Institute of Physics.

I. INTRODUCTION balance among large contributions that should cancel. Fur-
thermore, the sum over states method describes optical pro-

The photophysics ofm-conjugated polymers shows ) o . . .
. . . esses in terms of excitation energies and transition dipole

many unique features. These include strong correlation ef: . .
moments. These quantities do not offer an obvious

fects because of the low dimensionality, and characteristic

elementary excitations such as solitons and polatotfs. fstruct?ret—prorr])erty rhelatlotn,.ei_g., \INhat ktmd of cF:rrtglatlon 'Sh
These materials exhibit various interesting physical proper'—mpor ant, or how characteristic elementary excitations suc

ties including large nonlinear optical susceptibilities, which3S solitons affect t:e opt!;:fgl rle_sponseh looed
make them particularly attractive candidates for optical 0 9vercome these difficulties, we have developed a new

devices>11-15Numerous theoretical investigations have beenmethodz,2 whereby we calculate the linear and the nonlinear
carried out on the nonlinear optical responserafonjugated ~ OPtical response by solving the equations of motion of the
polymers®® Most studies are based on the sum over stateduced smglg-electron density matrix using the TDHF
approach® This method requires the calculation of all the approglmatlorﬁ The method provides an anharmonic oscil-
excited states to obtain the nonlinear optical susceptibilitied@tor picture of the optical process and can be easily applied
Since these computations constitute a very difficult manyl0 molecules much larger than the exciton coherence length.
body problem, exact calculations are limited to small sys-Since the TDHF approximation describes small amplitude
tems with ~12 carbon atoms. However, in order to repro- collective quantum fluctuations around the Hartree—Fock
duce the transition from the small molecule limit to the bulk, (HF) ground state, as well as the coupling between these
it is essential to consider systems larger than the coherendiictuations, it takes into account some important correlation
length (40 sites in the case of polydiacetyléfe The single  effects beyond the random phase approximation. It is widely
configuration interaction method which applies when corre-2ccepted that the factorization involved in the TDHF is suit-
lation effects are not too strong, can be carried out for largefble for describing low energy collective excitatidsee, for
systems® However, it may not be justified for conjugated €xample, Chapter 12 of Ref. 23ince linear and nonlinear
polyenes An additional difficulty with the sum over states Spectroscopies of conjugated polymers are dominated by
method, which further restricts its applicability to small mol- such collective excitations, we expect the present approxima-
ecules, is the need to perform tedious summations over exion to be applicable. For example, the THG spectra of the
cited states. Truncating the summations may be dangeroulwlf-filled polyacetyline can be described well by the present
because of the dramatic cancellations resulting from interfermethod?? Moreover, the interferences and cancellations are
ences among single exciton and two exciton transitfSi&-  naturally built in from the start. This guarantees that size
These interferences make it very difficult to maintain sizeconsistency is always maintained even when drastic approxi-
consistency, i.e., to guarantee that all susceptibilities scalmations(e.g., a truncated basis sere made. The most im-
linearly with size for large molecules. Size consistency reportant advantage of the density matrix approach is that it
quires that the approximations involved in ground state angbrovides a clear physical picture. In implementing this pro-
excited state calculations be compatible. This is usually notedure, we need to calculate the time dependence of the den-
the case. Consequently, a minor approximation can make sity matrix to obtain linear and nonlinear optical susceptibili-
huge effect on the susceptibilities by affecting the delicateties. The density matrix can be expressed using various
representations which provide complementary perspectives.
9present address, Department of Physics, Faculty of Liberal Arts, Yamagu! N€Se€ include the real space, the molecular orbital, and the
chi University, Japan. oscillator mode representatiéhThe real space representa-
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tion allows us to follow directly the charge density, spin tions of the amplitude of the spin density alternation and the
density, bond order, and spin bond order fluctuations inducedoliton width. For a polaron we found collective translational
by the external field. Using these quantities, we can explor@scillation of a polaron, and the coupled fluctuations of
the electronic structure of the excitations underlying the op<harge density, spin density and spin bond order alternation
tical process. The molecular orbital representation describeamplitudes and polaron width.
the nonlinear optical process in terms of motions of electrons In Sec. Il we introduce the PPP Hamiltonian, and a
and holes with respect to the ground state. Finally, the dyelosed equation of motion for the reduced single particle
namics of the density matrix can be mapped onto the equadensity matrix is derived in Sec. lll using the TDHF approxi-
tions of motion of coupled harmonic oscillators representingmation. In Sec. IV we present numerical results of first and
electronic normal modes. Using this transformation, we carthird order optical susceptibilities and discuss the mechanism
describe the nonlinear optical process in terms of anharef linear and nonlinear optical response using the real space
monic interactions among oscillators. representations of the density matrix.

