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Femtosecond Spectroscopic Signatures of Electronic Correlations in Conjugated Polyenes and
Semiconductor Nanostructures
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Electronic correlation effects which can be directly probed by ultrafast four-wave mixing are
predicted using the electronic-oscillator representation of conjugated polyenes. Comparison with
inorganic semiconductors is made possible since the semiconductor Bloch equations projected onto
the lowest exciton are obtained as a limiting case. A sign difference in a nonlinear scattering
potential clearly shows up in the Wigner spectrogram representing the time and frequency resolved
signal. [S0031-9007(96)01433-0]
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The calculation of electronic excitations in conju- is the last term of the Hamiltonian; heeeis the electron
gated polyenes constitutes a complex many-body prokezharge and:(n) is thez coordinate of the:th atom along
lem due to the strong correlation effects expected fothe chain.
one-dimensional electronically delocalized systen#sh We consider a self-diffraction FWM experiment
initio quantum chemistry methods are limited to smallwhere the system is excited by two laser pulses with
systems [1,2]. One important consequence of electroniwave vectorsk; and k,, and the diffracted signal
correlations is the reversal of the positions of the first exis monitored in the directionks = 2k, — k;. We
cited 1B, and2A, states [1-3]. This shows up in two- investigate this signal for excitation of the lowest reso-
photon resonances and affects the fluorescence quanturance. Using the time-dependent Hartree-Fock (TDHF)
yield. In this Letter we demonstrate how ultrafast reso-scheme, we follow the time evolution of the reduced
nant four-wave mixing (FWM) can be used to provide single-electron density matrip?, = (¢! ¢,,) [9] by
some alternative, dynamical, signatures of electronic corsolving a closed set of nonlinear equations. The nonlinear
relations in conjugated polyenes. We further compargoolarization that generates the FWM signal is given by
these with many-body effects observed in inorganic semiPs(t) = —e >, z(l)pyu(ks,t). Within the TDHF, the
conductor nanostructures [4,5]. Our analysis is based onronlinear optical response of many-electron systems
collective electronic-oscillator description for the responsecan be exactly mapped onto a coupled set of collective
of many electron systems [6], which provides an intuitiveclassical oscillators, representing the electron-hole pair
picture for the optical response. component of the single-electron density matrix. This

We start with the Pariser-Parr-Pople (PPP) Hamiltoniaroscillator representation has been used to establish a
[7], which is known to capture the essential electronicdominant mode picture for the off-resonant response of

properties of ther electron system [1,8,9]. conjugated polyenes. Since the spacing between the
it R oscillator frequencies in polyenes is large compared to
H = Z tmnCm,oCno T Z UepCn1Cn)Cn.l the spectral width of even very short laser pulses, very
e " few oscillators will contribute resonantly to the present
1 < At A AT 4 x® signal. Our numerical calculations are done in real
+ U Z VaomCn oCn,oCm,o' Cm,o'!

2 space and include all oscillators. For the interpretation
of our numerical results, where we resonantly excite
- eE(t)Z z(n)é,f,gén,g. (1) the 1B, oscillator, we found it sufficient to explicitly
no consider only two oscillators, the lowe#, oscillator
Here é,:fw (¢n,s) is a creation (annihilation) operator for with frequency(); and oneA, oscillator at{), = 2},
an electron with spino at sitem (n). The first term representing a two-photon resonance, explicitly. In sec-
is the tight-binding Hiickel Hamiltonian, wherg,, is  ond order, othed, oscillators contribute off-resonantly
the transfer matrix. The Coulomb interaction is givento the response. The effects of thegsgual oscillators
by the next two terms,U is the on-site (Hubbard) are included via renormalizations of the parametears
repulsion andw,,, = [1 + (r,m/a0)?]~"/% is given by andV; in Eq. (2). We decompose the equations for the
the Ohno formula, withay = 1.2935 A, where r,,, is  coordinates and the momenta of the oscillators given in
the distance between theh andmth site. Within the Ref. [6] into clockwise and counterclockwise rotating
dipole approximation the coupling to an external fieldcomplex parts, and perform a rotating-wave approxi-
polarized along the chain axis is given byE(r)P, which  mation. We then obtain the following equations

n,m,o,o’
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for the two oscillators with coordinatep; and p,  PPP model (c) we usg’=—3.5eV, U=11.13 eV/e,