Most linear and nonlinear spectroscopic studies of con-
jugated polymers have been limited to molecules with even
numbers of carbon atoms and one electron per gtom._ln thi$ THE PPP HAMILTONIAN
case, half of the molecular orbitals are occupighis is
known as the half-filled band cgsén this paper, we extend We adopt the PPP Hamiltonian far electrons. Many
this method to incorporate charged soliton, neutral soliton oproperties of polyenes can be reproduced by this Hamil-
a polaron. Some earlier simple calculations suggest that nontenian with appropriate parameté‘swWe first introduce the
linear optical susceptibilities are significantly enhanced byfollowing set of binary electron operators:
introducing a charged solitdf.This issue may be relevant to e At A
optical devices. Moreover, this problem is of significant fun- Pam=Cm,oCn,o 20
damental interest as well. It is widely believed that these/vhereéﬁyg(én',,) creategannihilate$ a 7 electron of spino
elementary excitations play important roles in the photophysat the nth carbon atom. These operators satisfy the Fermi
ics of -conjugated polymers?® However, despite extensive anticommutation relation
studies it is not yet possible to identify clearly which excita- &t & V=68 2.2
tion is responsible for each specific effect. For example, m.orn,a! mnZe.o’: ’
photoinduced absorption measurements of polyacetylendsing this notation, the PPP Hamiltonian is given by
show that the frequency of the peak of a neutral soliton is _
about 0.9 eV, higher than that of a charged soliton. The ori- H=Hssit Het Hex: 23
gin of this peak is not fully understod;absorption peaks of Hggy is the Su—Schrieffer—Heegé8SH Hamiltonian,
a charged and neutral solitons are completely degenerate which consists of the Hikel Hamiltonian with electron—
frequency for the simple Hikel model without Coulomb phonon coupling
interaction. Moreover, the interaction between these elemen-

N PN . . 1 —
tary excitations and the external electric field is an interesting  Hgg, = > tpdlmt > = K(X,—X)2. (2.9
problem since it can reveal their properties which cannot be n.mo 2
observed in the static case. Here, t,,, is the transfer integral between tm¢h and mth

We adopted the PPP model far electrons, which in-  atoms K is the harmonic force constant representing dhe
cludes both short and long range Coulomb interactions. ThBonds,xn is the deviation of thenth bond length from the
importance of Coulomb interactions in the nonlinear opticSnean bond length along the chain axjsandx is the devia-
of polyacetylene is widely accepted and many importanion of the equilibriuma-bond length(in the absence ofr
properties of polyenes can be accounted for by thejectrons from that mean. We further assume that an elec-

model*’~? Since solitons and polarons have characteristigron can hop only between nearest-neighbor atoms. Thus
charge, spin, and bond order distributions, the real space

physical picture offered by the present method provides a tan+1=th+1n=8—8"Xx, (2.9
powerful tool for clarifying the mechanism of the nonlinear andt,, =0 otherwise,g is the mean transfer integral ap
response. We found one absorption peak inside the gap of the ihe electron—phonon coupling constant.

half-filled case with both charged or neutral solitons, and that Hc represents the electron—electron Coulomb interac-
the frequency of the neutral soliton peak is about 0.7 €\jons and is given by

higher than that of a charged soliton, which is qualitatively

. . . . *
consistent with photoinduced absorption measurements. For o

a polaron, however, there are two absorption peaks inside the Hc™ En" Up;np%ﬁi > , YamPrnPmm: (2.6
gap of the half-filled case. Furthermore, we obtained physi- e

cal insight on the off-resonant nonlinear optics of these elAn on-site(Hubbard repulsionU is given by

ementary excitations. In a charged soliton we found collec- U

tive translational oscillation and the coupled fluctuations of U=—, 2.7

the amplitude of the charge density alternation and the soli- €

ton width. In a neutral soliton we observed polaronlikeand a repulsion between thgh and themth sitesy,, is
charge and spin bond order fluctuations, and coupled fluctuagiven by the Ohno formula
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U The HF equation was solved numerically by an iterative di-
YT T (2.8 agonalization. The geometry;, can be determined by em-
V1+(rom/ag) . oo . .
ploying the force equilibrium condition as shown in Ref. 22
whereU,=11.13 eV is the unscreened on-site repulsiois,
the dielectric constant which describes the screeningrby | el H | oie) =0 3.7
electronsy ,,, is the distance betweearth andmth sites, and IXn ’

a,=1.2935 A. These parameters reproduce the correct er\‘/\'/here|¢HF) is the HF wave function and=1...N—1. Us-
efgﬁ?fp fgr pOIVaCEEé’Ief_@'O e\/)':&,8=—2;4 eV.f'==35 ing the Hellman—Feynmann theorem, the force equilibrium
ev K=30eVA~ X_O'.14 , ande=1.5. condition assumes the form

H .. represents the coupling between thelectrons and _ B
the external electric fiel&(t) polarized along the chain axis K(Xn—=X)—48"ppn+1=0. (3.9

z. Within the dipole approximation we then have In this paper, we work with a fixed geometry and do not

Hext:_E(t)Isy (2.9 incorporate nuclear motions. This is justified for the off-

resonant response. However, it is straightforward to take lat-

tice dynamics into account in our formalism.

- ny To compute the nonlinear optical polarizabilities, we ex-

P=—e% z(n)pn, (210 pandp in powers of the external field, where the density
’ matrix p is defined by

whereP is the molecular polarization operator

—e is the electron charge arzgn) is thez coordinate ohth

.
atom. p' 0
= . 3.9
P {O pt (3.9
lll. EQUATIONS OF MOTION FOR THE REDUCED The expansion is given by
PENSITY MATRX p(0=p+p IO +pP W+ P+, (310

In this section, we briefly review the procedure devel- —. . . . )
oped in Ref. 22 for calculating the nonlinear optical suscepyVherep is the density matrix of the HF solution aptf’(t)

tibilities. Starting with the Schidinger equation, the equa- Is the gth order dengty matrix of the TDHF solution. The
. . . . Fock operator matrix is further expanded in powers of the
tion of motion of the expectation value of our binary eleamnexternal field

operators B
A _ 1 2 3)

i p7(t) = (T (1) p7| ¥ (1)), (3. h(t)=h+hD() +h@ O+ D)+, (3.1)

is given by where h is Fock-operator matrix of the HF solutioh, is
) . defined fromh? as Eq.(3.9) and

fp?()=(¥(O)|[p7H][¥ (1)), 3.2
where|W(t)) is the total many-electron wave function of the ~ hZ(@(t)=8, n> ymell V()= yame@(t).  (3.12
system. The expectation valug§,, can be interpreted as Lo’

elements of the reduced single-electron density maifiX.  substituting Eqs(3.10 and(3.11) into Egs.(3.3), we obtain
Utilizing the commutation relation€.2), we can calcu-  the first, the second, and the third order equations of motions.

late the rhs of Eq(3.2). These equations of motion are exact Taking the Fourier transform of these equations defined by
but not closed. By assuming th(t)) can be represented
+

by a single Slater determinant at all timéthe TDHF _ 1 -
== t)e t)dt, 3.1
approximation, > then the two-electron densities can be fac- 9(w) V2m) = g(hyexpiot) (313

torized into products of single electron densities and the h i bit functi f t th
equations are closed. This results in the TDHF equation whereg(t) is an arbitrary function of, we recast the equa-

o tions of motions in the frequency domain
ihp?(t)=[ho(t)+f(t),p(t)], (3.3

_ , , p(w)=G(w)[f(w),p], (3.149
where h? is the Fock operator matrix corresponding to
HggtHe with spino

1 +oo
p ) =G(w) = {0 (0]
hgm(t)ztnm+ 5n,m2 ')’nIPI(IT/(t)_Vnmpgm(t)a (3-4)
l,o'

+[f(w'),p(1)(w—w’)]}dw’, (3.14b
andf,(t) is the Fock operator matrix correspondingHg,, 1 [+
(3) = _— D) 6@D(wm— '
Fan(D)= 8, meZ ME(D). B I LRV}
We have solved thes_e equat_ions of motion by expanding +[h ("), p Y (w—w")]
the single electron density matrix in powers of the external
field.3® The zeroth order solution was taken to be the station- +[f(w"),pP(0—0")]}do’. (3.149

ary HF density matrix, which satisfies The Liouville space(tetradig Green functionG(w) is de-

[h7,p?]=0. (3.6)  fined by
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-1 = N S
Gl],mn(w) hw‘sl,maj,n LlJ,mn(w)- (3.19 o(—w w)= El \/_2 2(n) pg(l)( 0 ), (3.21)

wherel is defined fromL” as in Eq.(3.9) and

Lﬁ,mn(w):5j,nhim_5i,mhjn+5m,n(7in_7jn)(EiTj+Eilj) Y(—3w;0,0,0)= — E3 \/—E z(n)py n)( 3w;w,w,w).

an,o

= & mYinPinT 8 .n¥imP{m- (3.19 (3.22
This way, we can obtain the TDHF solution iteratively to Equation(3.22 gives the third order polarizability re-
arbitrary order in the external field. sponsible for THG. Other four wave mixing processes can be
The expectation value of the total polarization operatordescribed by simply changing the frequency arguments. The
of a single moleculd(t) = (\If(t)|P|\If(t)> is given by present calculation can be also directly extended to higher
nonlinearities.
P(t)=—e2 2(n)piy(D). (3.17
’ IV. OPTICAL RESPONSE AND ELEMENTARY
We shall expandP(t) in powers of the external field DENSITY WAVES
P(t)=PD(t)+ P (t)+ PO (t)+---, (3.18 In this section, we apply the anharmonic oscillator

density-matrix approach to four cases: we first study the half-
filled case, which is used as a reference, and then consider
chains with a charged soliton, a neutral soliton, or a polaron.
We shall consider the following four important physical