(h=1): with a dielectric constant = 1.5 [14]. These parameters
1 ) reproduce the correct band gap2oéV for polyacetylene
dp1 + (iQI + T—2>P1 = E(t)(m1 — silp1l) in the long chain limit. However, the effects predicted

in this Letter should apply to other conjugated systems as
— iVilpilPp1 + iuE@)p2  well. For model (c) all coupling terms in Egs. (2) and (3)
() are finite. Calculation (b) is an intermediate case, where
we use the PPP parameters but neglectthescillator
. 1 ) . and all contributions from virtual oscillators appearing as
dip2 + <192 + T—£>p2 = ipnE(t)py — iVapi. (3) two-photon resonances. This calculation, in VF\)IﬁiCh or?lya
single oscillator is considered explicitly, is performed in
. order to trace the origin of correlations and to establish a
Ps(t) = pipi() + piapi(0)pa(t). (4)  connection with the SBE [12,13].
w1 is the dipole moment of oscillatgs;. The nonlinear In the following calculations we investigate a linexr
character of Egs. (2) and (3) is given by the parametgrs carbon atom chain. The two laser pulses have Gaussian
Vi, m12, m21, Viz, andVyy, all of which are uniquely de- envelopes, i.eF exd—(¢/7)*], with7 = 20 fs. We have
termined by the PPP Hamiltonian [6]s; determines the used phenomenological lifetime-induced dephasing times
magnitude of the phase space filling, which is the onlyof T, = 80 fs and T35 = 40 fs for oscillatorsp, and p»,
nonlinearity present in a simple two-level system [10].respectively. For the observation of the effects discussed
The nonlinear potentialg are induced by many-body in- below it is required to have laser pulses shorter than the
teractions. By considering a collection of coupled two-dephasing time.
level systems within the local-field approximation, one When thek, pulse comes first (positive delay), this tech-
obtains the nonlinear coupling teri [11]. It describes nique is known as photon echo. The simplest signature of
the scattering of oscillatop, off itself. Alternatively, in  electronic correlations is the presence of FWM signals for
terms of the global eigenstates of the system, this termegative time delays (pulde first), which are absent in a
may be derived from a single three-level system. Theseimple two-level system [10,11]. Figure 1 shows the time-
two nonlinearitiess; andVy, are included in the semicon- integrated FWM signal$;, (7) = ffx |Ps(1)|?dt, for the
ductor Bloch equations (SBE) [12,13], extensively usedhree models. In all cases, the signal decays exponentially
for the description of optical properties in inorganic semi-with the same rate, which is determined by the dephasing
conductors. Recent time-resolved [4] and phase-sensitiiéme, for positive time delays. For negative delays the sig-
experiments [5] have been interpreted using a Ginzburgaals of models (b) and (c) also decay exponentially with
Landau-like nonlinear wave equation for the exciton  about twice this rate, while the signal (a) is only induced by
amplitude [4,10]. It is equivalent to the ordinary Bloch finite pulse effects and decays much faster, on a time scale
equations with local-field corrections [10,11]. Formally, determined by the width of the incident pulses (see dash-
this equation can be derived by projecting the SBE ordotted line in Fig. 1). The time-integrated signal (a) is in
the 1s exciton level, neglecting coupling to other statesagreement with a description based on a simple two-level
and pure dephasing, i.e., assuming that the population is
given by the absolute square of the polarization [5]. The
wave equation for the exciton amplitude is a special case
of Eq. (2), if the second oscillatgs, is neglected. Note
that, for a linearly driven harmonic three-level system
(i.e., equal energy spacing and dipole moments scaling
as+/2), all nonlinear terms cancel identically, and the op-
tical response is purely linear. The PPP Hamiltonian of
polyenes requires a multimode extension of Eq. (2). In
the present picture we have one additiopal oscillator
with Q, = 2, representing a two-photon resonance at
4.52 eV. uy; and u,; are dipole moments between the :
two oscillators, whileV, andV,; are potentials describ-
ing their scattering.
The numerical studies shown below compare three
models. The first (a) is the Hickel model whereFIG. 1. Time-integrated FWM signals of a 30 carbon atom
electronic correlations are neglected from the outsetpolyacetylene chain as a function of the time delay for resonant

_ _ _ ; . excitation of the lowest resonance & = 2.28 eV; three
Vi=Vip =V =0. We use the following parameters: models are shown (for parameters, see text): (a) Hickel model

t"’; =U2, V"m’ff”“ =B - IB_/AZ"’ with g =—2.4 eV, (dotted), (b) PPP model neglecting two-photon contributions
B'=—5.0eVA~!, whereAz, is the deviation of the bond (dashed), (c) full PPP model (solid); also shown is the envelope
length from its equilibrium value, antl =0 eV. Forthe of the laser pulse (dash-dotted).
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system, which, in the ultrashort pulse limit only shows a (a) 006
FWM signal for positive delays [10,11]. For model (a)
our calculations show no transition in the vicinity 20,
and also the contributions from virtual oscillators can be 0.03
neglected. Therefore the signal is determined by the exci
tation of just the lowesB, state. As in a simple two-level
system [10,11], the only source of nonlinearity is given by
s1in EQ. (2), reflecting the phase space filling of the oscil-
lator. The strong signals for negative delays within models
(b) and (c) result from electronic correlations.