PO(t)=—e> z(n)pa?(1), (3.19  quantities which characterize the electronic structure of the

ne system. These are the charge densiy) (@and spin density
wherep{®)(t) is obtained by taking the inverse Fourier trans-(s,) at thenth atom, and bond ordep,) and spin bond
form of p(q)(w)_ order(t,) at thenth bond,
Following the procedure described earlier, we obtain the

single electron density matrices induce by the external field dnzl—E Pon:
E(t)=E, cosw;t order by order in the fieldfor details, see 7

where P(@(t) is the total polarization togth order and
PO(t)=0. From Eqgs(3.10 and(3.17), it follows that

Ref. 22 Sn:% (Pg,n_PrLLn),
D)= 2 (R ED(— o, 1
pO= " ARLP T (~ 0w Jcos wt) Ph=52 (PRnt1tPhe1n):
+Im[p(1)(_wl;wl)]sm(wlt)}' (3.203 tn:% (prt,n+1+prT1+1,n_prl1,n+1_prl1+l,n)- (4.1
1 B Fukutome and co-workets have carried out a mean
p2(t)= \/?{Re[p(z)(—2w1;w1,w1)]005(2w1t) field study of the half-filled PPP model and found four regu-
lar density wave states that can represent the HF ground state
+Im[p?(—2wq;wq,w1)]SIN(2w t)+ - -1, for a suitable choice of parameters. These states are related
(3.200 to the four important physical quantities introduced above.
' They are charge density wa€DW), spin density wave
1 (SDW), bond order wavéBOW), and spin bond order wave
(3)(t)=\/T{R€[5<3)(—3w1;w1,w1,w1)]C0€(3w1t) (SBOW), where the corresponding quantities alternate be-
7 tween every adjacent two sites or bonds. We further intro-
+Im[p®(—3w;;wq, w1, w1)]SIN3wt)+ - 1 duce the bond order parameter, which measures the alternat-
(3.209 ing component of bond order, namely, the strength of bond

order alternation
We have kept only terms which contribute to r— n—1 =

L =(—-1 -p), 4.2
N—3w;; w1, w1, wy), and all other terms were omitted in P ( )7 (P=p) _ 4.2
these expressions since we focus on third harmonic gener#herep is the average bond order obtained from E38) as

tion (THG). _ KX
The single electron density matrices have a term oscil- p= 5 4.3
lating in phase with the external electric field and a term B

oscillating out of the phase. The amplitudes of the formeit follows from Eg. (3.8), that the bond order parameter is
terms are given by Bp(®] and they contribute to the real proportional to the bond length alternation strengtitice

parts of the linear and nonlinear polarizabilities, and those obrder parametgr Thus the bond order parameter is most
the latter terms are given by [lﬁﬂ(‘”] and they contribute to suitable for identifying soliton or polaron like electronic

the imaginary parts. structures, as will be shown below. Note also that the total
Using P (t) and p'®(w), we obtain our final expres- polarization is determined by the charge density, as can be
sions for the optical polarizabilities seen from EQ.(3.17. We have added a damping term
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FIG. 1. The bond order parameter distribution of the Hartree—Fock ground
state of the half-filled chain.

(0.1 eV) to the TDHF equation as described in Ref. 22. This
provides a finite linewidth to the optical resonances and can
represent a simple line broadening mechanisng., due to
coupling with phononjsor a finite spectral resolution.

We first discuss the half-filled linear chain with 50 sites
and. ?5 up and 25 down spin electrons. The .geometr.yl_:IG. 3. The first order amplitude of the charge density oscillation induced
optimized HF ground state of the present Hamiltonian ISoy the external field at the frequencies of the absorption peaks A, B, and C
BOW, wherep,, alternates between each adjacent two bondsin the half-filled chain. We show only the amplitudes/if}] oscillating out
and the other important physica| quantities vanish. The HFDf phase with the external field. The applied external electric field fs 10
ground state has an almost uniform bond order parameté’n’m'

(p;,=0.24), as shown in Fig. 1. Because of boundary effects,

the bond order parameter increases slightly near the chain

edge. As indicated earlier, this parameter is proportional toeal space representation has terms oscillating in phase and
the bond length alternation strength, which gives theout of the phase with respect to the external electric field,
alternation of the transfer integral as seen from EX5). 1

Thus, the transfer integraB, can be approximated by d@t)= —{Re[dﬁ,q)(qwl)]cos(qw,t)

B.=B{1—-(—1)"s} where §=0.082, except for the edge re- V2w

gion. The BOW structure is stabilized by the exchange Cou-
lomb, and the electron—phonon interactiéhs.

In Fig. 2, we display the linear absorption and
(Im[a(— w;w)]) and the absolute magnitude of the third or- ~(q) =) L@
der polarizability responsible for THGY—3w;w,w,)|). We dn?(G@1) = = P (—G@1;+) = ppn” (1 )('4 5
label the resonances in the absorption spectra by A-C. We ] . ) '
next examine the electronic structure induced by the externdin® Spin density, bond order and spin bond order parameter
electric fieldE=E, coswit. The charge density which is re- induced by the external field also have in-phase and out-of-
lated to the diagonal elements of the density matrix in thé?hase components, and their amplitudes are given by

Si(dw1) = 3B (— Ao+ ) = par (= G-,

Im[d{"]

+Im[d?(qwy) Isin(qest) + -}, (4.9

(4.6
s - P (gw1) = (= 1)" Hpala(—qog; )
= 4r . ~ . ~ .
3§ +Pain( —Gwai )+ Panla(—gwy-)
Clr-aa | ] -
¥ 5ol ] +PE (= qwy; )}, 4.7
El - . . .
i : 0 G0y) = oA s~ G +) + PESa(— o)
0 S — ~ .
B —pha(—dwy;ee)
T 4T . ~
RN ] —Pan(— g} (4.8
g % L ] To analyze the electronic dynamics underlying the ab-
RS sorption spectrum, we investigated the first order electronic
= Ir T structure induced by the external field. In Fig. 3 we show
o L= P Im[d{M] at the three dominant absorption peak frequencies
0 1 2 3 4 5

(A, B, and Q. Only the imaginary parts which are strongly
enhanced at resonance frequencies are shown. However, the
FIG. 2. The linear absorption spectrum[a(—w;w)] and the THG hyper- charge—denS|ty.dllstrlbutlons of the _reaI and the |mag|n§1ry
polarizability | {—3w;,w,w)| of the hal-filled chain are plotted versus fre- Parts are very similar at all frequencies. The other three im-
quencyw. portant physical quantitiess, p, andt) vanish in first order

ho (€V)
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FIG. 5. The charge density and bond order parameter distributions of the
Hartree—Fock charged soliton solution.

HF ground state electronic structure is shown in Fig. 5. The
FIG. 4. (a) The first order amplitude of charge density oscillatiém, the ~ following electronic structures characteristic of a charged
second order amplitude of bond order parameter oscillation(@rde third soliton are observeﬁ:(l) CDW:-like structures around the
order amplitude of charge density oscillation induced by the external fiel ; . ; ;
with @=0 in the halffilled chain. The applied external electric field i€ 10 “oliton center; and2) the phase of bond order alternation is
vim. reversed at the soliton center. In Fig. 6, we display the linear

absorption and the absolute value of the third order THG

polarizability. In the half-filled chain(Fig. 2), neighboring
b ; he f . fth q eaks form an almost harmonic ladder with a very similar

ecause o_symmetry. Att € Irequencies o the A, B an requency interval. In contrast, for a charged soliton, peak A
peaks, the induced charge distributions have CDW like SUUCRas a much lower frequency than the other peaks: and its
tl;resc\imth.zero, two ‘End fou; nodes, respekctlvelﬁ/; the numbeIrrequency is about half the frequency of the lowest peak of
? nodes increases y(;wc?rhrom ﬁne pbea tc_) the next as th_ﬂ"]e half-filled chain. This one of the most striking features of
drquenc;:j 'E mc;]rease N L:S r;[ € ﬁ Sorp“F’”_ S%‘SU\L;TK 'Solitons is clearly reproduced by the present theory. To ana-
Emma:je oy ff € series (;ht € % arac.terlstlc ks i l;l lel%ze the charge dynamics underlying the absorption spectra,

charge density fluctuations. These absorption peaks lie beloy, investigated the first order electronic structure induced by
the HF energy gap, and these _charge density ﬂuctuatlons_ca,m,e external field. In Fig. 7 we display [dﬁl)] and m[ﬁ,gl)]
therefore,_ bel reglarded af] ?xcno_ns.bHowilver, trr]]eseh eXCItong e frequency of the strongest absorption peak A. Note that
are not simple € ectron—hole pairs UI, reflect the charactety. oiher three important physical quantities vanish in first
istic collective nature of the electronic structure of one-  qer because of symmetry. At this frequency, the induced
dimensional systems. The fr'equency dispersed'abs'orptio&arge distributions have again CDW-like structures. How-
and THG spectra_ca_lllculateorll in Ref. 22 for Zchha'n ]:N'th 6E?ever, unlike the lowest peak of the half-filled chain, they
atoms are very simrar to t € ones reporte ere for a ﬂave one node. The induced bond order parameter oscillation
atom chain. This reflects the size consistency of the present < saro nodes. The number of these nodes increases by two

approach. from one peak to the next as the frequency is increased. At
We next consider the off-resonap —3w;w,w,w)| with P . y ’