A more detailed insight on electronic correlation effects
is obtained by examining the Wigner spectrogram (WS),
which keeps track of both spectral and temporal informa- b
tion contained in an optical signal [15,16]. ( )

Ws(t, w) = f Pi(t — 1'/2)Ps(t + 1'/2)e'®"dr’. (5)

Upon integrating the WS over time (frequency), we
obtain the ordinary frequency-resolved (time-resolved)
FWM signals [15]. It can be easily constructed from
experiments [5] in which both the amplitude and the phase¢ '@
of the signal are measured. The WS of the FWM signals ©
for our three models are shown in Fig. 2. For model (a)
it is completely symmetric with respect to the detuning
(w — ). For short times the signal is spectrally broad,
while for longer times only the resonant terms contribute.
As a function of time, for zero detuning, it represents a
free-induction decay. A two-level model explains very
well the temporal and spectral profiles of the WS.

For model (b) the maximum of the WS at zero detuning
as a function of time appears to be shifted towards longe
times compared to (a); the WS shows an asymmetry witt
respect to the detuning, with a high frequency (blue) tail.
Both of these effects have been observed in inorganic sem
conductors. Analytical solutions of the nonlinear wave
equation for thel s exciton have shown that it is the scat-
tering of the polarization off itself that explains, in agree-
ment with experimental results, the origin of the delayed i} 50 100 150 200 250
time-resolved signal [4,17]. This interaction-induced con- time (fs)
tribution to the signal has been characterized by a nonlinl-:IG o (ol N lized WS of FWM sianals f i
ear Scattering poten'FiaI [.4’10]’ identic_al t(.) tﬁe_term n dela{y. (Csor?c;\)/\./n a?ermn:lc;égls (a),o(b), andSI(%r;,a :s ?;c?i?:gietljm(?or
Eqg. (2). The interaction-induced contributifry) is phase  arameters, see text).
shifted by /2 with respect to the phase space filling con-
tribution(s;). The presence of two contributions, with dif-
ferent temporal envelopes, explains the spectral asymmettion dominates. In polyenes, if only tHeB, oscillator is
of the WS. There is, however, an important difference beconsideredY; is also positive. The sign change of the ef-
tween inorganic semiconductors and polyenes. While irfiective potentialv, is induced by virtual, oscillators.
semiconductors the experimental power spectra are usually We now discuss the full PPP model (c), i.e. including
asymmetric with a low frequency (red) tail [5], the WS in the second oscillatop,. The WS has about the same
Fig. 2(b) shows a high frequency tail. Using the exprestemporal profile as the WS of model (b), but shows a re-
sions for the FWM signal given in Refs. [5] and [10], it can verse spectral asymmetry, with higher values for negative
easily be shown that the sign Bf determines the direction detuning. Our calculations indicate that the many-body
of the asymmetry of the FWM spectra. Within the SBE, contributions to the FWM signal involving the second
the interaction-induced contribution to the FWM signal isoscillator p,, given by the termVy, in Eq. (2), have a
determined by the difference between the field and energglifferent sign than the interaction-induced contributions
renormalization type many-particle nonlinearities [10,17].involving p;.  Additionally, the virtual oscillators
In this language the sign of the potentigl implies that, representing two-photon resonances change the sign of
in inorganic semiconductors, usually the field renormaliza¥,. Both of these effects result in a phase shiftmoff
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the interaction-induced contribution to the FWM signal, In summary, our analysis shows how amplitude and
which, in turn, explains the change of the spectral profile phase measurements of FWM signals, as displayed in the
In Fig. 3(a) we show the time-resolved amplitude of WS, can be used to measure electronic correlation ef-
the FWM signal, which can be obtained from the WSfects in conjugated polyenes and inorganic semiconduc-
by an integral along the frequency axis [15]. As alreadytors. The electronic-oscillator representation allows the
pointed out, using the WS, the signal for model (a) has itsnterpretation of optical nonlinearities in terms of nonlin-
maximum immediately after the excitation process, whileear scattering potentials and provides a unified description
the maxima for the models (b) and (c) are delayed. Irof both types of materials.
all models the time-resolved signals decay exponentially, We wish to thank Dr. V. Chernyak for discussions
with a long time rate determined by the dephasing timesand useful comments. The support of the Air Force
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