0=0. We shall denote it aRy/(0)|. In Fig. 4 we display the
induced electronic structure to first, second and third order in

the external field. We only show{?(qw,) in the first and 6k T ' ' .
third orders, ang ¥ in the second order because the other =2 | i
important physical quantities vanish. Note that these quanti- 2 ; at 4
ties are real fow=0. These properties follow directly from ¥ £ t 4
the symmetry of our Hamiltonian. In first order, we see E § 2t C .
CDW-like fluctuations with zero node. This type of charge - B .
density fluctuation is dominant because it has the largest os- 0 } F—— t
cillator strength. In second order, we can observe the char- - i

acteristic soliton pair like bond order oscillation pattern. This s 5 5r T
type of bond order oscillation dominates the second order if ik i
response since its coupling with CDW-like fluctuation with 58

zero node, which is dominant in first order, is the strongest. m\'; = os} g
This can be seen more clearly when we use the harmonic -

oscillator representatioff.We also see collective CDW-like 0 > 3 I 5
fluctuations with zero node in the third order response. ho (e\[)

We now turn to the charged soliton case, and consider a

chain with 49 sites and 24 up and down spin electrons. ThelG. 6. The same physical quantities as Fig. 2, but for a charged soliton.
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FIG. 7. The first order amplitude of the charge density and bond order al 4
parameter oscillations induced by the external field at the frequency of the [ h
absorption peak A of a charged soliton. We show only the amplitudes oscil- 8= ol 7
lating out of phase with respect to the external field. The applied external - ]
electric field is 16 v/im. C ]
b) 4 +——t—t
2F 4
the frequencies of peaks B and C, the induced CDW-like &= of :
charge distributions have three and five nodes, respectively, 2L ]
and the induced bond order parameter oscillation has two 4l . ’ . , 1

and four nodes, respectively. This is similar to the half-filled 0 10 20 4, 30 40 50
chain. However, peak A has an interesting physical property
in this case; by comparing the electronic structure of the HF
ground state and first order density matrix induced at the
frequency of peak A, we see that the alternating component
of the first order charge density and first order bond order
parameter induced by the external field closely resemble the © —
derivative of the corresponding HF solution. This indicates
that the lowest peak A results from the collective oscillation
of the position of a charged soliton. Therefore, the peak has
a much lower frequency and larger oscillator strength com-
pared with the other peaks. Note. that si.nce. the lattice is R T a—T 30 a0 50
frozen, the frequency of the collective motion is not zero. n
We next turn to the third order susceptibility(0)|. In  FIG. 8. () The first order,(b) the second order, anft) the third order

Fig. 8 we show the induced density matrices to first, secondmplitudes of charge density and bond order parameter oscillations induced
and third order in the external field On&ﬁ) andp’ @ are by the external field withw=0 in a charged soliton. The applied external

! . Pn electric field is 16 V/m.
displayed because the other four important physical quanti-
ties vanish. In first order, we observe the collective transla-

tional oscillation of a charged soliton. This type of chargetern around the soliton centef2) the phase of bond order
density and bond order fluctuations are dominant becausgternation is reversed at the soliton center. In Fig. 10, we
they have the largest oscillator strength. In second order, thgisplay the linear absorption and the absolute value of the

distribution ofd{?) is similar to the charge density distribu- THG third order polarizability. The second lowest peak B
tion of the charged soliton HF solutidfig. 5. We can thus

view the induced fluctuation as the oscillation of the charge
density alternation amplitude of a charged soliton. Moreover, 0.4
by comparing thed,(?) distribution with thep/, distribution 02
of the HF charged soliton solution, we see that oscillations of
the soliton width are induced as well in second order. This
type of fluctuation is dominant because its coupling with the
translational oscillation of a charged soliton, which is the ——t——t— ]
dominant fluctuation induced in the first order, is the stron- 0.2} R
gest. We again see the collective oscillation of the position of pn OF ]
a charged soliton in third order.
We next examine the neutral soliton by studying a chain oal . . L
with 49 sites and 25 up and 24 down spin electrons. The 0 10 20 30 40 50
electronic structure of the HF ground state of this system is
shown in Fig. 9. The following electronic structures charac-ig, 9. The spin density and bond order parameter distributions of the
teristic of a neutral soliton are observé¢t) SDW-like pat-  Hartree—Fock neutral soliton solution.

3
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~1(3)

4
=0
4
8

Sn O
-0.2

02 ]

Downloaded-07-Mar-2001-to~128.151.176. 135Che8i EMYa iVl dOB NG 1812 QRIABRT 1995 http://ojps.aip.org/jcpoljcpcpyrts. html



A. Takahashi and S. Mukamel: Solitons and polarons in conjugated polymers 7151

Im[a(-w; w)]
(arbitrary unit)

' == OF -
g : 05k E
§ % T 15 1020 . 30 40 30
3z ] n -
ER
T X 1
=

0 1 2 3 4 5
ho (eV)

(b

FIG. 10. The same physical quantities as Fig. 2, but for a neutral soliton.

appears at about the same frequency as that of the corre-
sponding peak of the half-filled chain, but the lowest peak A ] SN A ST
is inside the gap of the half-filled chain, similar to the 0 n % 40 50
charged soliton. This one of the most important features of
solitons is clearly described by the present theory. The fre-
guency of the lowest peak of a neutral soliton is about 0.7 eV
higher than that of the corresponding peak of a charged soli-
ton. This is in contrast to the Hkel model where they have
the same frequency. Our result is qualitatively consistent
with the photoinduced absorption experiméhfio analyze

the charge dynamics underlying the absorption spectra, we Gs 0
investigated the first order electronic structure induced by the 04k ]

external field. In Fig. 11 we show @] and Inft("] at the gl . s L

frequencies of the strongest absorption peak A. All other im- 0 o 20,3 40 50

portant physical quantities vanish in first order because of

symmetry. At the lowest peak A frequency, the inducedriG. 12. (a) The first order amplitude of charge density and spin bond order

charge distributions have a CDW-like structure with oneoscillations,(b) the second order amplitude of spin density and bond order

node. and the induced spin bond order distributions hav@arameter oscillations, an@) the third order amplitude of charge density
. . ) . . and spin bond order oscillations induced by the external field witl® in a

SBOW'“k_e St_ru_Cture with zero node; the_ induced eleCtr(_)n'(_:neutral soliton. The applied external electric field i$ Yom.

structure is similar to the charge and spin bond order distri-

bution of the HF polaron solutiofsee Fig. 13 Therefore,

the nature of the absorption process of a neutral soliton and

that of a charged soliton is completely different, and the de-
T — generacy of the absorption peak between charged and neutral
- ] solitons exists only in the Hikel model. We now consider

] the off-resonanty(0)|. In Fig. 12 we show the induced elec-

[ ] tronic structure in first, second, and third order in the exter-
nal field. We show onlyd® andt{® in the first and third
orders ands{® and p/(? in the second order because the

Im{d{"]
A o » ®
x e
L

=3 other important physical quantities vanish. In first order, we
0 see polaronlike charge and spin bond order distributions.
~ st This type of charge density and spin bond order fluctuations

. . ] are dominant because they have the largest oscillator
10 20,3 4 50 strength. In second order, using similar arguments as for the

charged soliton case, we can regard the induced electronic
FIG. 11. The first order amplitude of the charge density and spin bond ordegtructure as the amplitude oscillation of spin density alterna-

oscillations induced by the external field at the frequency of the absorptior:tion of a neutral soliton. and the oscillation of the soliton
peak A of a neutral soliton. Only the amplitudes oscillating out of phase with ’

respect to the external field are shown. The applied external electric field ¥vidth. T_his fluctuation i§ dominam_ since its coupling Wi.th
1068 v/m. polaronlike charge density and spin bond order fluctuation,

—_
(=]
(=
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ol ' i i nected to THG. There exist two large peaks inside the gap of
the half-filled chain but they are not well resolved with the
present damping rate. In the kel model, the calculated
absorption of a polaron shows three absorption peaks inside
the gap, where one of them is very weak. This very weak
peak is absent in the present calculation. This is consistent
with the single Cl calculation of the PPP modéllo analyze
the charge dynamics underlying the absorption spectra, we
investigated the first order electronic structure induced by the
] external field. In Fig. 15, we show Imdf"], Im[s()],
—— ] Im[p,M], and Injt{M] at the frequencies of peaks A and B.
0.2 -\/- At the frequency of the lowest peak @&he second lowest
P ok ] peak B, we observe the following electronic structure in-
02k ] duced by the external fieldl) CDW-like charge distribu-
I : tions with two nodegzero nodg (2) SDW-like spin distri-
butions with two node$zero nodé This is in contrast to the

0.05|
d, 0
-0.05

0.1}
Sp O
-0.1

011 previous cases of a half-filled chain, a charged soliton and a
b OF neutral soliton, where the second lowest peak has two more
0.1 nodes in these physical quantities compared with the lowest
o2l 4 L L . peak. We can rationalize this difference as follows. By com-

0 10 20 5 30 40 30 paring the electronic structure of the HF polaron solution and

o _ the first order electronic structure induced at the frequency of
EIGdlgd Thg‘_ ‘ih,sr%e de”?'g' Sﬁ'”tde”fgy' iondl order platr,amete" and spieak A, we see that the alternating components ofiff#],
ona order aistriputions o € hartree—FO0oCK polaron solution. |m[§§11)], |m[t$-|l)], and Im[f),;(l)] have derivative”ke shape Of
the corresponding polaron solution. This indicates that the
which is the most significant in the first order, is the stron-lowest peak A results from a collective translational oscilla-
gest. We again see polaron like charge density and spin borftPn Of @ polaron. Therefore, peak A has a lower frequency, a
order fluctuation in third order. larger oscillator strength and more nodes than peak B. Note
To study the polaron case, we considered a chain with 581at since the lattice is frozen, the collective motion fre-
sites and 25 up and 24 down spin electrons. The electroni@Uency is not zero.
structure of the HF ground state is shown in Fig. 13. The  We next consider the off-resondnt0)|. In Figs. 16, 17,
following electronic structures characteristic of a polaron areand 18 we show the induced four important physical quanti-
observed (1) CDW and SDW-like electronic structure with ties to first, second, and third order in the external field. In
one node around the polaron centé?) SBOW-like elec- first order, we observe an electronic structure similar to that
tronic structure with zero node around the polaron cerigr; induced at the frequency of peak A; char@pin) distribu-
the bond order alternation amplitude becomes weak but théon has CDW(SDW)-like structure with three loops. How-
phase of bond order alternation is not reversed at the p0|ar(_ﬁ]\/er, unlike the first order electronic structure induced at the
center. In Fig. 14, we display the linear absorption and thdeak A frequency, the charge densipin density alterna-
absolute magnitude of the third order polarizability con-tion amplitude of the central looftwo loops at both endss
much smaller than the other ones. The reason is that although
the electronic fluctuation responsible for peak A has the larg-

10— est contribution in first order, that responsible to the peak B
A also has large contributions as shown in the following. In the
5 2 8 ] central part of the chain, alternating charge densipim den-
5 ; 6l . sity) pattern of these fluctuations responsible for peaks A and
v £ 4t B i B interfere destructively(constructively so that the ampli-
ElE tude of alternating charge densitgpin density pattern be-
T cD i comes smal(large. At both ends of the chain, the amplitude
0 f P —| of alternating charge densitgpin density pattern becomes
= 6r . large(small) due to constructivédestructive interference. In
3 . . .
s3I . the second order, by comparing with the HF polaron solution
5 f 4r . (see Fig. 18 we see that the distributions df?, 5{?), and
gar 7 t"(?) are similar to those od,,, s,, andt,, of the HF polaron
+ 22 1 solution, respectively. Thus the induced fluctuations can be
- - 1 interpreted as the oscillations of charge density, spin density,
Y and spin bond order alternation amplitudes of a polaron, as
i (eV) shown in the case of a charged soliton. From the distribution

of p/(?, we see that the primary induced oscillation is of a
FIG. 14. The same physical quantities as Fig. 2, but for a polaron.  polaron width. This type of fluctuation is dominant in second
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FIG. 16. The first order amplitude of charge density, spin density, bond
order parameter and spin bond order oscillations induced by the external
field with =0 in a polaron. The applied external electric field i$ Yom.

V. DISCUSSION

We have studied the linear and nonlinear susceptibilities
of the half-filled regular chain using the anharmonic oscilla-
tor approaclf? The values of the static third order polariz-
ability ¢(0) for the regular chain, charged soliton, neutral
soliton, and polaron are 9.690 %, 7.83x10°*
1.95x10 %2 and 8.9x10 *2 esu, respectively. The essential
differences between the regular chain and a charged soliton,

FIG. 15. The first order amplitude of the charge density, spin density, bond
order parameter, and spin bond order oscillations induced by the external
field at the frequencies of the absorption peaks A and B of a polaron. We PP S
show only the amplitudes oscillating out of phase with respect to the exter-
nal field. The applied external electric field is®\/m.

order because its coupling with translational oscillation of a
polaron, which is dominant in first order, is the strongest. In
third order, we see an induced electronic structure similar to
that of the first order. Thus, the collective translational oscil-

lation of a polaron is the largest fluctuation also in third 0 10 20 30 40 50
order, but the electronic fluctuations responsible for peak B
also have large contributions, as shown earlier. FIG. 17. The same physical quantities of Fig. 16, but to second order.
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— glected in the present calculations. Since the mass of a car-
bon atom is much heavier than that of an electron, the effect
of lattice motions may usually be neglected for off resonant
response. As shown in the previous section, translational os-
cillations of electronic structures of a charged soliton, a neu-
T Tt tral soliton or a polaron play important roles in their linear
and nonlinear response. Such electronic fluctuations strongly
5. 0 couple to the dynamical lattice motion of their translational

- . motion. Moreover, in the case of polyacetylene, the soliton
or polaron masses of their trnaslational motions are compa-
rable to that of an electrohThus dynamical lattice motions
will strongly affect the linear and nonlinear optics. Further-
more, quantum lattice fluctuations have been shown to sig-
nificantly increase the off-resonant nonlinear optical
susceptibilities® This is an important subject for a future
study. Note that it is straightforward to take the dynamics of
lattice motions into account in our oscillator picture because
this simply involves adding nuclear oscillators to the model.
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